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The blood-cerebrospinal fluid barrier (BCSFB) is formed by the choroid plexus epithelial 

(CPE) cells, which express several polyspecific membrane transporters that contribute towards 

clearance of xenobiotic and endogenous compounds from the cerebrospinal fluid (CSF). 

However, BCSFB transporters are poorly characterized with respect to function, activity, and 

pharmacokinetic significance. Previous approaches using fluorescence microscopy to study 

BCSFB transport in intact choroid plexus tissues were poorly validated and more qualitative in 

nature due to the lack of real time quantitative methods for image analysis. This dissertation 

research is aimed to develop and validate an approach to study BCSFB transport activity through 

live tissue imaging and quantitative fluorescence microscopy, and subsequently utilize this 

approach and other biochemical approaches to elucidate the molecular mechanisms and 



functional significance of organic anion transporting polypeptides (OATPs), breast cancer 

resistance protein (Bcrp), and P-glycoprotein (P-gp) at the BCSFB. 

To better assess the transepithelial transport process at the blood-CSF barrier, I developed 

and validated a quantitative confocal microscopy approach to study CSF-to-blood organic anion 

and organic cation transport processes at the murine BCSFB in real time. Real time 

quantification of fluorescence occurring at different tissue compartments can enable the 

deconvolution of transport kinetics occurring at the apical (CSF-facing) and basolateral (blood-

facing) membranes of the BCSFB. This approach was demonstrated to be consistent, 

reproducible, and capable of tracking transepithelial transport at the BCSFB with temporal and 

spatial resolution. I showed that large organic anion probes, 8-fluorescein-cAMP (fluo-cAMP) 

and fluorescein methotrexate (FL-MTX), are efficiently transported from the CSF compartment 

into the CPE cells and subsequently effluxed into the subepithelial space. Transport of the large 

organic anion probes were rate limited by the apical uptake transport, presumed to be mediated 

by OATPs. In contrast, the small organic cation and plasma membrane monoamine transporter 

(PMAT) substrate IDT307, was transported into CPE cells and retained. A novel parameter, 

choroid plexus efflux index (CPEI), was proposed to distinguish between transepithelial flux and 

CPE cell accumulation. The approach presented is valuable for the characterization of 

compartment specific accumulation of substrates, perpetrator drug interactions, and rate-

determining steps in transepithelial transport at the BCSFB. 

To elucidate the molecular mechanisms of OATP-mediated organic anion clearance at 

the blood-CSF barrier, I utilized the recently developed quantitative fluorescence microscopy 

approach alongside other biochemical approaches to probe OATP1A expression, localization, 

and function. Using RT-PCR and supporting literature data, we found that OATP1A5 is the 



primary OATP1A isoform expressed on the apical, CSF-facing membrane Using quantitative 

fluorescence microscopy, I demonstrated that the fluorescent organic anions, sulforhodamine101 

(SR101), FL-MTX, and fluo-cAMP were efficiently transported across the blood-CSF barrier. 

Transepithelial transport of these compounds across the CPE cells was abolished in Oatp1a/1b-/- 

mice, suggesting OATP1A5 is the primary contributor to large organic anion uptake in mice. 

Using transporter-expressing cell lines, the fluorescent probes were confirmed to be substrates of 

mouse OATP1A5 and its human homolog OATP1A2, corroborating our findings in the isolated 

CP and suggesting an overlap in function between mouse OATP1A5 and human OATP1A2. 

Immunofluorescence staining revealed the presence of OATP1A2 protein at the apical 

membrane in human CP tissues. Based on these data, we proposed that large organic anions in 

the CSF are actively transported into CPE cells by apical OATP1A2 (OATP1A5 in mice), then 

subsequently effluxed into the blood by basolateral multidrug resistance associated proteins 

(MRPs). As OATP1A2 transports a wide range of xenobiotics and endogenous compounds, the 

presence of this transporter at the BCSFB apical membrane may imply a novel route for 

removing neurohormones, drugs, and toxins from the CSF. 

Previous studies report that P-gp and Bcrp are expressed apically or subapically at the 

blood-CSF barrier, implying a paradoxical function to mediate blood-to-CSF transport of 

xenobiotics. To probe P-gp and BCRP function at the BCSFB, I utilized the approach described 

in Chapter 2 alongside selective inhibitors and knockout models to functionally evaluate the 

activity, mechanisms, and potential interplay of P-gp and Bcrp BCSFB transport. Using qRT-

PCR I identified the relative mRNA expression of P-gp and Bcrp isoforms at the murine BCSFB. 

Through quantitative fluorescence microscopy in isolated CP tissues of wild -type and Bcrp-/- 

mice, I demonstrated BODIPY FL-prazosin was actively transported by Bcrp, indicating 



functional activity of apical Bcrp efflux. Furthermore, I detected an additional Bcrp-independent, 

elacridar-sensitive apical efflux mechanism at the BCSFB, suggested, but not confirmed, to be P-

gp. As Bcrp and P-gp at the BCSFB apical (CSF-facing) membrane may contribute to the entry 

of endogenous compounds and nutrients into the CNS and may alter the disposition of drugs 

within the CNS, this study highlights the need for further research on characterizing the role of 

these transporters towards endobiotic and xenobiotic transport at the BCSFB. 

This dissertation research has contributed greatly to our understanding of the molecular 

mechanisms mediating drug transport at the blood-CSF barrier. Notably, I revealed a functional 

role of OATP1A5 in clearing large organic anions at the BCSFB apical membrane from the CSF 

in mice and suggested a similar role for OATP1A2 at the human BCSFB. In addition, I have 

provided supporting evidence towards Bcrp and P-gp functional efflux activity at the BCSFB 

apical membrane in mice. Taken together, this research established an uptake transport 

mechanism of large organic anions at the BCSFB and provides novel mechanistic insights into 

several poorly defined transport pathways at the BCSFB.  Knowledge gained from this 

dissertation research contributes to a mechanistic understanding of several major BCSFB drug 

transporters in regulating CSF drug concentrations and suggests potential roles of these 

transporters in modulating CNS disposition of drugs and endogenous substances. This 

knowledge can benefit our understanding of the relationship between CSF and unbound brain 

concentrations for transported drug substrates, which can subsequently improve the predictions 

of CNS drug disposition, efficacy, and toxicity in humans. 
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Chapter 1. INTRODUCTION  

(Part of this chapter was published in:  

 Sun, A.  and Wang, J.“Choroid Plexus and Drug Removal Mechanisms” The AAPS Journal 
(2021) 23, 61.) 

1.1 INTRODUCTION TO THE CP-CSF SYSTEM AND ITS ROLE IN DRUG CLEARANCE 

The mammalian central nervous system (CNS) is separated 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 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 brain, they do not provide complete protection 

of the CNS from exposure to environmental 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 

pathophysiological 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 gets 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. While 

beyond the scope of this introduction, the CPE cells also express several intracellular detoxifying 
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and conjugating enzymes, which enzymatically inactivate reactive or toxic substances. This 

chapter provides a current review of CSF bulk flow and BCSFB transporter-mediated 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.   

1.2 ANATOMY AND FUNCTIONS OF THE CP-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 (Figure 1.1). 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 connective tissue (Figure 1.1). 

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 basolateral membrane facing the blood circulation (Figure 1.1). The apical 
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domains of the CPE cells have a brush border lining (microvilli) that effectively enlarges the 

surface area by 10-30 fold (3). 

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+, Cl−, and HCO3
− 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 (4). 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 

5mV transepithelial electrical potential difference across the CPE epithelium (4–6).  

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. In addition, emerging studies suggest that CP serves 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 ventricular CSF in healthy 

conditions, while memory T cells monitor the subarachnoid and leptomeningeal CSF (7–9). 
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During neuroinflammation, CPE cells respond by recruiting and trafficking leukocytes into the 

CNS (10). 

1.3 CLEARANCE VIA CSF FLOW 

1.3.1 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 from brain interstitial fluid 

and passage across the blood arachnoid barrier (11–13).  The CSF is not an ultrafiltrate of the 

plasma (14,15) and is slightly hypertonic compared to the plasma (4).  Compared to the plasma, 

the CSF has lower protein and cell density, with slightly altered ion and solute concentrations.  The 

Na+, HCO3-, Cl- and Mg2+ ion concentrations are slightly higher in the CSF while K+ and Ca2+ 

concentrations are lower (11).  The protein concentration in the CSF is two to three orders of 

magnitude lower than that in blood, ranging from 15-45mg/dl in young adults (16,17).  Around 

20% of the total CSF protein originates from the brain, with the remainder derived from the plasma 

(18). The CSF also contains a small circulating cell population, estimated to be 5 cells per mL 

(19). 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 

(19).  The CSF is cleared through reabsorption at the arachnoid villi or by drainage along the 

cranial nerve sheaths into the lymphatics (13,19).  The flow of CSF is pulsatile, corresponding 

with the cardiac cycle (20). While the net movement of CSF is directional from the ventricles to 
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subarachnoid spaces, the second-to-second pulsatile movement enables mixing of contents 

between the different CSF compartments (13,21,22).  

The average flow rate of CSF is estimated to be 0.37 mL/min in humans, based on 

ventriculo-cisternal perfusion measures (23–25).  The CSF flow rate is also age dependent. Older 

populations have been shown to have impaired CSF production and flow (26–29).  Additionally, 

CSF production is further reduced in patients with neurodegenerative disorders (30–32). 

Neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and multiple sclerosis are 

characterized by misfolded proteins or protein aggregates that may be harmful (or pathogenic). 

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 (20).  In addition, a study by Alperin et al. suggested that a supine position increased the 

oscillatory CSF volume relative to the upright position (33).  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 (34). 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 (34).  This reversal of CSF flow during slow-

wave sleep is thought to facilitate the mixing of subarachnoid and ventricular fluids, which may 
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facilitate communication between fluid compartments and the overall clearance of waste products 

(35).   

1.3.2 Cerebrospinal fluid and brain interstitial fluid 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 communication 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 (36,37).  Instead, the CSF maintains an analogous role for the CNS, responsible 

for the clearance of metabolic wastes and cellular debris from the brain (13).  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 (38). 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 (39–41).  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 (36,42–44).   
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In 2013, Iliff et al. published a seminal paper on the ‘glymphatic system’, a term coined to 

describe brain CSF-ISF exchange routes along the perivascular spaces (45).  The authors 

demonstrated that cisternal CSF injection of fluorescent 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 observations, 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 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 Aβ1–40 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 

(46). They additionally demonstrated that Aβ, the main component of amyloid plaques 

characteristic of Alzheimer’s disease, was cleared from the brain faster in sleeping mice (46). 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 (47). However, a later study by Mestre et al. 

demonstrated that loss of Aquaporin-4 did indeed decrease tracer transport across four 

independently generated knockout lines (48). Some groups contend that diffusion between the CSF 

and brain ISF is still the predominant mechanism of solute exchange (13,41,47,49,50). There is 

still no consensus on the relative contribution of glymphatic flow to total CSF/brain ISF exchange 
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(13,41). 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. 

1.4 `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 (51).  In peripheral 

tissues, transporters can determine local tissue concentrations, impacting drug efficacy or tissue- 

specific toxicity (52). 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) (53).  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 facilitative transporters (54).  Previous gene profiling studies 

have indicated the presence of several polyspecific xenobiotic ABC and SLC transporters at the 
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choroid plexus (55–57).  We previously performed Slc transporter gene profiling in the mouse 

brain and our results showed that Slc transporter expression profiles at the BCSFB are substantially 

different from that at the BBB and other brain areas (55,56).  Recently, absolute protein expression 

levels of xenobiotic transporters have been determined using quantitative targeted proteomic 

methods in several different species (58–60).   

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 (61).  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 (62). 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.  Further, 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 (63). 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 (63). 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 choroid plexus epithelial cells that form the BCSFB have been unequivocally established with 
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transporter knockout mice studies.  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 multi-drug resistance-associated proteins 

(MRPs) 1 and 4.  These transporters compose the pathways of clearance for organic anions, small 

peptides, and organic cations (Figure 1.2). We next highlight 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 Bcrp, P-gp, and 

Oatps(57,58,64).  For a general review of transporter expression and localization at the BCSFB, 

see the review by Morris et al. 2017 (65).  

1.4.1 Functionally Characterized Uptake Transporters 

1.4.1.1 OAT3 (SLC22A8) 

OAT3 is a tertiary active uptake transporter that operates through dicarboxylate exchange, 

typically utilizing alpha-ketoglutarate as a counterion (66).  Outside of the BCSFB, OAT3 is 

expressed in the kidney, brain capillary endothelium, and retina (67). OAT3, alongside OAT1, is 

basolaterally expressed in the kidney proximal tubules and plays a major role in mediating tubular 

secretion of small organic anion compounds from blood to urine.  Drug substrates include 

antineoplastic drugs, antiviral drugs, antibiotics, and diuretics (Table 1.1). Oat3 knockout studies 

indicate reduced clearance of methotrexate and penicillin G due to diminished renal secretion 

(68,69). The International Transport Consortium and the Food and Drug Administration recognize 

OAT3, alongside OAT1, as determinants of clinical drug interactions (53).  

Active removal of organic anions from the CSF has been observed in humans since the 

1960s (70–73).  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 
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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 (71,74).  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 (75,76).  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 function. Confocal imaging studies 

indicated significant accumulation of fluorescein in wild-type CP, while accumulation in the Oat3 

knockout CP was significantly reduced (76,77).  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.   

1.4.1.2 PEPT2 (SLC15A2) 

PEPT2 is a member of the proton-coupled oligopeptide transporter family (SLC15) first 

identified in 1995 (78). PEPT2 is a secondary active uptake transporter driven by the proton 

gradient through proton co-transport (79). PEPT2 primarily transports di- and tri- peptides 

alongside peptidomimetic drugs. Drug substrates include amoxicillin and cephalosporin antibiotics 

(Table 1.1).  PepT2 is primarily expressed at the kidney and the CP, but transcripts have also been 

observed in the lungs, mammary glands, and spleen (79).  PepT2 is the predominant peptide 

transporter at the kidney, responsible for tubular reabsorption of filtered di- and tripeptide 

substrates. Knockout of PepT2 results in 2-3-fold reductions in systemic exposure of its substrates 
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due to increased renal clearance. This has been observed for GlySar, cefadroxil, and carnosine in 

pharmacokinetic studies utilizing PepT2 KO mice (80–83). 

PepT2 is localized on the apical membrane of CPE cells, responsible for uptake of 

substrates from the CSF (84,85).  In CP tissues isolated from PepT2 knockout mice, uptake of 

GlySar, a probe substrate of Pept2, was reduced by 90%, demonstrating that PepT2 is the primary 

di- and tri-peptide uptake transporter at the BCSFB (86). While coupled uptake and efflux has 

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 (87).  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 (82).  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 (88).  

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 tripeptide 

drugs.   

1.4.1.3 PMAT (SLC29A4) 

PMAT is a newer polyspecific organic cation transporter first cloned and characterized by 

our laboratory (89). Initially suspected of transporting 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 (90) (Table 1.1).  PMAT also strongly interacts with HIV 
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protease inhibitors; lopinavir acts as a potent and selective PMAT inhibitor (91).  Transport by 

PMAT is electrogenic, utilizing the membrane potential gradient as its driving force (89,90,92,93).  

PMAT mRNA is highly expressed in the brain, although lower levels of mRNA transcripts are 

also found in the other tissues (89,94,95).  Within the brain, PMAT is broadly distributed with 

highest expression found the CP, cerebral cortex, hippocampus, and cerebellum (94). 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 (90).  

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 (96).  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 (97). 

However, protein expression and activity of endogenous Oct2 was never demonstrated in the rat 

CP. Our laboratory and others were unable to confirm Oct2 expression at the rodent BCSFB 

(57,58,96). Using quantitative real time PCR, we compared polyspecific organic cation transporter 

expression at both the human and mouse CP tissues (96).  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 MATE1/2 were found to be minimally expressed.  Protein expression of 

PMAT in human tissues was further confirmed by western blot and immunostaining (96). 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 
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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 (96).  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 

organic cation excretion step in renal tubular cells, are minimally expressed in CPE cells and thus 

may not play a significant role in organic cation 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 (98). 

1.4.2 Functionally Characterized Efflux Transporters 

1.4.2.1 MRP1 (ABCC1) 

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 (99). 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 (100) (Table 1.1). 

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 (101). 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 
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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 dysfunction and toxicity (101–104).  

Mrp1 is expressed and localized to the basolateral membrane 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 (64,105). Mrp1 activity was initially demonstrated by Rao et al., who 

showed that 99mTc-sestamibi transport across rat CP was sensitive to inhibition by MK-571, an 

inhibitor of MRPs (64).  The role of Mrp1 at the BCSFB was further evaluated in an in vivo study 

in Mrp1 deficient mice by Wijnholds, et al (106).  In Mrp1 KO mice, a 10-fold increase in CSF 

accumulation of etoposide, a chemotherapeutic agent, was observed after intravenous 

administration of the drug (106).  In contrast, there is no change in total brain and plasma drug 

levels.  These data suggest that Mrp1 at the BCSFB 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.   

1.4.2.2 MRP4 (ABCC4) 

MRP4, first identified and cloned in 1997, also has a wide tissue distribution, though not 

as ubiquitous as MRP1 (107). Outside of the CP, MRP4 is notably expressed in the liver, kidney, 

and blood-brain barrier (108,109).  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 (110).  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 (108). Substrates of MRP4 include nucleoside analogues, diuretics, antivirals, 

antibiotics, and antineoplastic drugs (108) (Table 1.1).  
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Similar to Mrp1, Mrp4 is expressed and localized to the basolateral membrane of CPE cells, 

contributing to CPE-to-blood efflux of drugs out of the CSF (111).  Mrp4 has been shown to limit 

accumulation of topotecan into the CSF (111).  Mrp deficient mice demonstrated 10 fold higher 

concentrations of topotecan in the CSF compared to wild-type controls. (111). 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 (112). 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 Mrp1 inhibition but was reduced by Mrp4 selective inhibitors, indicating 

the involvement of Mrp4 (112).  Mrp4 activity and expression has also been demonstrated using 

immortalized CP epithelial cell lines (62).  Recently, Mrp4 expression at the mouse CP was shown 

to be sex-dependent with male mice displaying a significant reduction in Mrp4 expression (113).  

Consistent with the expression data, vascular accumulation of fluo-cAMP was markedly reduced 

in CP tissues isolated from male mice (113).  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 metabolites from 

the CSF (Figure 1.2).    

1.4.3 Under characterized Uptake and Efflux Transporters 

The uptake and efflux transporters described in this section are poorly characterized with 

respect to drug transport at the BCSFB. These transporters may have narrow substrate profiles, 
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have limited or conflicting information on their expression and localization, or have limited 

functional characterization using experimental systems that may not reflect the in vivo transport. 

Therefore, the pharmacokinetic significance of these transporters at the blood-CSF barrier remains 

unknown. 

1.4.3.1 OATP (SLCO) 

The Organic anion-transporting polypeptide (OATP) family consists of over 300 total 

family members, with 11 family members currently identified in humans (114). OATPs typically 

operate as uptake transporters and transport a wide range of amphipathic organic anion endobiotics 

and xenobiotics. OATPs are expressed in many different tissues of the body, but  these transporters 

best known for their role in drug disposition in the liver. The liver-specific isoforms OATP1B1 

and OATP1B3, are expressed on the sinusoidal membrane of hepatocytes, where the transporters 

play an important role in the uptake of statin drugs, repaglinide, and other amphipathic anionic 

compounds (115). Liver OATPs can thus represent a significant drug-drug interaction liability. 

For example, coadministration of statin drugs with the OATP inhibitor cyclosporine can result in 

systemic AUC increases between 2-fold and 20-fold (115). 

Several Oatp isoforms are purported to be expressed at the choroid plexus. The transporter 

Oatp1c1 is understood to play an important role in brain thyroid hormone homeostasis and is 

highly expressed at the rodent BCSFB at the mRNA level(116,117). The transporter primarily 

transports the thyroid hormones thyroxine (T4) and reverse T3, but also transports more typical 

Oatp substrates such as taurocholate, estradiol 17-β-D-glucuronide, and some statins (118). 

