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The blood-cerebrospinal fluid barrier (BCSFB), formed by the choroid plexuses (CP) in 

the brain ventricles, serves as a critical clearance organ in the brain by mediating bulk-flow 

CSF clearance and through the active removal of drugs and metabolites by transporters. The 

choroid plexuses epithelial (CPE) cells are understood to go through morphological and 

functional changes during aging, leading to a reduction in CSF secretion rate. Emerging 

evidence also indicate that drug transporter expression can exhibit sex differences in drug 

disposition organs such as the liver, potentially contributing to differences in drug response. 

However, currently little is known regarding the impact of aging and sex on transporter 

expression and function at the BCSFB, which is the focus of this master thesis. The mRNA 

expression of Slc transporters (Slc22a6, Slc22a8, Slc15a2, Slc29a4, Slco1a1, Slco1a4, Slco1a5, 

Slco1a6, Slco1c1, Slco3a1) and Abc transporters (Abcb1a, Abcb1b, Abcg2, Abcc1, Abcc4) were 

analyzed by RT-qPCR in young adult young adult (3 months) and old (20 months) mouse CP 

tissues.  Aquaporin 1 (Aqp1) was used as a marker for CP epithelial cells, and Gapdh and GusB 
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were used as the housekeeping genes. The results showed that while the majority of analyzed 

genes showed no difference in expression between the two age groups, Abcg2 (BCRP) mRNA 

levels increased in aged mice by 70% and 100% in male and female CP tissues, respectively. 

In contrast, the expression of Slco3a1 (OATP3A1) was decreased in aged mice by 30% in 

males and 40% in females. In young adult mice, no significant sex differences were observed 

for all analyzed transporter genes. However, in old mice, Slc22a8 (OAT3) CP expression in 

females was 40% lower compared to the male cohort. Using a quantitative real-time imaging 

method recently developed in our laboratory, the activity of OATP1A – MRP1/4 pathway was 

further investigated and the results showed that the activity of this main pathway for organic 

anions across the BCSFB is not influenced by aging or sex, consistent with minimal impact of 

aging on Oatp1a and Mrp1/4 mRNA expression. As BCSFB transporters play a crucial role in 

removing drugs, toxins, and metabolic wastes from the brain, knowledge gained from this 

master thesis contributes to understandings of the effect of aging and sex on major BCSFB 

transporter expression and activity, which may further influence the CSF drug concentrations 

and the pharmacokinetics of CNS-targeted drugs in geriatric patients and between genders.   
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1.1.  Choroid Plexus and Blood Cerebrospinal Fluid Barrier  

Choroid plexus (CP) tissues are located in each cerebrospinal fluid (CSF)-filled cavity 

within the brain ventricles (lateral, fourth, third brain ventricles). They exhibit frond-like 

network structures and are highly vascularized with blood capillary as a core in each frond 

(Spector & Johanson, 1989; Lun, Monuki, & Lehtinen, 2015) illustrated in Figure 1. The blood 

capillaries in the CP are separated from the cobblestone-like choroid plexus epithelial (CPE) 

cells by the stroma, with fenestrated leaky interendothelial junctions that facilitates rapid 

exchange of water and solutes between the blood circulation and interstitial fluids in the sub-

epithelial region (Sun & Wang, 2021; Wolburg & Paulus, 2010; Redzic, 2013). The CPE cells 

are bound by tight junctions which prevents the free passage of molecules from the circulation 

to brain, forming a monolayer known as the blood-cerebrospinal fluid barrier (BCSFB) (Sun 

& Wang, 2021). However, this barrier does not impede every substance from entering the brain, 

e.g., entry of lipophilic compounds by passive diffusion, uptake of hydrophilic substances via 

transporter-mediated processes. Similar to epithelial cells found in the kidney, the CP tissues 

showed polarized structures with basolateral membrane side facing the blood and apical 

membrane side facing the CSF. On the apical membrane, well-developed microvilli into the 

CSF enlarges the surface area by 10-30-fold, facilitating the exchange of substances at this 

barrier (Sun & Wang, 2021; Kaur, Rathnasamy, & Ling, 2016).   

Besides acting as a physical barrier, the blood-CSF barrier contributes to maintaining the 

homeostasis by several mechanisms, including generating and secreting CSF continuously 

which facilitates efficient removal of substance (metabolites, drugs, toxins) by active transport 

across the BCSFB, and inactivating the reactive or toxic substances by certain enzymes (Sun 

& Wang, 2021). The CP is the principal source of CSF production, accounting for 

approximately 90% of CSF found in the brain ventricles (Spector & Johanson, 1989; Lun, 

Monuki, & Lehtinen, 2015). With the bulk flow of the CSF generated by new CSF produced 
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by CPE cells through the ventricular systems, it facilitates the exchange of substances with 

other fluid compartment in the brain, eventually contributing to the clearance of drugs, 

metabolites, and macromolecules after draining into general circulations (Spector & Johanson, 

1989). The CPE cells can also actively remove solutes from the CSF by transporting them 

across the BCSFB into the blood circulation. This process is coordinated by specific uptake 

and efflux transporters expressed on the apical and/or basolateral domain on the CPE cells (Sun 

& Wang, 2021). In addition, reactive and toxic substances can be inactivated by several 

intracellular phase I and phase II drug-metabolizing enzymes (CYP1A1, CYP2B1, UGTs, etc.) 

in the CPE cells. Other functions of the CP also include import of micronutrients and certain 

hormones (e.g., vitamin C, folate) into the brain (Sun & Wang, 2021), which can further play 

a role in nourishing internal brain cells, especially during early development (Spector & 

Johanson, 1989). The CP can also respond to neuroinflammation by recruiting immune cells 

to the CSF (Schwartz & Baruch, 2014).   

 

Figure 1. Illustration of the location, structure, and clearance pathways at the BCSFB. This figure is adapted 

from Sun and Wang 2021, AAPS J.  

 

1.2.  Transporters Expressed on Blood-CSF Barrier  

Besides clearance by CSF bulk flow, several xenobiotic membrane transporters are 

expressed on the polarized structure of CPE cells to actively transport substrates from the CSF 
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side into the blood side to facilitate the removal of drugs and xenobiotics from the brain (Sun 

& Wang, 2021). A variety of xenobiotic transporters expressed at the BCSFB has been 

characterized at the mRNA level, such as organic anion transporter 3 (OAT3), organic anion-

transporting polypeptide (OATPs), plasma membrane monoamine transporter (PMAT), 

peptide transporter 2 (PEPT2), which are involved in the uptake and disposition of a wide array 

of xenobiotics and endogenous substrates, as well as efflux transporters such as breast cancer 

resistance protein (BCRP), P-glycoprotein (P-GP), and multi-drug associated proteins (MRPs) 

(Ho, Dahlin, & Wang, 2012; Morris, Rodriguez-Cruz, & Felmlee, 2017; Duan & Wang, 2013; 

Hu, Zha, Sun, & Wang, 2022; Sun, Hagenbuch, Kelly, & Wang, 2023).   

However, only a handful of these transporters have been studied at the functional level. 

OAT3 has been identified to be expressed at the apical membrane of rat choroid plexus 

epithelial cells by an immunofluorescence method (Kojima, et al., 2002). OAT3 handles a wide 

range of organic anions pool (e.g. PAH, benzylpenicillin, taurocholate) and drug substrates 

including diuretics and antibiotics (Sun & Wang, 2021; Sykes, et al., 2004). Confocal imaging 

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

in the Oat3 knockout CP was significantly reduced (Sweet, et al., 2002; Sykes, et al., 2004).   

PEPT2 is a secondary active uptake transporter driven by the proton gradient through 

proton co-transport. Di- and tri-peptides and antibiotics (e.g., Cefadroxil, Cefaclor, 

Amoxicillin) can be transported by PEPT2. Studies demonstrated its apical membrane 

localization on the CPE cells (Sun & Wang, 2021). In Pept2 knockout mice, the CSF-to-blood 

concentration ratio of cefadroxil was 6-fold greater than wild-type cohorts (Shen, Ocheltree, 

Hu, Keep, & Smith, 2007), suggesting its contribution in regulating the clearance of drugs from 

the CSF.  