Immunofluorescence studies of Oatp1c1 suggest the transporter is localized to both membranes of 

the BCSFB, with a bias towards the basolateral membrane (119). Oatp3a1 is a prostaglandin 

transporter expressed on both membranes of the BCSFB (120). There have been 3 splice variants 
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identified for Oatp3a1. The Oatp3a1_v1 variant is expressed on the basolateral membrane of the 

BCSFB, while the Oatp3a1_v2 and Oatp3a1_v3 variants are expressed on the apical membrane of 

the BCSFB (120,121). Oatp3a1. The transporter does not transport classical Oatp substrates 

taurocholate or estrone-3-sulfate, though it may have some low affinity uptake of DHEAS 

(120,121). Oatp1a4 and Oatp1a5 are purported to be expressed at the basolateral and apical 

membranes of the rodent choroid plexus, respectively (122,123). These two transporters have a 

wider substrate pool, transporting the endogenous Oatp substrates taurocholate, DHEAS, estrone-

3-sulfate, and estradiol 17-β-D-glucuronide and some drug substrates such as fexofenadine and 

statins (124–127). To our knowledge, Oatp1a4 functional activity has not been characterized at the 

rodent BCSFB. Oatp1a5 has been previously suggested to mediate organic anion uptake at the 

BCSFB (112,123). However, the functional contribution of Oatp1a5 towards organic anion uptake 

at the BCSFB has not been studied either using a specific substrate, or by using a specific inhibitor 

or knockout model. In the human choroid plexus, the functional role of OATP1A is unclear. The 

OATP1A2 isoform is the only OATP1A ortholog in humans. While SLCO1A2/OATP1A2 is 

expressed at the mRNA level (117), protein expression and localization of OATP1A2 has not been 

demonstrated at the human choroid plexus. Furthermore, species differences between rodent and 

human OATP1A isoforms have been shown (128), and it is therefore unclear the extent of substrate 

and function overlap across the species. 

1.4.3.2 P-gp (MDR1) and BCRP (ABCG2) 

The two transporters - breast cancer resistance protein (BCRP) and P-glycoprotein (P-gp) 

- are primary active ATP-dependent efflux transporters with a wide and considerably overlapping 

substrate pools. The two transporters have been extensively studied for their proposed role in 

multidrug resistance, whereby patient with cancer would develop resistance to structurally related 
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antineoplastic compounds (129). The expression of P-gp, BCRP, MRP1, and other ABC efflux 

transporters at tumor sites were believed to limit chemotherapeutic entry and contribute to the 

multidrug resistance phenotype (129). However, attempts overcome multidrug resistance by 

targeted inhibition of P-gp and other ABC transporters has been challenging. Currently, BCRP and 

P-gp are understood to transport not only chemotherapeutic agents, but also a range of non-

chemotherapeutic drugs (130,131). The two transporters can have a significant role in the 

pharmacokinetics of their substrates. Furthermore, there is an emerging appreciation for the role 

of P-gp and BCRP in the transport of physiological substrates. P-gp can transport a variety of 

steroids, glucocorticoids, cytokines, and other important endogenous compounds (132). BCRP 

transports uric acid, and some genetic polymorphisms of BCRP are associated with higher uric 

acid sevels in the serum and the onset of gout (131). Other physiological compounds such as 

riboflavin, vitamin K, and folic acid are substrates of BCRP (133); however, the role of BCRP 

towards the transport of these nutrients has not been fully clarified. 

P-gp is notably expressed in the intestine, liver, kidney, placenta, and the microvessel 

endothelial cells forming the blood-brain barrier (130). In humans, BCRP is expressed in many 

different tissues, including the small intestine, liver, kidney, the placenta, the mammary glands, 

and the microvessel endothelial cells forming the blood-brain barrier (131,134). At the blood brain 

barrier, BCRP and P-gp are both expressed at the luminal membrane, where they limit the entry 

of their substrates into the brain. For example, after infusion of the BCRP substrate dantrolene in 

wild-type and KO mice, the brain to plasma concentration ratio of dantrolene increased 3.3-fold 

in Bcrp knockout rats compared to wild-types, with no change in Mdr1a (P-gp) KO mice (135). 

For the P-gp substrate WEB 2086, brain to plasma concentration ratio increased 8-fold in Mdr1a 

KO, with no change in Bcrp KO mice (135). In some cases, compounds may be a substrate of both 
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BCRP and P-gp, and the two transporters can potentially synergistically limit CNS penetration of 

the shared substrate, whereby the inhibition or loss of function of both transporters can result in 

disproportionate increases of brain drug concentrations. Polli et al. conducted a study infusing the 

tyrosine kinase inhibitor lapanitib into wild-type, Bcrp KO, Mdr1a/b (P-gp) dual KO, and 

Bcrp/Mdr1a/b triple KO mice. Lapatinib had no change in brain-to-plasma ratio in Bcrp KO and 

a 3-to-4-fold increase in brain-to-plasma ratio in Mdr1a/1b (P-gp) dual KO mice compared to wild-

types. However, in the triple KO mice, brain-to-plasma ratios were 40-fold higher compared to 

wild-types (136). 

  At the BCSFB, studies on Bcrp and P-gp expression, localization, and activity are limited 

and sometimes conflicting. Bcrp protein expression has been shown in the choroid plexus of rats, 

pigs, and a single human subject using a quantitative proteomics approach (58,60). Bcrp protein 

was under the limit of quantification in dog choroid plexus using a similar approach (59). P-gp 

protein was expressed in in all four species in the same studies (58–60). Using 

immunohistochemistry and immunofluorescence approaches, Bcrp has been localized to the apical 

membrane in mice (137,138), the basolateral membrane in neonatal rats (139), and undetectable 

in adult rats and humans in other studies (139–142). By immunohistochemistry and 

immunofluorescence, P-gp has been localized apically or subapically in rat, pig, and neonatal 

human CP (64,142,143). No detection of P-gp was found in a separate immunofluorescence study 

in rat CP (141). Functional studies of P-gp and Bcrp at the BCSFB are similarly conflicting and 

may utilize experimental systems that may not reflect in vivo transport. Transport of calcein-AM, 

a P-gp probe, was sensitive to valspodar, a P-gp inhibitor, in several rat and human cultured cell 

lines (62,144). The P-gp substrate 99mTc-sestamibi was transported in rat CPE primary cells and 

sensitive to elacridar (64). However, two P-gp substrates, rhodamine123 and verapamil, were not 
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transported in porcine primary cells (143). Evidence of Bcrp function at the BCSFB is even more 

limited; a single study demonstrated transport of BODIPY Fl Prazosin, a BCRP fluorescent probe, 

was sensitive to the BCRP specific inhibitor Ko143 in cultured human papilloma cells (144). 

  

While transport at both the BCSFB and the BBB can mediate drug concentrations in the 

CNS, transport processes at the BCSFB remain under characterized  and most pharmacokinetic 

models of the CNS do not consider active transport by the BCSFB. Additional study of  these under 

characterized BCSFB transporters outlined in this section could clarify their role in CSF clearance, 

improving our predictions of CSF and ISF drug concentrations and informing future CNS drug 

development. 

 

1.5 RELATIONSHIP BETWEEN CSF AND BRAIN ISF AND PHARMACOKINETIC 

SIGNIFICANCE 

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 can reflect the 

pharmacologically active drug concentrations and are used as a measure to model the 

pharmacokinetic and pharmacodynamic relationship of CNS-acting drugs (145,146).  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. CSF collection remains the only 
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conventional, clinically applicable approach to obtain information on free drug concentrations in 

individual human brain.  

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 (147). Consequently, 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) (147,148). 

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 (Figure 1.3).  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 (149).  

The presence of transporters at both the BBB and BCSFB can muddle the relationship 

between unbound CSF and brain ISF concentrations of transported substrates. In a study conducted 

by Kido et al., substrates of BCRP demonstrated unbound CSF concentrations notably higher than 

unbound brain concentrations in CSF in dogs(150). However, this does not suggest that CSF 

should be discarded as a surrogate brain measure for transported substrates. Physiologically based 
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pharmacokinetic models can potentially utilize measures of CSF, while taking advantage of 

integrating transport and CSF flow processes to predict drug pharmacokinetic behaviors within the 

brain. Currently, 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. Missing information about drug transport 

and other ADME processes can significantly impact the accuracy of predictive models of the 

CNS(151). Additional study of transporters at the BCSFB is required to clarify their role in CSF 

clearance, improving our understanding of the CSF and brain ISF relationship and thus improving 

our capacity to predict CNS safety and efficacy for transported drugs.  

1.6 KNOWLEDGE GAPS ON THE CHARACTERIZATION OF OATP, P-GP, AND BCRP 

TRANSPORT MECHANISMS AT THE BLOOD-CSF BARRIER 

While this chapter highlights the functional characterization of some transporters, such as 

OAT3, PMAT, PEPT2, MRP1/4, at the blood-CSF barrier, the role of other major uptake and 

efflux drug transporters, OATP, P-gp, and BCRP, remain to be elucidated. Notably, the collective 

role of OATP, P-gp, and BCRP transporters at blood-CSF barrier in regulating drug uptake, 

retention and clearance is not clear. Transport processes at the blood-CSF barrier cannot directly 

be studied in humans, and other approaches to study blood-CSF barrier transport processes may 

be poorly validated or may not be physiologically representative. Specifically, primary cells and 

immortalized cell lines of the choroid plexus have been shown to have altered transporter 

expression and reduced tight junction formation compared to freshly isolated tissue (62). Our 

laboratory has reported an OATP-like transport function at the BCSFB apical membrane based on 

confocal image tracing of substrates in isolated choroid plexus tissues (117). While the previous 

imaging study was largely qualitative in nature, the development and utilization of a quantitative 
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fluorescence microscopy approach may enable more precise characterization of transport 

mechanisms at the blood-CSF barrier.  Furthermore, a quantitative fluorescence microscopy 

approach can be used with targeted transporter knockout models to assess the localization and 

functional role of OATP, P-gp, and Bcrp transporters towards regulating CSF drug concentrations 

via the blood-CSF barrier. The hypothesis and specific aims for this dissertation research is 

presented in the next section. 
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1.7 HYPOTHESIS AND SPECIFIC AIMS 

The overall goal of my research project is to characterize the expression, localization, and 

activity of Organic anion polypeptides (OATPs), breast cancer resistance protein (BCRP), and P-

glycoprotein (P-gp) transporters at the BCSFB. The overarching hypothesis is as follows: 

 The OATP1A, Bcrp, and P-gp transporters are functionally active at the apical 

membrane of the BCSFB and may functionally regulate xenobiotic and endobiotic transport into 

and out of the CSF. 

 

The specific aims intended to test this hypothesis are as follows: 

Specific Aim 1: Establish a quantitative confocal microscopy approach to evaluate BCSFB large 

organic anion and cation transport.  

 In this aim I will develop and validate a quantitative confocal microscopy approach 

capable of characterizing compartment specific, real-time accumulation of substrates, perpetrator 

drug interactions, and rate-determining steps in transepithelial transport at the BCSFB. This 

approach will be applied to characterize the molecular mechanisms of CSF-to-blood transport of 

organic anion and lipophilic compounds hypothesized to be mediated by OATPs, BCRP, and P-

gp. 

 

Specific Aim 2: Identify and characterize the specific OATP isoform(s) contributing to apical 

uptake of organic anions at the BCSFB. 

 In this aim I will determine the specific contribution of individual OATP isoforms 

towards the apical uptake of anions at the BCSFB. Using the approach developed in Specific 

Aim 1, I will characterize individual OATP isoform contribution, focusing on the Oatp1a5 
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isoform, in murine BCSFB using pharmacological inhibition and an Slco1a/1b transporter KO 

model. Then I will explore functional similarities and differences between mouse Oatp1a5 and 

human OATP1A2 using transporter-overexpressing cell lines and evaluate the expression and 

localization of OATP1A2 in human choroid plexus tissue samples by immunofluorescence 

staining. This study will help characterize the role of OATP1A transporters in both mouse and 

human OATP, which may identify a novel transport pathway of xenobiotic and endobiotic 

organic anions from the CSF.  

 

Specific Aim 3: Evaluate the expression, localization, and activity of BCRP and P-gp at the 

BCSFB 

While the roles of BCRP and P-gp are well established at the BBB, there are conflicting 

findings of BCRP and P-gp localization and function at the BCSFB. Using the quantitative 

confocal approach developed in Specific Aim 1 and a series of selective pharmacological 

inhibitors and transporter knockout models, I aim to probe and distinguish the functional activity 

of BCRP and P-gp at the murine BCSFB. As CSF drug concentrations are frequently used as a 

surrogate measure of CNS drug exposure, elucidating the functional role of these efflux 

transporters is critical for understanding the interplay of BBB and BCSFB transporters and their 

impact on CNS pharmacokinetics and pharmacodynamics. 
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Figure 1.1.  Schematic representation of the location, structure, and clearance pathways of the CP-CSF system.   

The blood-CSF barrier is formed by choroid plexus epithelia 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 und er 

Creative Commons CC-BY-4.0 License (152).
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Figure 1.2.  Cellular models for transport at the blood-CSF barrier. 

Models of (a) organic anion, (b) oligopeptides and peptidomimetic, and (c) monoamine and 

organic cation transport at the blood-CSF barrier. OA-, organic anion; DP, dipeptide; TP, 

tripeptide; PM, peptidomimetic; OC+, organic cation; MA, monoamine; MAO, monoamine 

oxidase.  
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Figure 1.3.  Compartmental diagram of CNS exchange pathways 

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. 
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Table 1.1. Localization and Selected Drug Substrates of Drug Transporters at the Blood -CSF 
Barrier 

Transporter BCSFB 

Localization 

Drug Class Example Drug 

Substrates 

Km (uM) 

OAT3 Apical (75) Antineoplastic Methotrexate  10.9 (153) 

Topotecan 56.5 (154) 

Antiviral Zidovudine 145.1 (155) 

Antibiotic Benzylpenicillin 52.1 (156) 

Cefaclor Transported (157) 

Diuretic Hydrochlorothiazide 134 (158) 

Furosemide 21.5 (159) 

PMAT Apical (96) Antihyperglycemic Metformin 1320 (92) 

Beta blocker Atenolol 907 (160) 

PEPT2 Apical (84) Antibiotic Cefadroxil 150.8 (161) 

Cefaclor 70.2 (162) 

Amoxicillin 1040 (162) 

MRP1 Basolateral 
(64) 

Antineoplastic Daunorubicin Transported (163) 

Vincristine Transported (163) 

Methotrexate 2150 (164) 

Statin Atorvastatin Transported (165) 

Antiviral Ritonavir Transported (166) 

Antibiotic Cefadroxil 3900 (167) 

MRP4 Basolateral 
(111) 

Antineoplastic Methotrexate 220 (168) 

Topotecan 1.66 (169) 

6-mercaptopurine Transported (170) 

Antiviral Adefovir 1000+ (171) 

Antibiotic Ceftizoxime 18  (172) 

Cefazolin 80 (172) 

Diuretic Furosemide Transported (173) 
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Chapter 2. EVALUATION OF BLOOD-CSF BARRIER TRANSPORT 

BY QUANTITATIVE REAL TIME 

FLUORESCENCE MICROSCOPY 

Part of this chapter was published in:  
 Sun, A.  and Wang, J.“ Evaluation of Blood-CSF Barrier Transport by Quantitative Real Time 

Fluorescence Microscopy” Pharmaceutical Research (2022) 29, 1469-1480. 
 

2.1 ABSTRACT 

Purpose 

 Transporters at the blood-cerebrospinal fluid (CSF) barrier (BCSFB) play active roles in 

removing drugs and toxins from the CSF.  The goal of this study is to develop a fluorescence 

microscopy approach to quantitatively study the transepithelial transport processes at the murine 

BCSFB in real time.   

Methods 

 Choroid plexus (CP) tissues were isolated from mouse lateral ventricles and incubated with 

anionic (fluorescein-methotrexate, 8-fluorescein-cAMP) or cationic (IDT307) fluorescent probes.  

The CSF-to-blood transport was imaged and quantified using compartmental segmentation and 

digital image analysis.  Real time images were captured and analyzed to obtain kinetic information 

and identify the rate-limiting step.  The effect of transporter inhibitors was also evaluated.   

Results 

The transport processes of fluorescent probes can be captured and analyzed digitally.  The 

intra- and inter- animal variability were 20.4% and 25.7%, respectively.  Real time analysis 

showed distinct transport kinetics and rate-limiting step for anionic and cationic probes.  A CP 

efflux index was proposed to distinguish between transepithelial flux and intracellular 
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accumulation.  Rifampin and MK571 decreased the overall transepithelial transport of anionic 

probes by more than 90%, indicating a possible involvement of organic anion transporting 

polypeptides (Oatps) and multidrug resistance-associated proteins (Mrps).   

Conclusions 

 A CP isolation method was described, and  a quantitative fluorescence imaging approach 

was developed to evaluate CSF-to-blood transport in mouse CP.  The method is consistent, 

reproducible, and capable of tracking real time transepithelial transport with temporal and spatial 

resolution.  The approach can be used to evaluate transport mechanisms, assess tissue drug 

accumulation, and assay potential drug-drug interactions at the BCSFB.  

 

2.2 INTRODUCTION 

The choroid plexuses (CPs) that form the blood-cerebrospinal fluid barrier (BCSFB) are 

located in each of the four ventricles of the brain.  The CP consists of a monolayer of polarized 

epithelial cells surrounding a core of blood capillaries (1,174).  Unlike the endothelial cells 

forming the blood-brain barrier in other brain regions, the CP blood capillaries are fenestrated and 

lack tight junctions. Thus, the barrier function lies with the choroid plexus epithelial (CPE) cells 

joined by tight junctions (16,175). Coined as the “kidney of the brain”, the CP plays a vital role in 

brain clearance of waste products and xenobiotics (13,174).  A main function of the CP is to secrete 

CSF, which serves as a sink and a clearance pathway for removing solutes (e.g. drugs, metabolites) 

and macromolecules (e.g. β-amyloid) from the brain (29,174,176).  The CPE cells also express 

polyspecific transporters and enzymes to actively remove xenobiotics and endobiotics from the 

CSF.  The CSF-to-blood transport clearance at the BCSFB is initiated by drug uptake from the 

CSF into the CPE cells at the apical membrane followed by efflux into the subepithelial region at 
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the basolateral membrane (174). The compound can then diffuse across the stromal space and the 

fenestrated capillaries into the blood for systemic clearance (1).  Drug transporters at the BCSFB 

can serve as a determinant of CSF drug concentrations, thus impacting drug efficacy and toxicity 

in the central nervous system (71,74,88).  However, transporter functions at the BCSFB have not 

been well studied at the tissue level, and the overall significance of BCSFB transporters in brain 

drug disposition remains to be elucidated.   

Several ex vivo and in vitro approaches have been used to study drug transport processes 

at the BCSFB.  For instance, primary culture of CPE cells from rodents were used to demonstrate 

the functional activity of PepT2 at the BCSFB (84,87). A human choroid plexus papilloma 

(HIBCPP) cell line has been used to study drug efflux transporter function at human BCSFB (144). 

Immortalized CP cell lines and primary CP cells can both be cultured as a monolayer on a transwell 

filter, enabling study of transepithelial basolateral-to-apical or apical-to-basolateral directional 

transport. However, immortalized CP cell lines or primary CP cell culture can exhibit altered 

expression of xenobiotic transporters and weakened tight junction formation (62), and thus may 

not faithfully recapitulate the in vivo transport capability of BCSFB drug transporters.  Another 

approach commonly used in CP transport research is to conduct radiotracer uptake studies using 

freshly isolated CP tissues from animal species.  These isolated CP maintain the tissue physiology, 

barrier integrity, and transporter expression reflected in vivo.  In addition, CP tissue can be obtained 

from mouse knockout models to determine the specific contribution of a single transporter at the 

BCSFB. This method has been successfully applied to characterize the transport function of 

several apical (CSF-facing) membrane transporters including Pept2, Oat3 and Pmat (77,96,177).  