PMAT is a polyspecific organic cation transporter for uptake of bioactive amines and 

xenobiotic cations (Wang, 2016). Our previous study demonstrated high mRNA expression 
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level of PMAT transporter and revealed the apical membrane localization in both human and 

mouse CP tissues (Duan & Wang, 2013; Wang, 2016). Hu et al. (2022) employed a quantitative 

live-tissue imaging method developed in our laboratory to uncover the transporter mechanism 

of PMAT, highlighting its major role in the uptake of organic cations from the CSF into the 

CPE cells.  

Within the organic anion-transporting polypeptide (OATP) family, several OATPs are 

identified to be expressed at the mouse and human CP tissue at mRNA level. OATP1A4 and 

OATP1A5 have a substrate pool consisting of endogenous substances (e.g., DHEAS, estone-

3-sulfate, taurocholate) and some drug compounds (e.g., fexofenadine, statins) (Sun & Wang, 

2021). The functionality of OATP1A4 has not been characterized. OATP1A5 was recently 

shown to be a mouse analogue of OATP1A2 in humans at the BCSFB (Sun, Hagenbuch, Kelly, 

& Wang, 2023) with similar functionality. Slco1c1 (OATP1C1) was characterized to be highly 

expressed and localized on both apical and basolateral side of the CPE cells in mouse CP and 

may play a role in thyroid hormone thyroxine (T4) uptake from the blood into the CSF (Ho, 

Dahlin, & Wang, 2012). Slco3a1 (OATP3A1) is an uptake transporter expressed on both 

membranes of the BCSFB and may be involved in transport of various hormones (e.g., estrone-

3-sulfate, prostaglandins E1 and E2 and thyroxine) (Bakos, et al., 2020). Further research is 

needed to provide evidence at the function level for OATPs at the BCSFB.  

MRP1 and MRP4 are primary active ATP-dependent efflux transporters responsible for 

transporting endogenous substrates and xenobiotics. A study conducted by Leggas et al. (2004) 

identified the basolateral membrane domain location of MRP1/4, and our laboratory has 

suggested that MRP1/4 act coordinately with OATP1A at the BCSFB to mediate CSF-to-blood 

efflux transport of large organic anions (Hu, Zha, Sun, & Wang, 2022; Sun, Hagenbuch, Kelly, 

& Wang, 2023). Large organic anions are first taken up into the CPE cell space through OATPs 

at the apical membrane, followed by their efflux into the subepithelial regions via MRPs 
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located at the basolateral membrane of the CPE cells. Using fluorescence live-tissue imaging, 

the accumulation of a fluorescent anion probe, sulforhodamine 101 (SR101), was 

predominantly observed in the subepithelial region of wild-type mouse CP tissues (Sun, 

Hagenbuch, Kelly, & Wang, 2023). This accumulation was significantly reduced in Oatp1a/1b 

knockout mice compared with wild-type controls (Sun, Hagenbuch, Kelly, & Wang, 2023). 

Given that Oatp1a5 is the only Oatp1a isoform expressed apically in the mouse CPE cells 

(Ohtsuki, et al., 2003), while Oatp1b isoforms are liver specific (Csanaky, et al., 2011), these 

findings suggest that SR101 is likely transported by OATP1A5 in mouse CP tissues (Sun, 

Hagenbuch, Kelly, & Wang, 2023).   

P-GP and BCRP are primary active ATP-dependent efflux transporters with wide and 

considerably overlapping substrate pools (Sun & Wang, 2021). Both P-GP and BCRP are 

located at the apical membrane domain of CPE cells (Morris, Rodriguez-Cruz, & Felmlee, 

2017). The recent study illustrated major efflux transport activity of BCRP and potential 

additional contribution of PGP at the apical membrane domains of the BCSFB (Sun & Wang, 

2023). However, the function of the BCRP and PGP is still unknown.  

Aquaporin 1 (AQP1), a water channel protein abundantly expressed in epithelial cells of 

the choroid plexus, is proposed to play an important role in maintaining CSF homeostasis 

(Trillo-Contreras, Toledo-Aral, Echevarría, & Villadiego, 2019). AQP1 is specifically 

expressed in the apical membrane of the epithelial cells that line the choroid plexus, where it 

functions to facilitate water movement across the membrane. Due to its high expression in this 

tissue, AQP1 has been identified as a useful marker for the choroid plexus (Deffner, et al., 

2022).  