However, radiotracer uptake in isolated CP tissues measures apical uptake in CPE cells, as only 

this side of the membrane is accessible to the outside buffer.  As such, results from CP uptake 
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studies reflect total tissue accumulation but provide little information on whether the substrate is 

further effluxed into the blood side by basolateral transporters.  This information is important as 

inefficient transport at the basolateral membrane can lead to drug accumulation within CPE cells, 

which could result in CPE cell toxicity and compromise CSF production and BCSFB barrier 

integrity.   

 Fluorescent substrate-based imaging methods have been used to probe transporter function 

at the cell, tissue, and organ levels (178–181).  Confocal fluorescence microscopy is uniquely 

suited to study transepithelial transport processes at the BCSFB owing to the simple anatomy of 

the CP tissue.  CP tissues isolated from small laboratory animals such as mice are semi-transparent, 

and the cobblestone-shaped CPE cells are readily distinguishable from the underlining 

subepithelial space. Previously, Miller and coworkers have pioneered the use of confocal 

microscopy to study the transport of fluorescent organic anion probes in CP tissues isolated from 

dogfish sharks and rats(182,183).  This method has also been applied to CP tissues from knockout 

mice to probe the transport function of Oat3 (76).  Using confocal imaging and fluorescent probes, 

we recently observed distinct transcellular transport patterns for organic anions and cations in 

isolated mouse CP tissues (117). We showed that the cationic probe IDT307 is transported into 

CPE cells by the apical plasma membrane monoamine transporter (PMAT) and highly 

accumulates within CPE cells.  In contrast, the anionic probe fluorescein-methotrexate (FL-MTX), 

a substrate of OATPs and MRPs, was rapidly transported across the CPE cells into the 

subepithelial space with little intracellular accumulation. However, previous fluorescence imaging 

studies in CP were largely descriptive and there was generally a lack of quantitative methods for 

analyzing imaging data, especially those acquired in real time.  Furthermore, few studies have 
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applied quantitative analysis to deconvolute the kinetics of the transport processes occurring at the 

apical and basolateral membranes of the BCSFB.   

 

In this study, we developed a quantitative confocal microscopy approach to study the CSF-

to-blood transport processes at the BCSFB using freshly isolated murine CP tissues. We described 

techniques of harvesting lateral ventricle CP tissues and a method to verify tissue viability and 

integrity. We then described a method of digital image analysis for quantifying fluorescent probe 

transport data at the BCSFB.  The consistency and reproducibility of this approach was validated 

using fluorescein-methotrexate (FL-MTX), a large organic anion probe. The imaging approach 

was then applied to measure the transepithelial transport of additional fluorescent organic anion or 

organic cation molecules with rich temporal and spatial resolution.  A novel parameter, the choroid 

plexus efflux index (CPEI), was proposed to distinguish between subepithelial and CPE cell 

accumulation. Lastly, the potential interactions of FL-MTX and 8-fluorescein- cyclic-AMP (fluo-

cAMP) with organic anion transporting polypeptide (OATP)- and multidrug resistance associated 

protein (MRP)- inhibitors were evaluated. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Chemicals and Materials 

Fluorescein-methotrexate (FL-MTX, MW: 925 Da) was purchased from Biotium (San 

Francisco, CA). 8-Fluorescein-cyclic-AMP (fluo-cAMP, MW: 815.7 Da) was purchased from 

Axxora (Farmingdale, NY). IDT307 (MW: 340.2 Da) was purchased from Sigma Aldrich (St. 

Louis, MO). Unless otherwise specified, all other chemicals and reagents were obtained from 
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Sigma-Aldrich (St. Louis, MO).  All chemicals were 95% purity or higher and were obtained from 

commercial sources. 

 

2.3.2 Preparation of Mouse Choroid Plexus 

Animal experiments were carried out in accordance with the Guide for the Care and Use 

of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health and 

in accordance with animal protocols approved by the Institutional Animal Care and Use 

Committee at the University of Washington. Animals were housed in the specific pathogen free 

facility at the University of Washington. 

Adult (10-14 week old) male C57BL/6J mice were euthanized by CO2 inhalation, followed 

by decapitation. Mouse brain was isolated and maintained in ice cold artificial CSF (aCSF: 119 

mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM MgCl2, 2.5 mM CaCl2, 

10 mM glucose, previously gassed with 95% O2/5% CO2) for tissue isolation. Lateral ventricle 

CP was isolated from mouse brain under a dissecting microscope. Briefly, an incision was made 

along midline of the sagittal plane between the hemispheres of the brain using surgical scissors or 

superfine forceps. The lateral ventricle can be identified as a cavity alongside the inner wall of the 

brain hemisphere revealed by the incision. The lateral ventricle was exposed using one set of 

superfine forceps, revealing the CP which presents as a floating, faintly vascularized, semi-

transparent tissue. The CP was removed using another set of superfine forceps. The tissue was 

transferred into pre-gassed, ice-cold aCSF immediately after removal, and the process was 

repeated for the other hemisphere. 
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2.3.3 Viability Test in Isolated CP 

 Trypan blue exclusion test was performed to verify CP tissue viability and integrity.  

Isolated CP tissue was incubated with 0.2% trypan blue in aCSF buffer for 5 minutes at room 

temperature. The tissue was then transferred to a 35mm sterile confocal dish (VWR, Radnor, PA) 

and placed onto a Zeiss LSM 710 confocal microscope. Brightfield images of damaged and 

undamaged tissue regions were captured using a OnePlus 7 Pro smartphone camera mounted onto 

the ocular lens of a Zeiss LSM 710 confocal microscope.  

 

2.3.4 Transport Studies in Isolated CP 

Intact CP tissues were used for imaging studies within 2 hours of isolation. Transport  

studies using freshly isolated mouse CP were performed using a modified approach previously 

described (96). Briefly, lateral ventricle CP tissues were cut into two pieces. Tissue was then 

transferred into 35mm sterile confocal dishes (VWR, Radnor, PA) containing aCSF buffer at room 

temperature. Tissue was maintained in room temperature aCSF for 5 minutes to acclimate before 

initiating uptake. 

Single time-point transport studies were initiated by adding 2 µM of fluorescent compound 

with or without inhibitor (100 µM) into aCSF. Incubations were carried out for 20 minutes in 

sealed Ziploc bags containing 95% O2, 5% CO2. To terminate uptake, tissue was washed 3 times 

with ice cold aCSF and kept on ice until image acquisition. Each CP tissue under investigation 

was inspected under low-intensity brightfield imaging for apparent tissue damage and cell 

membrane rupture. 1-4 undamaged observation areas containing both CPE cells and adjacent 

subepithelial region were selected, and the fluorescent signals were recorded. To record real-time 

transport of fluorescent substrate, a specific observation area containing intact CP epithelial cells 
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and adjacent subepithelial region was selected and immobilized in pre-gassed aCSF.  Transport  

was initiated by adding 2 µM of fluorescent compound, and fluorescent signals were recorded 

every minute for 20 minutes. 

 

2.3.5 Confocal Image Acquisition and Analysis 

Image acquisition was performed using a Zeiss LSM 710 confocal microscope fitted with 

a Zeiss 40x, NA 1.3 oil immersion objective (total magnification: 400x), and digital image 

collection was performed using Zeiss Zen 2009 Microscope Software. Brightfield imaging was 

used to identify observation areas containing CPE cells with adjacent blood capillaries. Samples 

were illuminated using a 488 nm fixed wavelength argon laser equipped with a 488 nm dichroic 

and a 492-630 nm emission filter. Low laser intensity (less than 8% of maximum) was used to 

minimize sample photobleaching. Laser gain and offset was set such that autofluorescence of 

tissue was minimally detectable (data not shown), with the pinhole set to 36.8 µm. Confocal 

images were captured as 15 second scans at 1024x1024 resolution, 16 frames line-averaged, with 

a pixel dwell of 0.79 µsec. Replicate studies were performed using the same objective lens, 

identical laser power, and identical detector settings. A trans-PMT detector was used to capture 

accompanying differential image contrast (DIC) imaging.  

 Digital image analysis was performed using FIJI ImageJ (1.53c) (184). CPE cell and 

subepithelial regions of interests were identified in the acquired confocal images, supported by 

accompanying DIC images. CPE cell and subepithelial regions were defined and manually 

segmented by free hand drawing over the identified regions of interest. To segment the CPE cell 

region for quantification, a free hand outline was drawn over the CSF facing membrane of the CPE 

cell, and an exclusionary outline was drawn around the subepithelial region.  Mean fluorescence, 
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measured by average pixel intensity, was measured in the manually segmented CPE cell and  

subepithelial regions, averaged from three free hand segmentations. CPE cell and subepithelial 

region fluorescence were corrected for background fluorescence, obtained from the surrounding 

bathing media in single-time point experiments and from the mean fluorescence prior to 

fluorescent probe addition for time-dependent transport experiments.  

 

2.3.6 Calculation of Choroid Plexus Efflux Index (CPEI) 

CPEI was calculated according to the following formula: 

Equation 2.1:    𝐶𝑃𝐸𝐼(%) =
∑ 𝑝𝑖𝑥𝑒𝑙  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑠𝑒

∑ 𝑝𝑖𝑥𝑒𝑙  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑒𝑙𝑙𝑠 +𝑠𝑒
 

 

where Σpixel intensityse is the sum average pixel intensity in the subepithelial region from three 

segmentations, and Σpixel intensitycells+se is the combined sum average pixel intensity in the 

subepithelial and intracellular CPE cell regions from three segmentations. 

2.3.7 Intra- animal variability 

Average pixel intensity in the primary accumulation site (e.g. subepithelial region for FL-

MTX, CPE cell for IDT307) was used to calculate inter- and intra-animal variability parameters. 

The inter- and intra-animal variabilities of FL-MTX transport were calculated using a root mean 

squares approach based on the following analysis of variance (ANOVA) equations:  

Equation 2.2:   𝐼𝑛𝑡𝑟𝑎 − 𝑎𝑛𝑖𝑚𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
√𝑀𝑆𝑖𝑛𝑡𝑟𝑎

𝑚𝑒𝑎𝑛𝑎𝑙𝑙
 𝑥 100%   

 

Equation 2.3:   𝐼𝑛𝑡𝑒𝑟 − 𝑎𝑛𝑖𝑚𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
√(𝑀𝑆𝑖𝑛𝑡𝑒𝑟 −𝑀𝑆𝑖𝑛𝑡𝑟𝑎 )/𝑛

𝑚𝑒𝑎𝑛𝑎𝑙𝑙
 𝑥 100% 

 

where MSintra and MSinter are the mean squares within a group and between a group, respectively. 

Meanall is the arithmetic mean of all the measured accumulations and n is the total number of 
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observation areas. Initial uptake rate was calculated by the linear slope of primary site 

accumulation over time during the initial linear phase of uptake, defined as the first three minutes 

of captured uptake for FL-MTX and fluo-cAMP and between five to ten minutes for IDT307. If a 

plateau in the time course was achieved, the time to maximal accumulation was determined by the 

first time point that subepithelial accumulation exceeding 90% of the maximal accumulation over 

the 20-minute time course interval.  

 

2.3.8 Statistical Analysis 

All imaging experiments were carried out with CP tissue isolated from at least 3 animals.  

Calculated intensity values were presented as mean ± SD. Statistical significance was determined 

by using a one-way ANOVA followed by Dunnett’s test or by an unpaired Student’s t-test.  P value 

less than 0.05 indicated a statistically significant difference. 

 

2.4 RESULTS 

2.4.1 Experimental Workflow and Tissue Integrity 

Figure 2.1 illustrates the overall scheme of the experimental workflow.  Briefly, mouse 

brain was harvested and maintained in ice-cold aCSF.  A midline incision was made along the 

sagittal plane to expose the lateral ventricle.  The CP tissue was removed under a dissecting 

microscope, maintained in ice-cold pre-gassed aCSF, and checked for tissue integrity.  For 

transport imaging studies, intact CP tissue was transferred to a sterile confocal dish containing 

aCSF buffer at room temperature and incubated for 5 minutes to allow tissue acclimation.  To 

initiate the transport study, a fluorescent substrate was added to the aCSF buffer at a final desired 

concentration. Images were then captured under a confocal microscope for real-time recording.  
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For single time point studies, images were captured after incubation for a specified time period.  A 

detailed description of the experimental procedure is provided in the Materials and Methods 

section.   

Prior to transport studies, CP was checked for normal tissue morphology and integrity 

under a microscopy.  Only undamaged CP tissues were used for imaging studies.  The viability 

and integrity of the CP tissue was also confirmed using the trypan blue exclusion method.  As 

shown in Figure 2.2, when incubated with trypan blue, healthy, intact CP showed no staining, 

indicating that both cell vitality and barrier integrity of the BCSFB are maintained.  In contrast, 

damaged CP showed strong staining of trypan blue and leakage of the dye into the inner tissue 

area.  Previously, we and others have shown that isolated CP tissues maintain their vitality and 

transport activity for up to 2-3 hours after isolation (96,112,117). All imaging studies were 

performed within 2 hours after tissue isolation.  

2.4.2 Imaging and Quantification of FL-MTX and IDT307 Transport in Mouse CP 

Figure 2.3 depicts the anatomy of the CP. A monolayer of CPE cells lines the outer surface 

of the CP and separates the CSF from the capillaries residing in the interior subepithelial space. 

The CPE cells are polarized, with the apical membrane facing the CSF and the basolateral 

membrane facing the internal subepithelial space. The CPE cells are joined by tight junctions, 

limiting paracellular transport. Under DIC microscopy, freshly isolated murine CP in aCSF buffer 

showed typical morphology (Figure 2.3). Notably, the aCSF only interfaces with the tight 

junction-lined CPE cells at the apical membrane, and the interior vascular region is rendered 

inaccessible from the outside solution. To examine the CSF-to-blood transport processes at the 

BCSFB, CP was incubated in aCSF in a confocal dish, and FL-MTX or IDT307 was added to the 

aCSF solution.  After a 20 minute incubation, the tissue was rinsed and imaged by confocal 
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microscopy. Consistent with our previous observation (117), FL-MTX, an organic anion, primarily 

accumulated in the subepithelial space, indicating a transepithelial flux from the CSF into the blood 

(Figure 2.3).  IDT307, a fluorescent analog of the prototype organic cation 1-methyl-4-

phenylpyridinium (MPP+), primarily accumulated in the CPE cells, indicating uptake from the 

CSF and retention within the CPE cells (Figure 2.3).  

Quantification of FL-MTX and IDT307 accumulation in CPE cell and subepithelial regions 

was then performed by digital image analysis using FIJI (184).  Manual segmentation of CPE cell 

and subepithelial regions for FL-MTX accumulation was performed as described in the Materials 

and Methods (Figure 2.4).  Mean fluorescence intensity was quantified in the segmented CPE cell 

and adjacent subepithelial regions. As shown in Figure 2.4, FL-MTX accumulation in the 

subepithelial region was about 6.6-fold greater than that in CPE cells. Similarly, segmentation of 

IDT307 was performed, and fluorescence intensity measurements were obtained (Figure 2.4).  

IDT307 preferentially accumulated in the CPE cells, exhibiting a 3.3-fold higher accumulation 

over the subepithelial space. 

 

2.4.3 Variability and Reproducibility 

One major advantage of the confocal imaging approach is the ability to visualize real time 

transport of a fluorescent probe in a single CP tissue. However, only a single, fixed observation 

area can be observed for a time-dependent imaging experiment. To determine the 

representativeness of a single observation area, the intra- and inter-animal variabilities in 

fluorescent substrate accumulation were examined. Uptake of 2 µM FL-MTX was performed in 

immobilized CP tissue obtained from five animals.  After 20 minutes, images were obtained from 

3-7 different observation areas in each CP, and the subepithelial region accumulation was 
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calculated for each observation area.  The intra- and inter-animal variabilities of subepithelial 

accumulation are shown in Table 2.1. The intra-animal variability ranged from 9.5% to 31.3% in 

each animal, with an overall intra-animal variability of 20.4%.  The inter-animal variability was 

25.7% across the 5 animals.  These data suggest that the confocal imaging approach can be applied 

to study BCSFB transport in a quantitative manner, and when conducted appropriately, the 

transport data generated are consistent and reproducible.  Additionally, agreement  between 

observation areas suggests that real time recording obtained from a single observation area is 

representative of transport process occurring at the whole tissue.   

 

2.4.4 Real Time Analysis of Transport 

To further explore the applicability of this quantitative microscopy approach to study drug 

transport at the BCSFB, we recorded real-time transport of FL-MTX, fluo-cAMP, and IDT307 to 

obtain kinetic information of the transepithelial process. FL-MTX and fluo-cAMP are large 

organic anions known to be OATP substrates whereas IDT307 is an organic cation known to be a 

PMAT substrate (178,185,186). Figure 2.5 depict time-courses of transport in different CP tissue 

compartments obtained from single animals. For the large organic anion substrates, transport is 

characterized by an initial linear phase, followed by a plateau. Both FL-MTX and fluo-cAMP 

primarily accumulated in the blood capillaries across the 20-minute time-course (Figure 2.4). 

Even at the earliest time points, most of the observed fluorescence intensity is located in the 

subepithelial space with minimal intracellular accumulation in CPE cells.  This indicates the 

majority of substrate taken up by the CPE cells is rapidly effluxed into the subepithelial space, 

suggesting that basolateral efflux occurs at a rate much greater than apical uptake.  Hence, apical 

uptake is the rate-limiting step for the transepithelial transport of FL-MTX and fluo-cAMP.  In 
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contrast, the organic cation IDT307 was primarily retained within the CPE cells throughout the 

time course, indicating minimal basolateral efflux transport of IDT307 from the CPE cell into 

blood side (Figure 2.5).  

Table 2.2 shows the average initial uptake rate and time to maximal accumulation obtained 

from 3-5 animals. Initial transport rate is similar between FL-MTX and fluo-cAMP, suggesting 

that the two organic anions exhibit similar uptake rate at the apical membrane. Fluo-cAMP exhibits 

a longer, though not statistically different, time to maximal accumulation than FL-MTX, possibly 

due to a longer linear phase. A maximal accumulation time was not calculated for IDT307, as the 

compound continued to accumulate in the CPE cells and did not reach a plateau at 20 minutes.  

 

2.4.5 The Choroid Plexus Efflux Index (CPEI)    

Based on the data shown, it is apparent that the organic anions and organic cation exhibit 

different patterns of compartmental accumulation. We therefore sought to develop a simple 

parameter to distinguish BCSFB transport patterns between these fluorescent probes. The choroid 

plexus efflux index (CPEI) (Equation 2.1) was thus developed. The CPEI represents the 

percentage of substrate taken up by the CPE cells that is further effluxed into the subepithelial 

region. A higher CPEI indicates a greater proportion of substrate entering the CPE cells 

accumulates in the blood capillaries and hence undergoes CSF-to-blood flux across the BCSFB.  

A lower CPEI indicates the substrate is taken up from the CSF but is retained within CPE cells. 

The 20-minute CSF-to-blood transport of FL-MTX, fluo-cAMP, and IDT307 were parameterized 

by CPEI (Figure 1.1).  The CPEI remained stable after the initial uptake period for all three 

substrates. CPEI20min obtained from 3-5 different animals is described in Table 2.2. The CPEI 

parameter captures that 80-90% of FL-MTX and fluo-cAMP entering the CPE cells is effluxed 
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into the subepithelial space whereas only ~20% of IDT307 is further transported into the 

subepithelial region.   

 

2.4.6 Effects of Oatp and Mrp Inhibitors on BCSFB Organic Anion Transport 

The above data demonstrated the feasibility of using quantitative fluorescence microscopy 

to characterize the CSF-to-blood transport of large organic anions (FL-MTX, fluo-cAMP) at the 

BCSFB using isolated CP.   These compounds are known substrates of OATPs and MRPs 

(112,185,187,188).  Several Oatps and Mrps are expressed respectively at the apical and 

basolateral membranes of the CPE cells (57,58,65). To characterize the potential contribution of 

Oatps and Mrps for FL-MTX and fluo-cAMP transport at the BCSFB, imaging studies were 

performed in the presence of classical inhibitors of these transporters (Figure 2.6).  Co-incubation 

with rifampin (100 µM), an OATP/Oatp inhibitor led to more than 90% reduction in subepithelial 

accumulation for both FL-MTX and fluo-cAMP.  Co-incubation with MK571 (100 µM), a pan-

MRP inhibitor, also resulted in greater than 90% inhibition in the subepithelial accumulation for 

both compounds.  Though not statistically significant, an apparent increase in CPE cell 

accumulation was also observed for MK571.    

 

2.5 DISCUSSION 

The BCSFB is an important, but understudied blood-brain interface with respect to drug, 

toxin, and metabolic waste clearance. In this study, we described the application of confocal 

microscopy to study the transepithelial transport processes at the murine BCSFB quantitatively 

and in real time.  Using fluorescence labeled organic anion and cation molecules, we showed that 

our method is consistent, reproducible, and capable of tracking real time transepithelial transport 
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at the BCSFB with temporal and spatial resolution.  Kinetic information and the rate-limiting step 

can be obtained by analyzing time-dependent compartmental accumulation data.  A novel 

parameter, CPEI, was proposed to distinguish between transepithelial flux and CPE cell 

accumulation.  In addition, we showed that the approach can also be used to study inhibitor effects 

and probe the molecular mechanisms of transport at the BCSFB.   

Fluorescence-based imaging approaches have been demonstrated to be especially useful to 

characterize transepithelial drug transport processes at barrier tissues.  For instance, fluorescence 

techniques have been successfully applied to study drug interactions with Mrp2 in the liver, 

demonstrating interactions with hepatocyte-generated drug metabolites and HIV protease 

inhibitors (20,21).  Previously, confocal microscopy has been used to study the transport of 

fluorescent organic anions and cations in CP tissues isolated  from several animal species 

(182,183,189).  Most of the studies were carried out over a decade ago, where limited quantitative 

image analyses were performed using early image analysis software such as NIH Image or Scion 

Image.  In this study, we obtained high quality confocal images of BCSFB transport in mouse CP 

tissue, manually segmented CPE cell and subepithelial compartments, and performed digital image 

analysis using the FIJI ImageJ software (Figure 2.3).  FIJI is a newer, free-to-use open-source 

distribution of ImageJ2, which is built upon earlier versions of digital image analysis 

software(184). FIJI is continuously updated, supports a variety of file types and image sizes, and 

is compatible with external image software like Imaris through user-developed plugins (184), 

making it a powerful and user-friendly tool for advanced digital image analysis.   

Using FL-MTX, we showed that the transport data obtained from our approach is 

consistent, reproducible, and capable of obtaining transport kinetic information (Figure 2.5, Table 

2.1, Table 2.2).  In our study, the primary tissue accumulation site (CPE cells or subepithelial 
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space) was used as a measure to ascertain inter- and intra-animal uptake variability and evaluate 

transport kinetics. We assumed that variability in total tissue accumulation (sum of subepithelial 

and CPE cell accumulation) was reflected by the primary accumulation site. To corroborate this 

assumption, we compared initial uptake rate and time to maximal accumulation using subepithelial 

accumulation alone against using total accumulation, and we did not observe a statistical difference 

between the measures in any of the substrates tested (data not shown).  However, if a compound 

showed similar accumulation in both compartments, total accumulation may be more 

representative of tissue uptake.  

 We proposed CPEI as a simple parameter to describe the transepithelial flux across the 

BCSFB (Figure 2.5, Table 2.2).  Since CPEI does not capture the amount of substrate removed 

from the aCSF by the CPE cells, it cannot be used to infer the transport clearance rate at the 

BCSFB.  Instead, CPEI is useful for characterizing basolateral efflux activity and distinguishing 

the primary site of accumulation within the CP tissue compartments.  While both large organic 

anion and organic cations are transported into CPE cells, the high CPEI parameters for FL-MTX 

and fluo-cAMP indicate that the majority of these anionic compounds are then rapidly effluxed at 

the basolateral membrane into the subepithelial region after their uptake at the apical membrane.  

In contrast, CPEI is much lower for IDT307. Apical IDT307 uptake is mediated by PMAT, but 

the compound is minimally effluxed into the blood and preferentially accumulates within the CPE 

cells (117) (Figure 2.7). These data suggest small organic cations such as the neurotoxin MPP+ 

may accumulate in CPE cells, posing a higher risk for CP tissue toxicity.  The CPEI may thus be 

a useful parameter to evaluate drug toxicity risks in the CP.  

Using inhibitors of Oatps and Mrps, we further showed that our imaging approach can be 

used to study the transport mechanisms at the BCSFB.  Several Oatp isoforms are known to be 
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expressed at both human and rodent BCSFB (56–58).  While the specific roles of these Oatps in 

BCSFB drug transport remain to be clarified, we suspect that one or more Oatps is responsible for 

FL-MTX and fluo-cAMP uptake at the apical membrane since these compounds are known 

substrates of human OATPs.  Co-incubation with rifampin, an OATP/Oatp inhibitor, abolished 

total tissue accumulation of both FL-MTX and fluo-cAMP, which is in line with our hypothesis.  

Both Mrp1 and Mrp4 are known to be expressed on the basolateral membrane of CPE cells 

(106,111) and likely mediate basolateral efflux of FL-MTX and fluo-cAMP observed in our study 

(Figure 2.7).  Previously, Mrp4 mediated efflux of fluo-cAMP was reported in rat CP (112).  Breen 

et al. (2004) also reported an increase in CPE cell accumulation of FL-MTX in the presence of 

MK571 in rat CP (190).  In our study, MK571 increased CPE cell accumulation, though the 

increase was not found to be statistically significant (Figure 2.6).  A potential explanation of this 

finding is that MK571 may also inhibit the apical uptake mechanism to some capacity, limiting 

CPE cell accumulation of FL-MTX and fluo-cAMP. MK571 was previously reported to inhibit 

human OATP1B1 and OATP1B3-mediated uptake at higher concentrations (191) but its 

interaction with murine Oatps have not been studied.  Further studies utilizing CP from transporter 

knockout mice would be useful to definitively establish the specific roles of various Oatp and Mrp 

isoforms at the BCSFB.  

 While our study demonstrates several utilities of applying quantitative fluorescence 

microscopy to study drug transport processes at the rodent BCSFB, it also has significant 

limitations. Transporters have been shown to exhibit species differences in function (192).  The 

majority of clinically used drugs are not fluorescent and cannot be directly examined by confocal 

microscopy. Fluorophore-conjugated drug molecules have been developed, but the observed 

transport mechanisms may not reflect the unconjugated form. Notably in our study we utilized 
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fluorescein-conjugated methotrexate (FL-MTX) to study OATP and MRP transport.  FL-MTX 

and methotrexate are suggested to be transported by different mechanisms at the CP (190), and we 

cannot assume the same transport mechanisms observed in our study can reflect that of 

methotrexate at the BCSFB. Even for innately fluorescent drug molecules, absolute concentrations 

cannot be extrapolated from tissue fluorescent signals to quantitatively assess transport capacity.  

In addition, there are caveats when interpreting quantitative fluorescence data. Fluorescent signals 

can be altered by the nearby microenvironment and imaging conditions (193). Furthermore, the 

confocal laser scanning microscopy method utilized in this study produced 2-D images of single 

observation areas every minute to capture the time course of CP transport. Rapidly advancing 

imaging tools such as spinning disk confocal microscopy or multiphoton microscopy may permit 

3-D imaging of whole tissue transport at high temporal resolution. Recently, two-photon 

microscopy has been successfully applied to examine calcium activity and immune cell response 

in ex vivo and in vivo murine choroid plexus (194). Another application has been demonstrated by 

Babbey et al., utilizing intravital microscopy to examine the effects of rifampin on fluorescein 

transport by the rat liver (195). Notwithstanding, we envision that the quantitative confocal 

microscopy technique described in this study provides an alternative approach to study 

transepithelial drug transport at the BCSFB, and the CPEI determined ex vivo may have predictive 

value for assessing drug accumulation and toxicity in CP tissues.  

 

2.6 CONCLUSIONS 

In conclusion, have developed and validated a novel method to probe CSF-to-blood drug 

transport processes in real time at the blood-CSF barrier, distinguishing between substrate 

accumulation in choroid plexus cells and the subepithelial space. We have demonstrated that this 
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quantitative confocal imaging approach is valuable for characterizing compartment specific 

accumulation of substrates, perpetrator drug interactions, and rate-determining steps in 

transepithelial transport at the BCSFB. We expect confocal fluorescence techniques to play a 

valuable role in future investigation of transport mechanisms at the BCSFB, an important but 

understudied blood-brain interface.   
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Figure 2.1.  Schematic illustration of experimental workflow  
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Figure 2.2.  Representative images of intact and damaged CP tissues  

Representative images of (A) intact and (B) damaged CP tissues after isolation from murine lateral ventricle and staining with trypan 

blue. CP, choroid plexus.
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Figure 2.3.  Illustrations and images of CP anatomy by schematic, DIC, and confocal imaging 

(A) General schematic illustration of CP anatomy. (B) Representative differential image contrast 

image of mouse CP. (C) Confocal imaging of FL-MTX (2 µM) in mouse CP after 20 min 

incubation shows primarily subepithelial accumulation. (D). Confocal imaging of IDT307 (2 

µM) in mouse CP after 20 minutes shows primarily CPE cell accumulation.  CSF, cerebrospinal 

fluid; CP, choroid plexus; CPE cells, choroid plexus epithelial cells; aCSF, artificial CSF.
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Figure 2.4. Segmentation and quantification of fluorescence intensity in different 

compartments of CP.  

CPE cell and SE regions were manually segmented for quantification by free hand drawing over 

the identified regions of interest. Confocal image of FL-MTX or IDT307 in mouse CP segmented 

by CPE cell (A, D) and SE (B, E) regions with accompanying fluorescence quantification (C, F).  

Data are represented as the means ± S.D. from three independent image segmentations from a 

single CP. Statistical significance was determined by using an unpaired Student’s t -test (*P<0.05).  

CP, choroid plexus; CPE, choroid plexus epithelial cell; SE, subepithelial.
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Figure 2.5. Time-dependent transport of FL-MTX, fluo-cAMP, and IDT307 in CP tissue, 

separated by tissue compartment  

Time-dependent transport of (A) FL-MTX, (B) fluo-cAMP, and (C) IDT307 in CP tissue, 

separated by tissue compartment.  CPEI over time for (D) FL-MTX, (E) fluo-cAMP, and (F) 

IDT307.  The aCSF concentrations for all probes were 2 µM.  Time courses were performed 

independently three times, and results from one representative experiment were shown.  (A-C) 

Values are mean ± S.D. from 3 segmentations per time point. (D-F) Values are mean ± S.D. from 

3-5 animals.
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Figure 2.6. Inhibition of FL-MTX and fluo-cAMP with Rifampin and MK571  

Representative images of 2 µM FL-MTX and fluo-cAMP accumulation after 20 minutes alone (A, 

E), with 100 µM rifampin (B, F), and with 100 µM MK571 (C, G).  The accumulation of FL-MTX 

(G) and fluo-cAMP (H) in CPE cell and SE compartments after rifampin or MK571 treatment 

were compared with untreated tissue (control). Values are mean ± S.D. from 3 animals. Statistical 

significance was determined by using a one-way ANOVA followed by Dunnett’s test (*P<0.05). 

CPE cells, choroid plexus epithelial cells; SE, subepithelial.
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Figure 2.7. Purported large organic anion and organic cation transporter localization at the 

BCSFB  

PMAT transports small organic cation molecules (i.e. IDT307), while OATPs and MRPs transport 

organic anion molecules (i.e. FL-MTX, fluo-cAMP).
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Table 2.1. Assay variability of FL-MTX accumulation in subepithelial region 

 Animal 1 Animal 2 Animal 3 Animal 4 Animal 5 

Tissue Regions 

Observed (n=) 

7 3 5 3 4 

Variability per 

animal 

25.1% 11.8% 9.5% 19.9% 31.3% 

 Intra-animal variability Inter-animal variability 

Overall 

Variability of 

assay 

20.4% 25.7% 
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Table 2.2. Initial rate, time to max accumulation, and CPEI% determined in mouse CP 

Values are expressed as mean ± SD obtained from 3-5 animals.  AU, arbitrary units 

 FL-MTX  Fluo-cAMP IDT307 

Initial Transport Rate 

(AU/min) 

18.07±1.79 20.27±11.37 1.38±1.51 

Time to Max 

Accumulation (min) 

6.00±1.87 11.33±6.11 

 

N.D. 

CPEI% at 20 min 92.19±4.36 82.18±6.80 22.05±4.53 
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Chapter 3. MOLECULAR MECHANISMS OF OATP/SLCO-

MEDIATED ORGANIC ANION CLEARANCE AT 

THE BLOOD-CEREBROSPINAL FLUID 

BARRIER 

 

3.1 ABSTRACT 

The blood-cerebrospinal fluid barrier (BCSFB), formed by the choroid plexus epithelial 

(CPE) cells, plays an active role in removing drugs and metabolic wastes from the brain.  Recent 

functional studies in isolated mouse choroid plexus (CP) tissues suggested the existence of organic 

anion transporting polypeptides (OATPs) at the apical membrane of BCSFB, which may clear 

large organic anions from the cerebrospinal fluid (CSF). However, the specific OATP isoform 

involved is unclear.  Using quantitative fluorescence imaging, we showed that the fluorescent 

anions, sulforhodamine101 (SR101), fluorescein methotrexate (FL-MTX), and 8-fluorescein-

cAMP (Fluo-cAMP), are actively transported from the CSF to the subepithelial space in CP tissues 

isolated from wild-type mice.  In contrast, transepithelial transport of these compounds across the 

CPE cells was abolished in Oatp1a/1b-/- mice due to impaired apical uptake.  Using transporter-

expressing cell lines, SR101, FL-MTX and Fluo-cAMP were additionally shown to be transported 

by mouse OATP1A5 and its human counterpart OATP1A2.  Kinetic analysis showed that estrone-

3-sulfate and SR101 are transported by OATP1A2 and OATP1A5 with similar Km values.  

Immunofluorescence staining further revealed the presence of OATP1A2 protein in human CP 

tissues.  Together, our results suggest that large organic anions in the CSF are actively transported 

into CPE cells by apical OATP1A2 (OATP1A5 in mice), then subsequently effluxed into the blood 
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by basolateral multidrug resistance associated proteins (MRPs).  As OATP1A2 transports a wide 

array of endogenous compounds and xenobiotics, the presence of this transporter at the BCSFB 

may suggest a novel route for removing neurohormones, drugs and toxins from the CSF.   

3.2 SIGNIFICANCE STATEMENT 

Drug transporters at the blood-cerebrospinal fluid (CSF) barrier play an important, but 

understudied, role in brain drug disposition. Quantitative fluorescence imaging and molecular 

analyses revealed a functional role of rodent OATP1A5 in clearing large organic anions from the 

CSF and suggest a similar role for OATP1A2 at the human blood-CSF barrier.  Delineating the 

molecular mechanisms governing organic anionic clearance from the CSF may help improve the 

prediction of central nervous system (CNS) pharmacokinetics and inform the identification of drug 

candidates with favorable CNS pharmacokinetic properties.   

3.3 INTRODUCTION 

Neurological disorders are the primary cause of disability and the second leading cause of 

death worldwide (196). Consequently, there is a need to develop novel treatments and therapies 

targeting the central nervous system (CNS). However, CNS drugs face many hurdles in drug 

development, and the attrition rate for CNS drugs is very high (197). One challenge of CNS drug 

development is the difficulty in predicting CNS drug pharmacokinetics and exposure, which is 

linked to and drives efficacy and toxicity. The pharmacokinetic and pharmacodynamic relationship 

within the CNS is often driven by the unbound brain drug concentration, which is influenced by 

multiple transport and distribution mechanisms at the blood-brain barrier and the blood-

cerebrospinal fluid barrier (BCSFB) (198,199). 



 62 

The BCSFB is formed by the choroid plexuses (CP), which consist of polarized choroid 

plexus epithelial (CPE) cells that surround a core of blood capillaries (1,174). As the CP blood 

capillaries are fenestrated and lack tight junctions, the barrier function lies with the tight junction-

linked CPE cells (16,175). The CPE cells express polyspecific transporters and enzymes that 

contribute to xenobiotic and endogenous compound clearance from the  cerebrospinal fluid (CSF) 

(174). However, transporters at the human BCSFB are understudied with respect to function and 

activity. Functional studies are largely performed in preclinical species due to the lack of human 

in vitro systems, and characterization of transporter protein expression at the human BCSFB is 

limited. Thus, the overall significance of BCSFB transporters in brain drug disposition is still not 

fully understood.  

The organic anion transporting polypeptide (OATP/SLCO) transporters are a superfamily 

of drug transporters involved in the uptake and disposition of a wide array of xenobiotics and 

endogenous substrates.  Among the 11 human OATPs and 15 murine OATPs, members of the 

OATP1A/1B family are especially important in drug transport due to their broad substrate 

specificity (114).  The pharmacokinetic relevance of OATPs has been well studied in the liver, 

where OATP1B1 and 1B3 play an important role in hepatic uptake and elimination of amphipathic 

drugs such as statins, repaglinide, and other compounds (115).  Interestingly, while some human 

OATPs have direct rodent orthologs, this is not the case for OATP1A and OATP1B transporter 

isoforms. In mice, there are four members in the OATP1A family (OATP1A1, OATP1A4, 

OATP1A5, and OATP1A6) whereas humans only have one member (OATP1A2).  In the liver-

specific OATP1B family, mice only have one member (OATP1B2) while humans have two 

isoforms (OATP1B1 and OATP1B3) (114).  In human and mice CPs, the mRNA expression of 

OATP1A2, OATP1A4, and OATP1A5 have been reported (117).  The OATP1A4 protein has been 
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localized to the basolateral membrane (122); while OATP1A5 protein is localized apically (123). 

The human OATP1A2 protein localization has yet to be characterized and is currently unknown.  

Our laboratory recently applied confocal microscopy and live-tissue imaging techniques to 

study the transcellular transport mechanisms for organic cations and organic anions at the BCSFB 

(117,200).  Using live CP tissues isolated from the mouse brain, we observed that the CPE cells 

lack an intact transcellular transport system for organic cations but possess a highly functional 

CSF-to-blood transport system for large and amphipathic organic anions.  Pharmacological 

inhibition studies suggested that the anion transport system likely consists of OATPs at the apical 

(CSF-facing) membrane and the multidrug resistance associated proteins 1/4 (MRP1/4) at the 

basolateral (blood-facing) membrane (117).  Using quantitative analysis and real-time imaging, 

we further showed that apical uptake of fluorescent organic anions (e.g. fluorescein methotrexate 

(FL-MTX), fluorescein-cyclic AMP (Fluo-cAMP)), is the rate-limiting step in the overall CSF-to-

blood transport process and highly sensitive to the OATP inhibitor rifampin (117,200).  However, 

definitive data establishing the role of OATPs in CPE cell apical uptake is lacking, and the specific 

OATP isoform(s) involved in this rate-limiting clearance step remain unknown.  Furthermore, the 

protein expression, localization, and functional relevance of OATP1A2 are unknown in the human 

CP. 

In this study, we investigated the molecular mechanisms underlying transepithelial 

transport of large organic anions using fluorescent OATP probes sulforhodamine101 (SR101), FL-

MTX, and fluo-cAMP in freshly isolated murine CP tissues.  The specific activity of OATP1A/1B 

transporters was defined using a cluster KO mouse model.  The transport of the fluorescent probes 

were further characterized and compared in human OATP1A2 and mouse OATP1A5 
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overexpressing cells. Lastly, the expression and localization of OATP1A2 was determined in 

human CP samples. 

 

3.4 MATERIALS AND METHODS 

3.4.1 Materials 

[3H]Estrone-3-Sulfate (49.19 Ci/mmol) was purchased from Perkin Elmer. 

Sulforhodamine101 was purchased from Sigma-Aldrich (St. Louis, MO).  Fluorescein-

methotrexate was purchased from Biotium (San Francisco, CA). 8-Fluorescein-cAMP was 

purchased from Axxora (Farmingdale, NY). Cell culture media and reagents were purchased from 

ThermoFisher Scientific (Waltham, MA). Cell culture plastic wares were purchased from Grenier 

Bio One (Monroe, NC) or ThermoFisher Scientific (Waltham, MA). Unless otherwise specified, 

all chemicals were purchased from Sigma-Aldrich (St. Louis, MO). 

 

 

3.4.2 Animals and Choroid Plexus Tissue Collection  

Animal experiments were carried out in accordance with the Guide for the Care and Use 

of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health.  All 

animal procedures were approved by the Institutional Animal Care and Use Committee at the 

University of Washington. Animals were housed in the specific pathogen free facility at the 

University of Washington and maintained under standard conditions, with food and water available 

ad libitum. FVB wild-type and Slco1a/1b-/- (referred to as Oatp1a/1b-/-) mice were obtained from 



 65 

Taconic Biosciences (Germantown, NY). Oatp1a/1b-/- mice have a gene cluster deletion removing 

Slco1a1, Slco1a4, Slco1a5, Slco1a6, and Slco1b2 that encode for Oatp1a and Oatp1b protein 

products. Generation and physiological characteristics of this strain was described previously 

(201). 

Adult (10–14 week old) male FVB wild-type and Oatp1a/1b-/- mice were euthanized by 

CO2 inhalation, followed by decapitation. Mouse brain was isolated and maintained in ice cold 

artificial CSF (aCSF: 119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM 

MgCl2, 2.5 mM CaCl2, 10 mM glucose, previously gassed with 95% O2/5% CO2 for tissue 

isolation. Lateral ventricle CP was isolated from mouse brain under a dissecting microscope as 

previously described (200). The CP tissue was either snap frozen for mRNA analysis or transferred 

to pre-gassed, aCSF for transport imaging studies. 

3.4.3 Quantification of Transporter mRNA Expression by Real Time PCR 

Following CP isolation, tissues were then flash frozen in liquid nitrogen and stored in a -

80°C freezer until further processing. Frozen tissue was then homogenized by bead disruptor, and 

total RNA was extracted by RNeasy Mini Kit (Qiagen, Hilden, Germany). Total RNA was then 

converted to cDNA by reverse transcription using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Waltham, MA). Expression of transporters at the CP was quantified 

using TaqMan Real-Time PCR Master Mix (Applied Biosystems) as described previously 

(96,117). The relative mRNA levels of these transporters in CP were normalized to 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh). The list of TaqMan Gene Expression 
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Assays can be found in 

 

Figure 3.15. Immunofluorescence staining for Na+/K+-ATPase and OATP1A2 in human 

ventricular ependyma 

(A) Immunofluorescence staining for Na+/K+-ATPase and OATP1A2 in human ventricular 

ependyma. Na+/K+-ATPase and OATP1A2 staining is markedly insubstantial in ventricular 

ependyma. (B) Control immunofluorescence stain without primary antibody treatment. 

Deidentified choroid plexus was sourced from a 60-year-old male.
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Figure 3.16. Proposed roles of OATP and MRP transporters in BCSFB clearance at the 

rodent and human BCSFB. 

Proposed roles of OATP and MRP transporters in BCSFB clearance at the rodent and human 

BCSFB. Models are based on data compiled from previous studies (64,111,122,123) and the 

present study.
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Table 3.1. 

3.4.4 Confocal Imaging and Transport Studies in Freshly Isolated CP Tissues from Wild-type 

and Oatp1a/1b-/- Mice.  

Transport studies using freshly isolated mouse CP were performed using an approach 

previously described (117,200). Briefly, lateral ventricle CP tissues were transferred immediately 

after isolation into 35 mm sterile confocal dishes (VWR, Radnor, PA) containing aCSF buffer at 

room temperature. Isolated CP tissues maintain vitality and transport activity for up to 2-3 hours 

after isolation, and all transport studies were performed within 2 hours after isolation (200).  Single 

time-point transport studies were initiated by adding 2 μM of fluorescent compound with or 

without an inhibitor (100 μM) into aCSF. Incubations were carried out for 20 min in sealed Ziploc 

bags containing 95% O2/5% CO2. One to four undamaged observation areas containing both CPE 

cells and adjacent subepithelial region were selected, and the fluorescent signals were recorded. 

To record real-time transport of fluorescent substrate, a specific observation area containing intact 

CPE cells and adjacent subepithelial region was selected and immobilized in pregassed aCSF. 

Transport was initiated by adding 2 μM of fluorescent compound, and fluorescent signals were 

recorded every minute for 20 minutes. Additional observation areas containing CPE cells and 

adjacent subepithelial region were recorded after 20 minutes of uptake. 

For live tissue uptake, image acquisition and analysis were performed using procedures  

previously described (200). Briefly, imaging was performed using a Zeiss LSM 710 confocal 

microscope fitted with a Zeiss 40x, NA 1.3 oil immersion objective (total magnification: 400x). 

Brightfield imaging was used to identify observation areas containing CPE cells with adjacent 

blood capillaries. Samples containing FL-MTX or fluo-cAMP were illuminated using a 488nm 
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fixed wavelength argon laser. Samples containing SR101 were illuminated using a 594 nm fixed 

wavelength helium-neon laser. Appropriate corresponding dichroic and emission filters were used 

to detect the emission of the fluorescent probes. Low laser intensity (less than 8% of maximum) 

was used to minimize sample photobleaching. Laser gain and offset was set such that 

autofluorescence of tissue was minimally detectable, with the pinhole set to 36.8 μm. Confocal 

images were captured as 15 sec scans at 1024 × 1024 resolution, 16 frames line-averaged, with a 

pixel dwell of 0.79 μsec. Replicate studies were performed using the same objective lens, identical 

laser power, and identical detector settings. 

Digital image analysis was performed using Fiji ImageJ (1.53t) (184). CPE cell and 

subepithelial regions were defined and manually segmented as previously described (200).  Mean 

fluorescence, measured by average pixel intensity, was measured in segmented CPE cell and 

subepithelial regions, averaged from three independent segmented regions.  CPE cell and 

subepithelial region fluorescence were corrected for background fluorescence, obtained from the 

surrounding bathing media in single-time point experiments and from the mean fluorescence prior 

to fluorescent probe addition for time-dependent transport experiment.   

For live tissue uptake, image acquisition and analysis were performed using procedures  

previously described (200). Briefly, imaging was performed using a Zeiss LSM 710 confocal 

microscope fitted with a Zeiss 40x, NA 1.3 oil immersion objective (total magnification: 400x). 

Brightfield imaging was used to identify observation areas containing CPE cells with adjacent 

blood capillaries. Samples containing FL-MTX or fluo-cAMP were illuminated using a 488nm 

fixed wavelength argon laser. Samples containing SR101 were illuminated using a 594 nm fixed 

wavelength helium-neon laser. Appropriate corresponding dichroic and emission filters were used 
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to detect the emission of the fluorescent probes. Low laser intensity (less than 8% of maximum) 

was used to minimize sample photobleaching. Laser gain and offset was set such that 

autofluorescence of tissue was minimally detectable, with the pinhole set to 36.8 μm. Confocal 

images were captured as 15 sec scans at 1024 × 1024 resolution, 16 frames line-averaged, with a 

pixel dwell of 0.79 μsec. Replicate studies were performed using the same objective lens, identical 

laser power, and identical detector settings. 

Digital image analysis was performed using Fiji ImageJ (1.53t) (184). CPE cell and 

subepithelial regions were defined and manually segmented as previously described (200).  Mean 

fluorescence, measured by average pixel intensity, was measured in segmented CPE cell and 

subepithelial regions, averaged from three independent segmented regions.  CPE cell and 

subepithelial region fluorescence were corrected for background fluorescence, obtained from the 

surrounding bathing media in single-time point experiments and from the mean fluorescence prior 

to fluorescent probe addition for time-dependent transport experiment.   

3.4.5 Generation of OATP1A5 and OATP1A2 Stable Cell Lines and Cell Culture 

OATP1A5/Slco1a5 expression vector (MMM1013-202762445) was obtained from 

Horizon Discovery (Waterbeach, United Kingdom) and subsequently stably transfected into Flp-

In HEK293 cells using a modified approach previously described (94). Briefly, the expression 

vector was digested by KpnI and XhoI (New England Biolabs, Ipswich, MA) to obtain the Slco1a5 

cDNA of interest, which was subsequently subcloned into the KpnI/XhoI sites of the 

pcDNA5/FRT vector (Invitrogen, Waltham, MA). The insert of the OATP1A5 expression vector 

was sequenced and aligned with the NCBI GenBank sequence BC013594 to ensure fidelity. This 

newly generated OATP1A5 expression vector was then co-transfected with pOG44 expressing the 
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Flp-recombinase into the Flp-In HEK293 cell line using Lipofectamine 3000 (ThermoFisher 

Scientific). Transfected cells were selected by hygromycin B treatment (250 μg/mL), whereby the 

optimal hygromycin B concentration was determined by a kill-curve in Flp-In HEK293 cells (data 

not shown).  HEK293 cells expressing the empty pcDNA5/FRT vector were previously generated 

in our laboratory (94). Transfected HEK293 cells stably expressing the human OATP1A2 and 

empty vector were generated using a lentiviral construct in the Hagenbuch laboratory as follows. 

Lenti ORF particles encoding OATP1A2 (Myc-DDK tagged) along with Lenti ORF control 

particles pLenti-C-Myc-DDK-P2A-Puro were purchased from OriGene (Rockville, MD). 

HEK293 cells were transduced following a protocol supplied by OriGene. Briefly, HEK293 cells 

were seeded at 50,000 cells/well on a 24-well plate. Twenty-four hours later, the cells were 

transduced with an MOI of 5 in the presence of polybrene (8 μg/ml). The next day the medium 

was changed to normal medium. On day four, the cells were split onto 6cm plates in a medium 

containing 2μg/ml puromycin. Once confluent, the cells were split onto 10cm plates, and single 

colonies were isolated by limited dilution. The clone with the highest uptake of estrone-3-sulfate 

was used for further characterization. OATP1A2 and empty vector cells were maintained in 

Dulbecco's modified Eagle's medium (11054-020) supplemented with 10% Fetal Bovine Serum, 

2% GlutaMax, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 μg/mL puromycin, and a final 

concentration of 25 mM D-glucose. Generated OATP1A5 and empty vector cells were maintained 

in Dulbecco's modified Eagle's medium (11995-065) supplemented with 10% fetal bovine serum, 

100 U/mL penicillin, 100 μg/mL streptomycin, and 150 μg/mL hygromycin B.  The surface of the 

flasks was coated with 0.01% poly-D-lysine in phosphate-buffered saline to promote HEK293 cell 

attachment. Cells were cultured and maintained in a 37°C incubator with 5% CO2. 
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3.4.6 Uptake and Inhibition Assays in HEK293 Cells 

Uptake and inhibition assays were conducted using a modified approach previously 

described (202). Briefly, cells were seeded on 96-well plates and grown to greater than 90% 

confluency. Cells were washed with 37°C Krebs-Ringer-HEPES buffer (125 mM NaCl, 4.8 mM 

KCl, 1.2 mM MgCl2, 1.2 mM CaCl2, 5.6mM Glucose, 25 mM HEPES, 1.2 mM KH2PO4). 

Experiments were initiated by the addition of 100 μL of Krebs-Ringer-HEPES buffer containing 

substrate compound with or without an inhibitor. Uptake was quenched by removing the substrate-

containing buffer and washing the cells with ice-cold buffer. After washing 3 times, cells were 

lysed with 10% acetonitrile, and the resulting lysate was used to determine the total protein amount 

by the BCA method and to quantify intracellular substrate concentrations. Fluorescence 

measurements of SR101 were performed from a top-read position in a Synergy HTX plate reader 

(Biotek, Winooski, Vermont) using a 585/10nm excitation and 620/40nm emission filter set. FL-

MTX and fluo-cAMP were similarly detected using a 485/20 excitation and 528/20 emission filter 

set. Fluorescence values were background subtracted by fluorescence readings in wells containing 

cells without added fluorescent substrate. Transporter specific uptake was determined by 

subtracting the uptake in empty vector-transfected cell controls from that of transporter-expressing 

cells. To quantify intracellular SR101 concentrations and confirm the linearity of the fluorescent 

signal, the intracellular fluorescent signal was converted to concentrations using standard  curves 

prepared in cell lysate and spiked with known quantities of SR101. The fluorescent signal was 

linear (R>0.999) in all experiments (data not shown). [3H]Estrone-3-sulfate radioactivity was 

measured by Tri-Carb Liquid Scintillation Counter (Perkin Elmer, Waltham, MA).  
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3.4.7 Immunofluorescence Staining of Human Choroid Plexus 

Deidentified human CP tissue sections from normal brains were obtained from Northwest 

BioSpecimen (NWBioSpecimen, Seattle, WA).  CP tissue were preserved as formalin-fixed, 

paraffin-embedded tissue blocks that were then cut into 4 μm sections and mounted on positively 

charged microscope glass slides. To prepare samples for immunofluorescence, slides were 

deparaffinized and rehydrated in xylene and a series of ethanol. Antigen retrieval was performed 

using 10 mM citrate buffer containing 0.05% Tween-20 (pH 6.0) for 15 min at 98°C. Afterwards, 

tissues were maintained in low flow, cold deionized water for 10 min to reform the antigenic sites. 

CP tissues were then treated with 0.1% Sudan Black B for 20 min to quench autofluorescence and 

subsequently treated with Image-iT FX Signal Enhancer (ThermoFisher Scientific, Waltham, MA) 

for 15 minutes. 

After washing, the tissues were blocked for one hour using a solution of 10% normal 

donkey serum (NDS) with 22.52 mg/mL glycine in PBS-T and then incubated overnight at 4°C in 

1% NDS in PBS-T containing 2 μg/mL anti-OATP1A2 antibody (ab221804, Abcam) and 10 

μg/mL anti-Na+/K+-ATPase (ab7671, Abcam). Anti-OATP1A2 antibody specificity were 

confirmed in overexpressing OATP1A2 and empty vector HEK293 cells (Figure 3.1). Negative 

controls were maintained in blocking buffer. The following day, tissues were washed and then 

incubated with 2.5% NDS in PBS-T containing 10 μg/mL Alexa Fluor 488-conjugated donkey 

anti-mouse (A21202, Invitrogen) and 10 μg/mL Alexa Fluor 555-conjugated donkey anti-rabbit 

(A31572, Invitrogen) for 2 hours at room temperature. The tissues were then washed, mounted 

(ab104139, Abcam), and coverslipped for subsequent confocal imaging. 
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Imaging of immunofluorescence stains was captured similarly with the following 

modifications: the Zeiss LSM 710 was fitted with a Zeiss 63x, NA 1.4 oil immersion objective 

(total magnification: 630x). DAPI stains were illuminated using a 405 nm laser diode equipped 

with an appropriate emission filter. Alexa Fluor 488-conjugated antibodies were illuminated using 

a 488 nm fixed wavelength argon laser. Alexa 555-conjugated antibodies were illuminated using 

a 561 nm diode-pumped solid-state laser. Appropriate corresponding dichroic and emission filters 

were used to detect the fluorescence emission. Confocal images were captured as 19s scans at 512 

x 512 resolution, 16 frames line averaged, with a pixel dwell of 1.27 μsec and a pinhole of 60 μm. 

Tissue images were z-stacked using an average intensity projection approach. Linear brightness 

adjustments were performed consistently across immunofluorescence images in accordance with 

the Office of Research Integrity. 

3.4.8 Statistical Analysis and Data fitting 

Uptake and inhibition studies were performed in triplicate and repeated three times 

independently. The data were fitted by nonlinear regression using GraphPad Prism 7.0 (Graph-Pad 

Software Inc., La Jolla, CA) to obtain graphs and kinetic parameters. The uptake kinetics data were 

fitted to the Michaelis-Menten equation. For the dose-dependent inhibition of transporter-mediated 

uptake of SR101, the IC50 was calculated using a 4-parameter equation. Statistical significance 

was determined using a one-way ANOVA followed by Dunnett's test or an unpaired Student's t 

test as specified in the figure legends. A P value less than 0.05 was considered statistically 

significant. 
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3.5 RESULTS 

3.5.1 mRNA Expression of OATP/Slco 1a and 1b Isoforms in FVB mouse CP 

We first determined the mRNA expression of the rodent Slco 1a and 1b isoforms, encoding 

OATP 1A and 1B proteins, in the CP of wild-type FVB mice using RT-qPCR (Figure 3.2).  FVB 

CPs express mRNA for Slco1a4 and Slco1a5, whereas expression of Slco1a1, Slco1a6, and 

Slco1b2 mRNA were minimal or undetectable.  While Slco1a4 is expressed at higher levels than 

Slco1a5, the OATP1A4 protein was previously localized to the basolateral membrane of CPE cells, 

and hence may not contribute to apical uptake of large organic anions from the CSF (122).  In 

addition, mRNA for Abcc1 and Abcc4 encoding basolateral efflux MRP transporters, along with 

the mRNAs for uptake transporters of the OATP family, Slco1c1 and Slco3a1, were highly 

expressed at the CPs of FVB mice (Figure 3.3). These results are consistent with our previous 

findings in the C57BL/6 strain (117). 

 

3.5.2 Large Organic Anion Uptake from the CSF is Likely Mediated by OATP1A5 at the Mouse 

BCSFB 

 

Based on RT-qPCR results and available localization data, we hypothesized that 

OATP1A5 may contribute to the uptake of organic anions from the CSF into CPE cells. To assess 

the contribution of OATPs towards organic anion uptake, CP tissues were incubated with SR101 

in the absence or presence of bromosulphophthalein (BSP), a pan-OATP inhibitor (Figure 3.4).  

SR101 was recently characterized as a fluorescent substrate for human OATP1A2 and OATP1C1  

(203).  Representative graphical, differential interference contrast, and confocal images of mouse 

CP depicting morphological structure and subepithelial accumulation of SR101 are shown in 
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Figure 3.5. Real-time analysis showed that in wild-type CP, SR101 rapidly and primarily 

accumulates in the subepithelial space, demonstrating rapid transepithelial flux across the CPE 

cells (Figure 3.6). In age-matched Oatp1a/1b-/- mice (Figure 3.4; Figure 3.6), subepithelial 

accumulation in the KO tissue is reduced by 65.9±27.8% compared to the wild-type (Figure 3.6).  

BSP reduced the subepithelial accumulation of SR101 by 92.1±10.6% in wild -type mice but had 

no apparent effect in KO mice (Figure 3.6). These results suggest that OATP-mediated apical 

uptake of SR101 is abolished at the BCSFB in the Oatp1a/1b-/- animals. We then tested the 

transport of two additional OATP fluorescent substrates, FL-MTX and fluo-cAMP.  We observed 

an 81.8±44.3% reduction of FL-MTX accumulation and an 89.8±35.3% reduction of fluo-cAMP 

accumulation in the subepithelial compartment in KO CP (Figure 3.7).  Taken together, the data 

demonstrated that members of the OATP1A and 1B family are responsible for apical uptake of 

large organic anions at the murine BCSFB.  As OATP1B transporters are liver specific (204), and 

OATP1A5 is the only OATP1A member localized to the apical membrane in rodent CPE cells 

(204), OATP1A5 is likely the major mediator transporting large organic anions from CSF into 

CPE cells. 

 

3.5.3 SR101, FL-MTX, and fluo-cAMP are substrates of mouse OATP1A5 and human OATP1A2 

While we have demonstrated strong evidence towards OATP1A5 function at the BCSFB, 

the molecular and functional properties of mouse OATP1A5 are poorly understood. We thus 

sought to characterize the transport properties of the fluorescent substrates utilized  in our ex vivo 

CP experiments towards the mouse OATP1A5. Furthermore, we were interested in clarifying the 

functional similarity of mouse OATP1A5 and OATP1A2, the OATP1A homolog in humans. To 

address these questions, we generated HEK293 cell lines stably expressing mouse OATP1A5 and 
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human OATP1A2.  The uptake of FL-MTX, fluo-cAMP, SR101, and the classical OATP substrate 

estrone-3-sulfate was measured.  Compared with the vector control, uptake of all four substrates 

increased in OATP1A5-expressing cells after a 20-minute incubation (Figure 3.8), confirming 

that the substrates transported ex vivo in CP tissues are indeed substrates of OATP1A5. All the 

substrates were also transported by OATP1A2, suggesting similar substrate selectivity between 

human OATP1A2 and mouse OATP1A5. 

 

3.5.4 Kinetic characterization and comparison of Estrone-3-sulfate and SR101 uptake by 

OATP1A5 and OATP1A2 

The transport kinetics of estrone-3-sulfate and SR101 by OATP1A2 and OATP1A5 was 

further investigated. To determine the initial linear range of uptake by OATP1A2 and OATP1A5, 

time-dependent uptake of the two substrates was examined. Both compounds demonstrated linear 

uptake in the early time points before reaching a plateau by 20 minutes (Figure 3.9). Transporter-

mediated uptake was linear in the first two minutes for estrone-3-sulfate and the first 8-12 minutes 

for SR101 by OATP1A2 and OATP1A5. As a result, concentration-dependent kinetic studies were 

performed using a 2-minute incubation time for estrone-3-sulfate and a 4-minute incubation time 

for SR101. Transporter-mediated uptake of estrone-3-sulfate and SR101 displayed typical 

Michaelis-Menten kinetics for both OATP1A2 and OATP1A5 (Figure 3.10).  The Km and Vmax 

were derived from nonlinear regression fitting and are summarized in Table 3.2. The Km values 

for estrone-3-sulfate and SR101 were very similar between OATP1A5 and OATP1A2, indicating 

a similar affinity for the studied substrates.  We then performed a dose-dependent inhibition assay 

of SR101 uptake by BSP in both OATP1A2 and OATP1A5 expressing cell lines (Figure 3.11). 

Assays were performed using a 4 min incubation time at substrate concentrations below the Km. 
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Consistent with the ex vivo CP inhibition data presented above, BSP inhibited the OATP1A5-

mediated uptake of SR101 with an IC50 of 1.61 ± 0.39 µM.  The IC50 for OATP1A2 is 15.09 ± 

5.83 µM, 9.4-fold higher than that of OATP1A5. 

 

3.5.5 Expression and Localization of OATP1A2 at the Human Blood-CSF Barrier 

The above data suggest that large organic anion uptake from the CSF is likely mediated by 

Oatp1a5 at the rodent BCSFB, contributing to a clearance route for large organic anions from CSF 

to blood in rodents. However, it is currently unknown if a similar clearance pathway is present at 

the human BCSFB. While OATP1A2 mRNA expression has been previously reported at the 

human BCSFB (117), its protein expression and localization is unknown. We therefore sought to 

determine the expression and localization of OATP1A2 protein at the human BCSFB through 

immunofluorescence staining of human CP sections using an OATP1A2 polyclonal antibody. As 

shown in Figure 3.12, OATP1A2 protein is indeed expressed in human CP. Colocalization was 

observed with Na+/K+-ATPase, an established apical membrane marker in CPE cells (205,206), 

suggesting OATP1A2 localizes to the apical membrane in human CP (Figure 3.12).  Besides 

apical staining, OATP1A2 signal was also observed intracellularly and possibly at the basolateral 

membrane. Minimal fluorescence signal was observed in CP tissue controls prepared without the 

primary antibodies (Figure 3.13). Expression and localization of OATP1A2 was consistent in the 

two human CP samples examined (Figure 3.12; Figure 3.14). OATP1A2 signal was minimally 

observed in the ventricular ependyma (Figure 3.15), suggesting the expression of OATP1A2 is 

enriched in CP relative to the surrounding tissue. 

The above data suggest that large organic anion uptake from the CSF is likely mediated by 

OATP1A5 at the rodent BCSFB, contributing to a clearance route for large organic anions from 
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CSF to blood in rodents. However, it is currently unknown if a similar clearance pathway is present 

at the human BCSFB. While OATP1A2 mRNA expression has been previously reported at the 

human BCSFB (117), its protein expression and localization is unknown. We therefore sought to 

determine the expression and localization of OATP1A2 protein at the human BCSFB through 

immunofluorescence staining of human CP sections using an OATP1A2 polyclonal antibody. As 

shown in Figure 3.12, OATP1A2 protein is indeed expressed in human CP. Colocalization was 

observed with Na+/K+-ATPase, an established apical membrane marker in CPE cells (205,206), 

suggesting OATP1A2 localizes to the apical membrane in human CP (Figure 3.12).  Besides 

apical staining, OATP1A2 signal was also observed intracellularly and possibly at the basolateral 

membrane. Minimal fluorescence signal was observed in CP tissue controls prepared without the 

primary antibodies (Figure 3.13). Expression and localization of OATP1A2 was consistent in the 

two human CP samples examined (Figure 3.12, Figure 3.14). OATP1A2 signal was minimally 

observed in the ventricular ependyma (Figure 3.15), suggesting the expression of OATP1A2 is 

enriched in CP relative to the surrounding tissue.  

 

 

3.6 DISCUSSION 

Previous work from our laboratory indicated that OATP transporters at the apical 

membrane of CPE cells work cooperatively with basolateral MRPs to mediate CSF-to-blood 

clearance of large amphipathic anions in mice.  Several OATP isoforms are expressed in rodent 

and human CP but the specific contribution of individual OATPs to this process is unclear.  In this 

study, we clarified the role of OATP1A members towards organic anion uptake at the BCSFB 

using Oatp1a/1b-/- mice, investigated the functional overlap between mouse OATP1A5 and human 
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OATP1A2, and established the presence of the OATP1A2 protein at the human BCSFB.  Findings 

from our study provided novel insights into the molecular mechanisms underlying BCSFB 

clearance of large amphipathic organic anions from the CSF.   

  Our laboratory recently demonstrated that the apical uptake of FL-MTX and fluo-cAMP at 

the BCSFB is the rate-limiting step in the transepithelial transport process and plays an important 

kinetic role in the transport of large organic anions from the CSF into the blood (117,200). Apical 

uptake was highly sensitive to the OATP-inhibitor rifampin (117,200).  Consistent with our earlier 

study, we also detected OATP/Slco mRNA expression of Slco1a4/5, Slco1c1, and Slco3a1 in 

mouse CP tissues (Hu et al 2022) (Figure 3.2, Figure 3.3).  OATP1C1 is a thyroid hormone 

transporter and is expressed basolaterally at the BCSFB, where it contributes to entry of thyroid 

hormones into the brain (119,207). OATP3A1 is expressed on both membranes of the BCSFB, but 

primarily transports prostaglandins (120).  Thus, we hypothesized that members of OATP1A 

subfamily are most likely to be involved in apical uptake of large fluorescent anions previously 

observed in live CP tissues.  Indeed, transport of SR101, FL-MTX, and fluo-cAMP was abolished 

in CPs isolated from Oatp1a/1b-/- mice (Figure 3.4, Figure 3.6).  Further, SR101 transport in CP 

tissue of KO mice was not affected by BSP, suggesting OATP1C1 does not play an appreciable 

role in apical uptake of SR101.  As OATP1A4 is localized basolaterally in rodent CP (122), our 

data using the Oatp1a/1b-/- model and RT-qPCR (Figure 3.2, Figure 3.6, Figure 3.7), alongside 

the reported apical localization of OATP1A5 (123), suggest that the CPE cell uptake of large 

organic anions is predominantly mediated by OATP1A5 in rodents (Figure 3.16). Additional 

study of CP transport in an OATP1A5 single knockout model with matched wild -types could 

confirm the contribution of OATP1A5 at the mouse BCSFB apical membrane and validate the 

proposition of minimal OATP1A4 contribution at the apical membrane due to basolateral 
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localization. Efflux of large organic anions at the basolateral membrane of the CPE cell is mediated 

by MRP1/Abcc1 and MRP4/Abcc4, previously established in knockout models (Wijnholds et al., 

2000; Leggas et al., 2004). The apical uptake is the rate-limiting step of large organic anion 

transport across the BCSFB in the tested compounds, indicating that the basolateral efflux 

clearance mediated by MRP1 and MRP4 is much greater than the apical uptake clearance likely 

mediated by OATP1A5. This is also consistent with the higher mRNA expression of Abcc1 and 

Abcc4 than Slco1a5 in mouse CP (Figure 3.2, Figure 3.3). While OATP1A4 is also localized 

basolaterally (122), the functional activity of OATP1A4 at the BCSFB has not been clearly 

demonstrated. OATP1A4 may contribute to some low efficiency efflux from CPE cell to blood. 

In addition, OATP1A4 is also expressed at the blood-brain-barrier and has been implicated in 

blood-to-brain transport of statin drugs (208).   

Outside of the mouse, studies have shown that the CP can actively uptake large organic 

anions in several other species. In rat CP, the fluorescent molecules FL-MTX, Texas Red, and 

fluo-cAMP were all transported across the tissue and accumulated in the subepithelial 

compartment (112,190,209). Similar trends were also observed for Texas Red and FL-MTX in 

dogfish shark CP (183,209). While mice have four members in the OATP1A subfamily, larger 

animals, including humans, only have one 1A member, OATP1A2.  Regardless of this difference, 

the expression of OATP1A transporters at the BCSFB appears to be present across different animal 

species. OATP1A5 protein is very highly expressed in rat CP, and OATP1A2 protein is expressed 

in dog and pig CP (58–60). Our laboratory has extended these findings into the human CP. We 

recently found OATP1A2 mRNA expression at the human BCSFB (117), and the data presented 

in this study demonstrate that OATP1A2 protein is also expressed, appearing to localize to the 

apical membrane (Figure 3.12). In this study, we also directly compared the transport by the poorly 
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characterized mouse OATP1A5 and human OATP1A2 using overexpressing cells. We observed 

that FL-MTX, fluo-cAMP, SR101, and estrone-3-sulfate were all transported by both OATP1A5 

and OATP1A2 (Figure 3.8). Further kinetic studies revealed similar Km values for SR101 and 

estrone-3-sulfate between the human and mouse transporters (Table 3.2). The data suggest that 

mouse OATP1A5 and human OATP1A2 share functional similarity and could both mediate 

endobiotic and xenobiotic clearance at the BCSFB.  Taken together, we thus postulate that, like 

rodents, apical OATP1A2 and basolateral MRP1/4 exist at the human BCSFB to mediate CSF-to-

blood transport and clearance of large organic anions (Figure 3.16). OATP1A2 expression is also 

observed intracellularly and possibly basolaterally, though further immunostaining is needed to 

validate this observation (Figure 3.12; Figure 3.16).  

A myriad of endobiotics and toxins are substrates of OATP1A2, and hence CSF 

concentrations of these compounds could be regulated by OATP1A2 at the BCSFB. For instance, 

dehydroepiandrosterone sulfate (DHEAS), a substrate of OATP1A2 (210), is an important 

neurosteroid and neutrophin, with multiple neurobiological effects in the brain. DHEAS acts as a 

modulator for GABAA, NDMA, and other receptors in the brain (211). Additionally, the steroid 

hormone is associated with neurogenesis and neuronal survival (211). DHEAS is believed to be 

synthesized in the brain (212), and OATP1A2 at the BCSFB may contribute to its clearance out of 

the CNS. OATP1A2 also transports the thyroid hormones thyroxine (T4) and triiodothyronine 

(T3), suggesting this transporter may play a secondary role in regulating thyroid hormone levels 

in the CNS alongside the prototype thyroid hormone transporters OATP1C1 and monocarboxylate 

transporter 8 (207,213).  
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The BCSFB remains an important, but understudied blood-CNS interface for brain drug 

disposition. For some diseases, the CSF can be considered a directly relevant pharmacokinetic and 

pharmacodynamic compartment. This is the case for bacterial meningitis, where the bacteria 

replicate within the CSF after penetrating the CNS (214). Interestingly, ceftriaxone, a 

cephalosporin antibiotic used to treat some forms of bacterial meningitis, has poor CSF penetration 

and is an OATP substrate (215,216), which may allude to the contribution of OATP1A2 to its 

clearance from the CSF. OATP1A2 additionally transports a variety of other drugs that are 

therapeutically relevant in the CNS. Triptans, which have been identified as substrates in 

OATP1A2 transduced HEK293 cells, are used in the treatment of migraines and cluster headaches 

(217). In addition, OATP1A2 transports a range of antivirals and antineoplastics (213). The CNS 

can often be a sanctuary site for HIV or malignant cancer cells and OATP1A2 at the CP may 

reduce therapeutic drug concentrations at the CSF (218,219). Future studies may clarify the 

relevance of OATP1A2 towards the CNS disposition and pharmacokinetics of these drugs. 

Understanding the role of OATP1A2 at the BCSFB may also be highly relevant for CNS-

active drug candidates in development. The CSF is often the only clinically accessible CNS 

compartment to obtain information on the free drug concentrations in the human brain (199).  

However, numerous studies have suggested disconnects between CSF and unbound brain 

extracellular fluid drug concentrations, possibly due to transport processes at the BCSFB and 

blood-brain barrier.  This has been observed for substrates of P-gp, which is expressed luminally 

at the blood-brain barrier and apically or subapically at the BCSFB.  For instance, Nagaya et al. 

demonstrated in monkeys that poor substrates of P-gp had a Kp,uu ratio between CSF and brain 

interstitial fluid close to unity, while good substrates may have CSF concentrations 3-fold or higher 

than brain interstitial fluid (148). Understanding mechanisms regulating CSF drug concentrations 
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may help to fill the gaps in predicting unbound brain drug concentrations using mechanism-based  

modeling approaches such as physiologically based pharmacokinetic (PBPK) modeling.   

In summary, we have clarified the molecular mechanism of OATP1A transport in rodent 

BCSFB and demonstrated the expression and apical localization of OATP1A2 protein at the 

human BCSFB.  Our study in mice and human CP suggests that at the BCSFB, organic anions in 

the CSF can be actively transported into CPE cells by apical OATP1A2 (OATP1A5 in rodents) 

followed by MRP1/4-mediated basolateral efflux into the blood.  As this process can influence 

CSF drug concentrations and brain exposure to CNS active compounds, delineating the molecular 

mechanisms and the specific impact of OATP1A2 on anionic drug clearance from the CSF may 

help to improve the prediction of CNS pharmacokinetics and identification of drug candidates with 

favorable CNS pharmacokinetic properties.   
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Figure 3.1.  Anti-OATP1A2 ICC staining in OATP1A2 and empty vector overexpressing 

cells  

Immunocytochemistry staining for OATP1A2 (green) and DAPI (blue) in (A) OATP1A2 

overexpressing and (B) empty vector cells. Cells were treated with 2 μg/mL anti-OATP1A2 

antibody, followed by 4 µg/mL Alexa Fluor™ 488 donkey anti-rabbit secondary antibody. 
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Figure 3.2.  Relative mRNA expression of relevant OATP/Slco organic anion transporters  

Relative mRNA expression of OATP/Slco 1a/1b organic anion transporters in FVB mouse lateral 

ventricle CP tissues (n=9, pooled groups of 3). Expression levels are normalized to the 

housekeeping gene Gapdh. Values are means ± SD across 3 pools of tissues, with each pool 

containing CP tissues from 3 mice.
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Figure 3.3.  Expression of Relevant MRP/Abcc and other OATP/Slco transporters  

Expression of Relevant Mrp/Abcc and Oatp/Slco transporters in FVB mouse lateral ventricle CP 

tissues. Expression levels are normalized to the housekeeping gene Gapdh. Values are means ± 

SD across 3 pools of tissues, with each pool containing CP tissues from 3 mice.
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Figure 3.4.  Representative confocal images of SR101 with or without BSP in CP obtained 

from wild-type and Oatp1a/1b-/- mice  

Representative confocal images of SR101 (2 µM) with or without BSP (100 µM) in CP obtained 

from wild-type (A,B) and Oatp1a/1b-/- (C,D) mice after 20 min. The fluorescent signal is primarily 

observed in the subepithelial compartment, indicating transepithelial flux from the CSF, across the 

CPE cells, and into the subepithelial compartment. 
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Figure 3.5.  Diagrams, DIC image, and confocal image of choroid plexus 

Schematic diagram showing (A) choroid plexus tissue composed of CPE cells surrounding the 

blood capillary. (B) Close-up schematic of the blood-CSF barrier. CPE cells are linked by tight 

junctions, separating the CSF from the subepithelial space in the blood compartment. (C) 

Representative differential interference contrast (DIC) image of the murine CP, showing CPE cells 

surrounding the red blood cell-containing subepithelial space. A trans-PMT detector was used to 

capture the DIC image. (D) Representative confocal image of CP after incubation with SR101 (2 

µM), with indicated CPE cell and subepithelial regions. 
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Figure 3.6.  Quantification of SR101 accumulation in CPE cell and subepithelial 

compartments from CP obtained from wild-type and Oatp1a/1b-/- mice 

Representative time courses of quantified SR101 accumulation in CPE cell and subepithelial 

compartments from CP obtained from (A) wild-type and (B) Oatp1a/1b-/- mice. (C) Changes in 

subepithelial accumulation between treatment groups. Data are normalized to SR101 subepithelial 

accumulation in wild-type tissues. Values are means ± SD across 3 biological replicates for all 

treatment groups unless otherwise noted. Statistical significance was determined using a one-way 

ANOVA followed by Dunnett's test (*P<0.05).  

 

†Values for [KO] +BSP are means ± SD across 2 biological replicates 
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Figure 3.7.  Accumulation of FL-MTX and fluo-cAMP in wild-type and Oatp1a/1b-/- CP 

tissue 

Representative confocal images of (A) FL-MTX (2 µM) and (B) fluo-cAMP (2 µM) in wild-type 

and (C) FL-MTX (2 µM) and (D) fluo-cAMP (2 µM) in Oatp1a/1b-/- CP tissue. (E) Changes in 

subepithelial accumulation between treatment groups. Data are normalized to SR101 subepithelial 

accumulation in wild-type tissues. Values are means ± SD across 6 biological replicates for all 

treatment groups. Statistical significance was determined using an unpaired student’s t test 

(*P<0.05).
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Figure 3.8.  Uptake of estrone-3-sulfate, FL-MTX, fluo-cAMP, and SR101 by OATP1A2 and 

OATP1A5 overexpressing cell lines 

Uptake of (A) estrone-3-sulfate, (B) FL-MTX, (C) fluo-cAMP, and (D) SR101 in OATP1A2 and 

OATP1A5 overexpressing cell lines. Uptake of 1 µM substrate was measured in both transporter-

expressing and empty vector expressing HEK293 cells. Uptake was measured after 20 minutes of 

incubation at 37°C. Data are presented as the mean ± SD from three independent experiments. The 

uptake in transporter expressing cells was compared to empty vector (EV) expressing cells. 

Statistical significance was determined by using an unpaired student’s t test (*P<0.05, **P<0.01).  
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Figure 3.9.  Time course of estrone-3-sulfate and SR101 uptake by OATP1A2 and OATP1A5 

Time course of 1 µM estrone-3-sulfate (A,B) and SR101 (C,D) uptake by OATP1A2 and 

OATP1A5. Time courses were performed independently three times, and results from one 

representative experiment are shown. Data points represent the mean ± SD in triplicate.
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Figure 3.10.  Concentration-dependent uptake of estrone-3-sulfate and SR101 by 

hOATP1A2 and mOatp1a5- 

Concentration-dependent uptake of estrone-3-sulfate (A,B) and SR101 (C,D) by OATP1A2 and 

OATP1A5. Transporter-specific uptake was obtained by subtracting the activity in control cells 

from the activity in transporter-expressing cells after a 2-minute incubation for estrone-3-sulfate 

and a 4-minute incubation for SR101. The data were fitted to a standard Michaelis-Menten 

equation for both compounds. Concentration dependent uptake was performed independently three 

times, and results from one representative experiment are shown. Data points represent the means 

± SD in triplicate. 
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Figure 3.11. Dose-dependent inhibition of SR101 uptake in OATP1A2 and OATP1A5 cells 

by bromosulphalein (BSP).  

Dose-dependent inhibition of SR101 uptake in OATP1A2 and OATP1A5 overexpressing cells by 

BSP. Uptake of 1 µM SR101 in the absence and presence of BSP was measured in empty vector, 

OATP1A2-, and OATP1A5- expressing HEK293 cells for 4 minutes. Transporter-specific uptake 

was obtained by subtracting the activity in empty vector cells from the activity in transporter-

expressing cells. The results are expressed as a percentage of SR101 uptake in the absence of BSP 

and fitted to a 4-parameter inhibition model. Each data point represents the means ± SD from 3 

independent experiments.
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Figure 3.12. Immunofluorescence staining for Na+/K+-ATPase and OATP1A2 in human 

choroid plexus  

Immunofluorescence staining for (A) Na+/K+-ATPase, (B) OATP1A2, and (C) DAPI in human 

CP. (D) Merged image showing colocalization of OATP1A2 with apical Na+/K+-ATPase. (E) 

Normalized intensity of OATP1A2 and Na+/K+-ATPase fluorescence across the human CPE cell. 

Deidentified CP was sourced from a 60-year-old male.
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Figure 3.13. Control immunofluorescence staining in human choroid plexus without primary 

antibody treatment. 

 Control immunofluorescence stain without primary antibody treatment. Deidentified choroid 

plexus was sourced from a 60-year-old male.
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Figure 3.14.  Immunofluorescence staining for Na+/K+-ATPase and OATP1A2 in second 

human choroid plexus 

(A)Immunofluorescence staining for Na+/K+-ATPase and OATP1A2 in human choroid plexus. 

Nuclei are stained with DAPI (blue). (B) Control immunofluorescence stain without primary 

antibody treatment. Deidentified choroid plexus was sourced from a 61-year-old male. 
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Figure 3.15. Immunofluorescence staining for Na+/K+-ATPase and OATP1A2 in human 

ventricular ependyma 

(A) Immunofluorescence staining for Na+/K+-ATPase and OATP1A2 in human ventricular 

ependyma. Na+/K+-ATPase and OATP1A2 staining is markedly insubstantial in ventricular 

ependyma. (B) Control immunofluorescence stain without primary antibody treatment. 

Deidentified choroid plexus was sourced from a 60-year-old male.
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Figure 3.16. Proposed roles of OATP and MRP transporters in BCSFB clearance at the 

rodent and human BCSFB. 

Proposed roles of OATP and MRP transporters in BCSFB clearance at the rodent and human 

BCSFB. Models are based on data compiled from previous studies (64,111,122,123) and the 

present study.
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Table 3.1. TaqMan Gene Expression IDs used in RT-qPCR analysis 
 

Gene Protein  Assay ID 

Slco1a1 OATP1A1 Mm01267415_m1 

Slco1a4 OATP1A4 Mm01267407_m1 

Slco1a5 OATP1A5 Mm00453720_m1 

Slco1a6 OATP1A6 Mm01267368_m1 

Slco1b2 OATP1B2 Mm00451510_m1 

Slco1c1 OATP1C1 Mm00451845_m1 

Slco3a1 OATP3A1 Mm00452449_m1 

Abcc1 MRP1 Mm00456156_m1 

Abcc4 MRP4 Mm01226381_m1 

Gapdh GAPDH Mm99999915_m1 
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Table 3.2. Kinetic parameters of estrone-3-sulfate and SR101 uptake by hOATP1A2 and 
mOatp1a5 

Values shown on the table are means (SD) of the Km or Vmax from three independent 

experiments. Units: Km, µM; Vmax, pmol/mg protein/min 

 

OATP1A2 OATP1A5 

 

Km  Vmax Km  Vmax 

Estrone-3-sulfate 14.7±7.3   3050±1520  17.1±7.0   654±140   

SR101 
6.1±0.5   829.7±268.5   5.6±4.1  49.4±26.2  
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Chapter 4. FUNCTIONAL EVALUATION OF P-GP AND BCRP AT 

THE MURINE BLOOD-CEREBROSPINAL 

FLUID BARRIER 

 

4.1 ABSTRACT 

Purpose 

 The brain is protected by circulating metabolites and xenobiotics by two major barriers: 

blood-brain barrier (BBB) and the blood-cerebrospinal fluid (CSF) barrier. Previous studies report 

that P-gp and Bcrp are expressed apically or subapically at the blood-CSF barrier, implying a 

paradoxical function to mediate blood-to-CSF transport of xenobiotics. As evidence of P-gp and 

Bcrp activity at the blood-CSF barrier is limited, the goal of this study is to investigate functional 

activity of P-gp and Bcrp using a live tissue imaging approach. 

Methods 

 The choroid plexuses (CP) that form the blood-CSF barrier were freshly isolated from 

mouse lateral ventricles and incubated with fluorescent probes calcein-AM and BODIPY FL-

Prazosin.  Using quantitative fluorescence microscopy, the functional contributions of Bcrp and 

P-gp were examined using inhibitors and mice with targeted deletion of the Abcb1a/b or Abcg2 

gene. 

Results 

Apical transport of calcein-AM at the blood-CSF barrier is sensitive to inhibition by 

elacridar and Ko143 but is unaffected by P-gp deletion.  In CP tissues from the Bcrp-/- mice, CPE 
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cell accumulation of BODIPY FL-Prazosin was increased by 43% and can be further enhanced by 

elacridar.  There was no change in P-gp mRNA expression in CP tissues from the Bcrp-/- mice. 

Conclusions 

 This study demonstrated functional activity of Bcrp at the blood-CSF barrier apical 

membrane and also provided evidence supporting a Bcrp-independent, elacridar-sensitive apical 

efflux mechanism possibly mediated by P-gp.  These findings contribute to the understanding of 

transport mechanisms that regulate CSF drug concentrations, which may benefit future predictions 

of CNS drug disposition, efficacy, and toxicity. 

 

4.2 INTRODUCTION 

There is a high, unmet need for future treatments of neurological disorders, which are the 

primary cause of disability and the second leading cause of death worldwide (196). The brain is 

the most physiologically complex organ in the human body, which can lead to many obstacles 

during central nervous system (CNS) drug development. Diseases of the brain and greater CNS, 

such as Alzheimer's disease, may have complex pathologies and several potential pharmacological 

targets. CNS pharmacokinetics are also complex and poorly understood , which in part contributes 

to the high attrition rate during the development of CNS drugs (197). 

Drug transporters play an important role in mediating drug-drug interactions, drug 

disposition, and toxicity (53). At the blood-brain barrier (BBB), efflux transporters such as P-

glycoprotein (P-gp) and breast cancer resistance protein (BCRP) are expressed on the luminal 

membrane, where they limit the entry of their substrates into the brain (65,220). The importance 

of P-gp and BCRP in restricting drug brain penetration has been well documented (220). The two 

transporters have an overlapping substrate pool, thus P-gp and BCRP can synergistically limit the 
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CNS penetration of shared substrates (220).  P-gp and BCRP are also reportedly expressed in other 

blood-CNS barrier sites such as the blood-cerebrospinal fluid (CSF) barrier (64,65,137), implying 

a functional role beyond the BBB.  

The blood-CSF barrier is formed by the choroid plexuses (CP), which are comprised of a 

layer of polarized, tight junction-linked choroid plexus epithelial (CPE) cells that surround a core 

of blood capillaries (1,174). The CPE cells express transporters and enzymes that contribute to 

xenobiotic and endobiotic clearance from the CSF (174).  Several solute carrier transporters, 

including the peptide transporter 2 (PEPT2), organic anion transporter 3 (OAT3), and plasma 

membrane monoamine transporter (PMAT), are expressed at the apical (CSF-facing) membrane 

of the CPE cells and mediate drug uptake from the CSF into CPE cells (76,81,85,86,96).  We 

recently showed that large organic anions are actively cleared from the CSF via the coordinated 

function of organic anion transporting polypeptides (OATPs) at the apical membrane and the 

multidrug resistance associated proteins (MRPs) at the basolateral membrane.  By influencing drug 

concentrations in the CSF, transporters at the blood-CSF barrier may also play a role in regulating 

the effective drug concentrations in the CNS.   

Interestingly, previous studies have suggested that BCRP and P-gp are expressed apically 

(CSF-facing) or subapically at the blood-CSF barrier. Using immunohistochemistry and 

immunofluorescence approaches, BCRP has been localized apically in mouse CP (137,138), while 

P-gp has been localized apically or subapically in CP of rats and pigs (64,143).  Since BCRP and 

P-gp are efflux transporters, their location at the apical membrane of CPE cells would imply a 

paradoxical role of mediating blood-to-brain transport, which is opposite to their functions at the 

BBB.  Limited functional studies have been conducted using in vitro systems. Transport of calcein-

AM, a P-gp probe, was sensitive to the P-gp inhibitor valspodar, in rat and human cultured cell 
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lines (62,144). Apical to basolateral transport of the P-gp substrate 99mTc-sestamibi increased with 

elacridar in rat CPE primary cell lines cultured in a transwell system, suggesting P-gp activity at 

the apical, CSF-facing membrane (64). However, two other P-gp substrates, rhodamine123 and 

verapamil, were not actively transported in porcine primary CP cells (143). Evidence of BCRP 

function at the blood-CSF barrier is even more limited; a single study demonstrated transport of 

the BCRP substrate BODIPY FL-Prazosin was sensitive to the BCRP specific inhibitor Ko143 in 

cultured human choroid plexus papilloma cells (144). However, no directional difference in 

transport was observed when the cells were grown in a Transwell system (144). Broadly, primary 

CPE cell cultures and CP cell lines have been shown to have altered transporter expression and 

tight junction formation as compared to CP tissue (62). Thus, there is an impetus to study P-gp and 

Bcrp transport mechanisms in a more physiologically relevant system.  

Our laboratory recently developed and validated a quantitative fluorescence microscopy 

approach to study transcellular transport mechanisms of organic cations and organic anions at the 

murine blood-CSF barrier (117). This approach enables the study of real-time transport processes 

in freshly isolated intact choroid plexus tissues and can distinguish between transport processes at 

the apical and basolateral membranes (200). In this study, we first determine the relative mRNA 

expression of Abcb1a/b (P-gp) and Abcg2 (Bcrp) in murine lateral ventricle CP tissues. Using 

quantitative fluorescence microscopy, we investigated the functional role of P-gp and Bcrp at the 

blood-CSF barrier using fluorescent probes in freshly isolated murine CP tissues. The contribution 

of P-gp and Bcrp were evaluated using established inhibitors and mouse models with targeted 

deletion of the Abcb1a/b or Abcg2 genes. 
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4.3 MATERIALS AND METHODS 

4.3.1 Chemicals and Materials 

All chemicals purchased and used were of 95% or greater purity. Calcein-AM was 

purchased from Enzo Life Sciences (ENZ-52002, Farmingdale, NY). BODIPY FL-Prazosin was 

purchased from ThermoFisher Scientific (B7433, Waltham, MA). Ko143 was purchased from 

Medchemexpress (HY-10010, Monmouth Junction, NJ). Unless otherwise specified, all other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Animal handling supplies, PCR 

plates, confocal dishes, and other plastic wares were purchased from VWR (Radnor, PA).  

 

4.3.2 Animals and Choroid Plexus Tissue Collection 

Animal experiments were carried out in accordance with the Guide for the Care and Use 

of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health and 

in accordance with animal protocols approved by the Institutional Animal Care and Use 

Committee at the University of Washington. Animals were housed in the specific pathogen free 

facility at the University of Washington and maintained under standard conditions, with food and 

water available ad libitum. FVB wild-type (FVB-M), FVB Bcrp-/- (2767-M), and Mdr1a/1b-/- 

(1487-M) mice were obtained from Taconic Biosciences (Germantown, NY). Generation and 

physiological characteristics of the transgenic strains have been described previously (221,222). 

 

Adult (8-13 week old) male FVB wild-type and transgenic mice were euthanized by CO2 

inhalation, followed by decapitation. Mouse brain was isolated and maintained in ice cold artificial 

CSF (aCSF: 119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM MgCl2, 

2.5 mM CaCl2, 10 mM glucose, previously gassed with 95% O2/5% CO2 for tissue isolation. 
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Lateral ventricle CP and 4th ventricle CP were isolated from mouse brain under a dissecting 

microscope using an approach previously described (200). CP tissue used for uptake experiments 

were then transferred into pre-gassed, ice-cold aCSF immediately after removal, while tissues used 

for real-time PCR were immediately flash frozen in LN2 and stored in a -80°C freezer until further 

processing. 

 

4.3.3 Quantification of Transporter mRNA Expression by Real Time PCR 

Frozen CP tissue was homogenized by bead disruptor, and total RNA was extracted by 

RNeasy Mini Kit (Qiagen, Germantown, NY). Total RNA was then converted to cDNA by reverse 

transcription using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Waltham, MA). Expression at the mRNA level of transporters at the CP was quantified using 

TaqMan Real-Time PCR Master Mix (Applied Biosystems, Waltham, MA) as described 

previously (96,117). The relative mRNA levels of these transporters in CP were normalized to 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh).  

 

4.3.4 Transport Studies in Freshly Isolated CP tissues from FVB wildtype and KO mice 

Transport imaging studies using freshly isolated mouse lateral ventricle CP were performed 

using an approach previously described (117,200). Isolated CP tissues maintain vitality and 

transport activity for up to 2-3 hours after isolation, and all transport studies were performed within 

2 hours after isolation (200). Single time-point transport studies were initiated by adding the 

fluorescent compound in the presence or absence of an inhibitor into the aCSF. Incubations were 

carried out for 20 min in sealed Ziploc bags containing 95% O2/5% CO2. One to three undamaged 

observation areas containing both CPE cells and adjacent subepithelial region were selected, and 
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the fluorescent signals were recorded. To record real-time transport of fluorescent substrate, a 

specific observation area containing intact CPE cells and adjacent subepithelial region was 

selected and immobilized in pregassed aCSF. The experiment was initiated by adding a specified 

concentration of fluorescent compound, and fluorescent signals were recorded every minute for 

20 minutes. Additional observation areas containing CPE cells and adjacent subepithelial region 

were recorded after 20 minutes of uptake.  

 

4.3.5 Confocal Image Acquisition and Analysis 

Image acquisition and analysis were performed using procedures previously described 

(200). Briefly, imaging was performed using a Zeiss LSM 710 confocal microscope fitted with a 

Zeiss 40x, NA 1.3 oil immersion objective (total magnification: 400x). Brightfield imaging was 

used to identify observation areas containing CPE cells with adjacent blood capillaries. Samples 

containing BODIPY FL-Prazosin or calcein-AM were illuminated using a 488nm fixed 

wavelength argon laser, with appropriate corresponding dichroic and emission filters used to detect 

the emission of the fluorescent probes. Low laser intensity (5% of maximum) was used to minimize 

sample photobleaching. Laser gain and offset was set such that autofluorescence of tissue was 

minimally detectable, with the pinhole set to 36.8 μm. Confocal images were captured as 15 sec 

scans at 1024 × 1024 resolution, 16 frames line-averaged, with a pixel dwell of 0.79 μsec. 

Replicate studies were performed using the same objective lens, identical laser power, and 

identical detector settings. 

 

Digital image analysis was performed using Fiji ImageJ (1.53t) (184) and performed as 

described previously (200).  
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CPEI20min was calculated according to the following formula (200): 

𝐶𝑃𝐸𝐼20𝑚𝑖𝑛 (%) =
∑ 𝑝𝑖𝑥𝑒𝑙  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑠𝑒

∑ 𝑝𝑖𝑥𝑒𝑙  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑐𝑒𝑙𝑙𝑠 +𝑠𝑒
         

CPEI20min is expressed as a percentage, where Σpixel intensityse is the sum average pixel 

intensity in the subepithelial region at 20 minutes from three segmentations, and Σpixel 

intensitycells+se is the combined sum average pixel intensity in the subepithelial and CPE cell 

regions at 20 minutes from three segmentations. 

 

4.3.6 Statistical Analysis 

All imaging experiments were carried out with CP tissue isolated from at least 3 animals.  

Calculated intensity values were presented as mean ± SD. Statistical significance was determined 

by using a one-way ANOVA followed by Dunnett’s test or by an unpaired Student’s t-test.  P value 

less than 0.05 indicated a statistically significant difference. 

 

4.4 RESULTS 

4.4.1 mRNA Expression of Abcb1a (Mdr1a), Abcb1b (Mdr1b), and Abcg2 (Bcrp) in FVB mouse 

CP 

Previous studies have suggested that P-gp and Bcrp are expressed apically at the blood-

CSF barrier (137), implying a paradoxical function, opposite of the BBB, to mediate a blood-to-

CSF transport of xenobiotics and endobiotics. However, functional studies on P-gp and Bcrp 

activity at the blood-CSF barrier are limited and have not been investigated in freshly isolated, 

intact CP tissue. In mice, there are two isoforms of P-gp, Mdr1a and Mdr1b. We initially 

determined the mRNA expression the two murine isoforms of P-gp, Abcb1a (Mdr1a) and Abcb1b 



 111 

(Mdr1b), as well as Abcg2 (Bcrp) in the lateral ventricle CP of wild-type FVB mice using RT-

qPCR (Figure 4.1). Abcg2 mRNA is expressed at higher levels than Abcb1a, while Abcb1b is 

minimally expressed.  The higher expression of Abcb1a over Abcb1b in choroid plexus is similar 

to previous findings in whole brain homogenates (223).  

 

4.4.2 Calcein-AM accumulation in wild-type and Mdr1a/1b-/- CP tissues 

To test the activity of P-gp at the apical CPE cell membrane, real-time uptake of calcein-

AM, a P-gp substrate, was performed in CP tissues of wild-type and Mdr1a/1b-/- mice in different 

inhibitory conditions. Calcein-AM is a non-fluorescent, lipophilic P-gp substrate. After entering 

the cell, the compound is cleaved by intracellular esterases to yield the hydrophilic, fluorescent 

molecule calcein (224,225). When calcein-AM was incubated alone in CP tissues of wild-type 

mice, the fluorescent calcein was primarily retained intracellularly in the CPE cells (Figure 4.2), 

with a CPEI20min of 18.9±4.1%. When co-incubated with the dual inhibitor elacridar, calcein 

accumulation increased 468% in the CPE cells compared to the control group (Figure 4.2; Figure 

4.3). Curiously, coincubation with the Bcrp inhibitor Ko143 also enhanced CPE cell accumulation 

of calcein, with an increase of 358% compared to treatment with calcein-AM alone (Figure 4.2; 

Figure 4.3).  However, cellular accumulation of calcein did not increase in Mdr1a/1b-/- CP tissues 

compared to wild-type controls (Figure 4.2; Figure 4.3).  No apparent changes to subepithelial 

accumulation were observed across treatment groups. Taken together, the data does not confirm 

P-gp transport activity at the blood-CSF barrier but does suggest a P-gp independent, Ko143- and 

elacridar-sensitive transport mechanism contributing to the apical efflux of calcein-AM at the 

murine blood-CSF barrier. As Bcrp is also expressed apically and is sensitive to the same inhibitors 
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(131), we hypothesized that Bcrp is functionally active at the blood-CSF barrier which may be 

contributing to calcein-AM efflux.  

 

4.4.3 Transport of BODIPY FL-Prazosin is sensitive to Bcrp inhibitor Ko143 in mouse CP  

To test the functional activity of Bcrp on the apical membrane, we incubated freshly 

isolated CP tissues with an established Bcrp substrate, BODIPY FL-Prazosin, in the presence and 

absence of the Bcrp inhibitor Ko143. When incubated alone in CP tissues, BODIPY FL-Prazosin 

accumulated primarily in the CPE cells with minimal accumulation in the subepithelial space 

(Figure 4.4), with a CPEI20min of 20.5±3.6%. Coincubation with Ko143 increased the CPE cell 

accumulation of BODIPY FL-Prazosin by 165% (Figure 4.4), while subepithelial accumulation 

did not change (data not shown). The data demonstrates that Ko143 inhibits apical transport of 

BODIPY FL-Prazosin in CPE cells, suggesting Bcrp is functionally active at the apical membrane 

of the blood-CSF barrier. 

 

4.4.4 Transport of BODIPY FL-Prazosin in wild-type and Bcrp-/- CP tissues 

Studies conducted using ex vivo tissue samples are advantageous in that they reflect the in 

vivo conditions more closely compared to in vitro cell-based systems (174). However, the ex vivo 

system is also more complex, expressing the full spectrum of transporters present in vivo. As 

BODIPY FL-Prazosin has also been reported as a P-gp substrate (226), we performed transport 

studies in CP tissues isolated from wild-type and Bcrp-/- mice. BODIPY FL-Prazosin was 

incubated in CP tissues of wild-type and Bcrp-/- mice in the presence and absence of elacridar, a 

dual inhibitor of Bcrp and P-gp (227) (Figure 4.5). With the dual inhibitor elacridar, we observed 

a 220% increase in CPE cell accumulation of BODIPY FL-Prazosin in wild-type tissues (Figure 
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4.5). In the Bcrp-/- group with no elacridar, we observed a 43% increase in CPE cell accumulation 

compared to the wild-type CP (Figure 4.5), suggesting Bcrp protein is expressed and functionally 

active at the blood-CSF barrier apical membrane. BODIPY FL-Prazosin accumulation was further 

increased in CP tissues of Bcrp-/- mice coincubated with elacridar, with a 116% increase in CPE 

cell accumulation compared to wild-type tissues with no inhibitor (Figure 4.5). This data suggests, 

ancillary to Bcrp, P-gp may also contribute to apical efflux of BODIPY FL-prazosin at the murine 

blood-CSF barrier. To examine if Bcrp-/- mice exhibited any compensatory expression of P-gp at 

the CP, we additionally tested and compared mRNA expression of the murine P-gp isoforms, the 

Abcb1a and Abcb1b genes, in CP of wild-type and Bcrp-/- mice. No significant change in mRNA 

expression of either isoform of P-gp was observed (Figure 4.6). 

4.5 DISCUSSION 

Earlier research has suggested that Bcrp and P-gp are expressed apically or subapically at 

the blood-CSF barrier (64,137). This CSF-facing localization implies an inward transport function 

to the brain, which is opposite to their role of restricting brain entry of xenobiotics at the luminal 

membrane of the BBB. Functional studies on Bcrp and P-gp at the blood-CSF barrier are limited 

and have only been conducted using cultured CPE cells that do not preserve the physiology and 

transporter expression at the blood-CSF barrier (62). Thus, further exploration of Bcrp and P-gp 

activity at the blood-CSF barrier in a more physiologically relevant system is warranted. In this 

study, we demonstrated functional activity of Bcrp at the apical membrane of the blood-CSF 

barrier using quantitative fluorescence microscopy in freshly isolated CP tissues from wild-type 

and Bcrp-/- mice.  Our results also suggested an additional Bcrp-independent, elacridar-sensitive 

apical efflux mechanism at the blood-CSF barrier possibly mediated by P-gp or an unknown efflux 

transporter. 
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In this study, BODIPY FL-Prazosin, a fluorescent BCRP substrate (131), was utilized to 

probe for Bcrp activity at the apical membrane of the blood-CSF barrier. We observed a 43% 

increase in CPE cell accumulation of BODIPY FL-Prazosin in Bcrp-/- mice compared to wild-type 

controls (Figure 4.5), demonstrating that Bcrp is indeed expressed and functionally active at the 

apical membrane. Accumulation of BODIPY FL-Prazosin in the CPE cells of Bcrp-/- was further 

increased with elacridar coincubation, suggesting additional contribution from a Bcrp-

independent, elacridar-sensitive efflux mechanism at the apical membrane.  As BODIPY FL-

Prazosin is also transported by P-gp, and elacridar is also an inhibitor of P-gp (228), P-gp may 

additionally contribute to BODIPY FL-Prazosin efflux.   

For a dual Bcrp and P-gp substrate, it is likely that the loss of one transporter can be 

functionally compensated by another.  At the BBB, P-gp and Bcrp are known to 'cooperate' to limit  

the entry of chemotherapeutic and other shared substrates into the brain (220). When only a single 

transporter is inhibited or knockout, little or no increase in brain penetration was observed for 

several dual substrates (136,229–232).  For these compounds, large increases in brain 

concentrations are only observed when both P-gp and Bcrp are inhibited or knocked out.  One 

example is topotecan, an antineoplastic substrate of both Bcrp and P-gp (229). Brain exposure of 

topotecan was only marginally (< 1.5 fold) increased in Bcrp-/- mice or Mdr1a/1b-/- mice but 

increased over 12-fold in P-gp and Bcrp double KO mice (229).  Our study shares some similarities 

with a previous study by Lee et al. (233). In their study, the authors conducted an in situ brain 

perfusion of [3H]mitoxantrone in wild-type, P-gp KO, and Bcrp KO mice. Brain uptake was 

enhanced with elacridar inhibition, but mitoxantrone brain uptake did not increase in either P-gp 

or Bcrp KO mice (233). The authors initially concluded that Bcrp played a minor role in 

mitoxantrone efflux out of the brain (233) . However, in a follow up study, the authors observed a 
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large increase in brain penetration of mitoxantrone by ~8-fold in mice lacking both P-gp and Bcrp 

transporters (234).  

We noted an interesting observation that wildtype CP incubated with Ko143 showed a 

higher increase of BODIPY FL-Prazosin accumulation compared to Bcrp-/- CP tissues (165% 

increase vs 43% increase) (Figure 4.4, Figure 4.5). This could be attributed to a few potential 

reasons. One potential explanation would be a compensatory increase in P-gp expression in the 

CP of Bcrp-/- mice. However, this is unlikely, as we found no significant increase in mRNA 

expression of either isoform of P-gp in Bcrp-/- CP tissues (Figure 4.6). Additionally, a previous 

study has demonstrated no changes in BBB expression of P-gp in Bcrp-/-mice (235). A potential 

explanation is Ko143 is acting as a dual inhibitor similar to elacridar, rather than a Bcrp specific 

inhibitor. Although early studies demonstrate that Ko143 is much more potent for human BCRP 

compared to human P-gp (236), some evidence suggests that Ko143 can inhibit murine Mdr1a at 

micromolar concentrations (237), and that Ko143 is transported by Mdr1a at the murine BBB 

(238).    

Another intriguing observation we found was that both elacridar and Ko143 inhibited 

calcein-AM efflux, while knockout of P-gp had no impact (Figure 4.3), suggesting a P-gp 

independent, but elacridar- and Ko143- sensitive efflux mechanism for calcein-AM.  While 

calcein-AM is not a substrate for human BCRP (239,240), to our knowledge calcein-AM has not 

been specifically tested with the mouse Bcrp homolog.  More research is needed to confirm 

whether this transport is mediated by Bcrp or by another transporter.   Broadly, transporter 

isoforms of preclinical species are poorly characterized relative to their human counterparts, yet 

academics and the pharmaceutical industry heavily utilize preclinical models to inform and 

interpret human clinical pharmacokinetics. Further studies characterizing species differences in 
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transporter function are needed to improve the translational utility of preclinical models towards 

assessing and interpreting human PK. 

The apical localization of Bcrp at the blood-CSF barrier implies the transporter mediates 

entry of compounds into the CSF from the blood. While this localization is peculiar with respect 

to the barrier function of the blood-CSF barrier, another blood-CSF barrier function is to provide 

nourishment and maintain healthy brain homeostasis (174). For example, the CP actively 

transports vitamin C from blood into CSF via the sodium-dependent vitamin C transport system-

1 (13). Several endogenous compounds are substrates of BCRP, including dehydroepiandrosterone 

sulfate, riboflavin, and folic acid (241).  Thus, the apical localization of BCRP may imply a role 

of BCRP in transporting certain nutrients into the CSF.  This function may be especially relevant 

during early development, as the choroid plexuses receive higher relative blood supply during this 

period (242).   

 In summary, studies performed in this work demonstrated a functional presence of the drug 

efflux transporter Bcrp at the blood-CSF barrier.  CSF fluid remains the only accessible fluid to 

sample drug concentrations in the human CNS. However, prediction of free brain concentrations 

from CSF is challenging and depends on a full understanding of the transport processes at the BBB 

and blood-CSF barrier. More research to understand the contribution of these transporters on brain 

drug disposition can help our understanding of the relationship between CSF and unbound brain 

concentrations and improve our predictions of CNS efficacy and toxicity in humans. 

 

4.6 CONCLUSIONS 

In this study we demonstrated functional activity of Bcrp at the murine blood-CSF barrier 

using quantitative fluorescence microscopy and genetic knockout mouse model of Bcrp.  An 
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additional Bcrp-independent, elacridar-sensitive apical efflux mechanism at the blood-CSF barrier 

was detected, which is possibly mediated by P-gp. Findings from this study contribute to the 

understanding of transport mechanisms that regulate CSF drug concentrations, which is relevant 

for the prediction and interpretation of CNS pharmacokinetics and pharmacodynamics for CNS 

drug candidates. 
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Figure 4.1.  Relative mRNA expression of Abcb1a (Mdr1a), Abcb1b (Mdr1b), and Abcg2 

(Bcrp) transporters 

Relative mRNA expression of Abcb1a (Mdr1a), Abcb1b (Mdr1b), and Abcg2 (Bcrp) transporters 

in FVB mouse lateral ventricle CP tissues (n=9, pooled groups of 3). Expression levels are 

normalized to the housekeeping gene Gapdh 
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Figure 4.2. Representative time courses and confocal images at 20 minutes of calcein-AM in 

CP of WT and P-gp KO mice  

CP tissues were incubated with 2 µM Calcein-AM for 20 minutes in different experimental 

conditions. Shown are representative time courses of quantified Calcein accumulation in CPE cell 

and subepithelial compartments from CP obtained from wild-type mice in the (A) absence of 

inhibitor, the (B) presence of 2 µM elacridar, the (C) presence of 1 µM Ko143, and from CP 

obtained from (D) Mdr1a/b-/- mice in the absence of inhibitor. Representative confocal images of 

Calcein accumulation after 20 minutes in CP tissues from wild-type mice in the (E) absence of 

inhibitor, the (F) presence of 2 µM elacridar, the (G) presence of 1 µM Ko143, and from CP 

obtained from (H) Mdr1a/b-/- mice in the absence of inhibitor.
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Figure 4.3. Changes in CPE cell accumulation in WT and P-gp KO mice 

Quantified changes in CPE cell accumulation under different inhibitory conditions and between 

CP tissues of wild-type and Mdr1a/b-/- mice. Data are normalized to Calcein CPE cell 

accumulation with no inhibitor in wild-type tissues. Values are means ± SD across 3 biological 

replicates for all treatment groups. Statistical significance was determined using one-way 

ANOVA followed by Dunnett's test (*P<0.05). 
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Figure 4.4.  BODIPY FL-Prazosin accumulation in CPE cells after 20 minutes with and 

without Ko143 

(A) Change in BODIPY FL-Prazosin accumulation in CPE cells after 20 minutes with and 

without Ko143. Tissues were incubated with BODIPY FL-Prazosin (2 µM) in the presence or 

absence of Ko143 (1 µM). Data are normalized to BODIPY FL-Prazosin accumulation in tissues 

with no inhibitor added. Values are means ± SD across 3 biological replicates for all treatment 

groups. Statistical significance was determined using aqn unpaired student’s t test (*P<0.05).  

Representative images of CP tissues taken at 20 minutes in the (B) absence or (C) presence of 

Ko143 

.
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Figure 4.5.  BODIPY FL-Prazosin in WT and Bcrp-/-  mice 

(A) Representative confocal images of BODIPY FL-Prazosin (2 µM) accumulation in CPE cells 

of wild-type mice in the (A) absence and (B) presence of elacridar (2 µM) and of Bcrp-/-  mice in 

(C) absence and (D) presence of elacridar (2 µM). (E) Changes in CPE cell accumulation 

between treatment groups. Data are normalized to BODIPY FL-Prazosin CPE cell accumulation 

Data are normalized to BODIPY FL-Prazosin CPE cell accumulation with no inhibitor in wild-

type tissues. BODIPY FL-Prazosin accumulation in other treatment groups were compared to 
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that in wild-type tissues with no elacridar (*P<0.05). Accumulation of BODIPY FL-Prazosin 

was also compared between knockout tissues in the absence or presence of elacridar (†P<0.05). 

Values are means ± SD across 3-4 biological replicates for all treatment groups. Statistical 

significance was determined using one-way ANOVA followed by Dunnett's test.
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Figure 4.6.  Abcb1a and Abcb1b expression in wild-type and Bcrp KO mice 

Relative mRNA expression of Abcb1a (Mdr1a) and Abcb1b (Mdr1b) in 4th lateral ventricle CP of 

wild-type and Bcrp KO mice (n=3). Expression levels are normalized to the housekeeping gene 

Gapdh 
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Chapter 5. CONCLUSIONS AND FUTURE DIRECTIONS 

  The choroid plexus epithelial cells that form the blood-cerebrospinal fluid barrier express 

polyspecific transporters that contribute towards xenobiotic and endogenous compound 

clearance from the cerebrospinal fluid(174). However, transporters at the BCSFB are poorly 

understood with respect to function, activity, and pharmacokinetic significance. As brain drug 

concentrations cannot directly be measured in humans, understanding the transport mechanisms 

at the BCSFB may help the prediction of CNS pharmacokinetics and the identification of drug 

candidates with favorable CNS pharmacokinetic properties. This dissertation research is aimed to 

develop an approach to study and quantify BCSFB transport activity using quantitative 

fluorescence microscopy, and to utilize this approach and other biochemical approaches to 

elucidate the molecular and functional significance of OATP-, BCRP-, and P-gp-mediated 

transport at the BCSFB.  

  

In Chapter 2, I developed and described the application of confocal microscopy to study 

and quantify transepithelial transport processes at the murine BCSFB in real time.  This approach 

was shown to be consistent, reproducible, and capable of tracking real time transepithelial 

transport at the BCSFB with temporal and spatial resolution. Using this quantitative fluorescence 

microscopy approach, I visualized, quantified, and described separate processes of transport 

across the apical and basolateral membranes of BCSFB for organic anion and organic cation 

probes. I proposed a novel parameter, CPEI, or choroid plexus efflux index to distinguish 

between transepithelial flux and CPE cell accumulation. This approach can be used to evaluate 

transport mechanisms at the apical and basolateral membranes for CSF-to-blood transport, assess 
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potential tissue drug accumulation and toxicity, and predict potential drug-drug interaction at 

transporter sites at the blood-CSF barrier. Our data suggest that small organic cations may 

accumulate in CPE cells and may thus pose higher risk for CP tissue toxicity. Further studies are 

needed to validate whether low CPEI compounds are at higher risk for inducing CP toxicity. 

Some considerations when using this approach include the semi-quantitative nature of the 

approach and the limited number of naturally fluorescent clinical drugs. CP drug concentrations 

cannot be directly measured using fluorescence microscopy; thus, the real clearance from the 

CSF cannot be estimated using this approach. Therefore, while this approach provides insight on 

the transepithelial transport processes for broad classes of drugs (e.g. large organic anions, 

organic cations), characterizing and estimating the real clearance of specific drugs across the 

BCSFB will require alternative approaches, such as in vitro to in vivo extrapolation. For 

example, if a drug is known to be cleared by a specific transporter at the BCSFB, the relative 

expression factor approach could be utilized to estimate the transport CL int. Transporter kcat and 

Km values can be determined using overexpressing cells, and the CLint can then be scaled using 

the transporter abundance in CP tissues relative to that in overexpressing cells (243). 

  

In Chapter 3, I utilized the method developed and validated in Chapter 2 alongside other 

biochemical approaches to characterize the molecular mechanisms of OATP-mediated organic 

anion clearance at the BCSFB. Through quantitative fluorescence imaging, I showed several 

OATP1A5 fluorescent substrates were readily transported in choroid plexus tissues of wild -type 

mice but not in tissues of Oatp1a/1b-/- mice, demonstrating that large organic anion uptake is 

predominantly mediated by OATP1A5 at the apical membrane of the murine BCSFB. Using 

OATP1A5 and OATP1A2 overexpressing cells, I showed an overlap in substrate pool across the 
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two transporters, suggesting an overlap in function between OATP1A5 and OATP1A2 in 

humans and mice. I then established the expression and localization of OATP1A2 at the apical 

membrane of the BCSFB using immunofluorescence on human choroid plexus tissue samples.   

These findings collectively identify and highlight the mechanisms of an efficient pathway for 

large organic anion clearance from the CSF in humans, mediated by OATP1A2 (OATP1A5 in 

mice) at the apical membrane and MRPs at the basolateral membrane. While our study did not 

examine drug substrates of OATP1A2, previous studies have shown that the antibiotic 

ceftriaxone is a substrate of OATPs (216) and appears to be actively cleared from the CSF (244), 

notably with lower concentrations in ventricular CSF compared to lumbar CSF (245,246). The 

significance of the OATP1A2 and MRP1/4 pathway for BCSFB clearance for ceftriaxone and 

other OATP substrates should be further evaluated using in vivo studies in preclinical animal 

models. A study by Smith et al. examined the role of PepT2 at the choroid plexus and other brain 

cells biodistribution of GlySar and Cefedroxil through intracerebroventricular injection of 

radiolabeled GlySar and Cefedroxil in wild-type and Pept2 knockout mice (247). A similar study 

design could be adopted to quantify changes in CSF clearance of ceftriaxone in wild -type and 

Oatp1a/1b cluster KO mice. 

  

In Chapter 4, I utilized the approach described in Chapter 2 alongside selective inhibitors 

and knockout models to explore the activity, mechanisms, and potential interplay of P-gp and 

Bcrp at the BCSFB. Using qRT-PCR I identified the relative mRNA expression of P-gp and 

Bcrp.  Using quantitative fluorescence microscopy in isolated CP tissues of wild -type and Bcrp-/- 

mice, I demonstrated BODIPY FL-prazosin was actively transported by Bcrp, demonstrating 

functional activity of apical Bcrp efflux. Moreover, I detected an additional Bcrp-independent, 
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elacridar-sensitive apical efflux mechanism at the BCSFB, suggested, but not confirmed, to be P-

gp. We observed with calcein-AM and BODIPY FL-prazosin, similar to previous studies 

conducted at the blood-brain barrier, that inhibition of both or all efflux transporters is needed to 

observe large changes in substrate efflux when two or more efflux transport mechanisms are 

present on the membrane. Further studies comparing transport in Bcrp-/- and Bcrp/Mdr1a/b-/- 

mice would be able to confirm the functional presence of P-gp at the murine BCSFB. 

Alternatively, evaluating the transport kinetics and inhibitor specificity in mouse Bcrp and 

mouse Mdr1a overexpressing cells could also provide additional information and evidence 

towards P-gp function at the BCSFB. However, these studies should not be conducted in MDCK 

cells, as endogenous canine P-gp is expressed and may complicate the interpretation of data 

(248). In this study, we demonstrated BCRP activity at the murine BCSFB, and there is also 

some evidence of BCRP expression in other species. BCRP is expressed at the protein level in 

the BCSFB of rats, pigs, and a single human subject (58,60). BCRP has also been localized 

apically at the BCSFB in the developing human brain (249). Further study of the localization and 

protein quantification of BCRP at the human BCSFB in a larger adult cohort would help 

contextualize our findings for human adults. 

  

In summary, this dissertation research has contributed greatly to our understanding of the 

molecular mechanisms mediating xenobiotic transport at the blood-CSF barrier. My research 

revealed a functional role of OATP1A5 in clearing large organic anions from the CSF and 

suggests a similar role for OATP1A2 at the human BCSFB. Furthermore, we have demonstrated 

functional activity of Bcrp at the apical membrane in mice. Taken together, this research 

provides mechanistic evidence towards several understudied transport pathways at the BCSFB 
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that may play an important role in CNS drug disposition and modulate the relationship between 

CSF and unbound brain drug concentrations.  The findings of this dissertation provide strong 

rationales for future research to investigate the roles and significance of OATP1A2, P-gp, and 

BCRP transporters towards CNS drug disposition and endobiotic transport at the blood -CSF 

barrier in vivo.  These studies are especially relevant for the development of drugs that 

specifically target the CSF, such as those used in the treatment of bacterial or viral meningitis.   

As CNS pharmacokinetics and exposure may drive drug efficacy and toxicity, this dissertation 

research has the potential to impact on the future outlook of CNS drug development to treat 

various brain disorders.    
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