Similar to the xenobiotic excretory mechanisms found in the liver and kidney, the general 

pattern of CSF-to-blood drug transport is initiated by uptake into the CPE cells by an apical 

transporter followed by efflux into the blood circulation by an efflux transporter. This transport 
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process is believed to contribute to brain concentrations and dispositions of CNS drugs. 

Wijnholds et al. (2000) demonstrated that lack of MRP1 in mice contributes to an increased 

level of etoposide in the CSF by approximately 10-fold after i.v. administration in mice. 

Deletion of Pmat also reduces uptake of organic cations and biogenic mines in isolated mouse 

CP tissues (Duan & Wang, 2013; Hu, Zha, Sun, & Wang, 2022). Taken together, this evidence 

suggests that transporters at the BCSFB play a role in regulating the clearance of xenobiotics 

in the brain.  

1.3.  Methods to Study BCSFB Transport 

Historically, both in vitro and ex vivo methods have been used to study blood-CSF barrier 

transport. In vitro methods include CP 2D cell culture models using primary human CP cells 

from embryos or post-mortem tissues and immortalized cell lines (Pellegrini & Lancaster, 

2021). Cell-based systems have high throughput and can be used to study bidirectional 

transport (e.g., Transwell® system). However, it is very difficult to obtain primary cells from 

primary human CP cells from embryos or post-mortem tissues. The expression of xenobiotic 

transporters is not physiologically representative along with weakened formation of tight 

junction (Kläs, Wolburg, Terasaki, Fricker, & Reichel, 2010). Recently, a protocol for the high-

yield isolation of primary epithelial cells from rat choroid plexus has been established by 

Majerova et al. (2024). Their model showed a monolayer displayed cuboidal shape polarized 

cell, formed and retained tight junctions, and active CSF secretion associated with functional 

expression of the pharmaceutically important influx/efflux transporters. Other in vitro models 

such as barrier- forming CP organoids producing CSF also serves as an alternative system for 

CP study (Pellegrini, et al., 2020). Ex vivo methods utilize fresh CP tissues harvested from 

preclinical species and they have been shown to retain in vivo physiology, barrier integrity and 

transporter expression. The CP isolated from these species freshly can be incubated with 
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fluorescent- or radio-labeled compounds, which allows characterization of the activity of 

specific transporters (Sun & Wang, 2022).  

A live-tissue imaging approach to visualize the transepithelial transport processes of 

organic anions and cations in isolated mouse CP tissues was developed recently in our 

laboratory (Sun & Wang, 2022; Hu, Zha, Sun, & Wang, 2022). During the work conducted by 

Hu et al., the pivotal role of PMAT, OATP and MRP transporters at the BCSFB in organic 

cation and anion transport was shown. Using fluorescein-methotrexate (FL-MTX) as a 

fluorescent probe, a highly functional transepithelial transport process of large amphipathic 

organic anions (OAs) in isolated mouse CP tissue, mediated by OATP-MRPs (from the CSF 

side to the blood side), was revealed. FL-MTX is a known substrate of OATPs and MRPs. It 

rapidly moves across the CPE cells with little intracellular accumulation, and the majority of 

the FL-MTX is accumulated in the subepithelial region (Hu, Zha, Sun, & Wang, 2022). 

Another fluorescent anion, SR101, showed quantitative and real time accumulation trend 

similar to FL-MTX, and was identified as an OATP1A fluorescent probe at the BCSFB (Sun, 

Hagenbuch, Kelly, & Wang, 2023). For organic cations, the study conducted by Hu et al. also 

illustrated CSF-to-blood transport largely via the apical PMAT transporter, but accumulation 

of the organic cations occurs intracellularly due to the lack of an organic cation efflux system 

at the basolateral membrane domains of the CPE cells. Taken together, the quantitative live-

tissue imaging approach can be used as a method to characterize transport mechanisms, rate-

determining steps of transport, and compartment-specific tissue accumulation patterns, as well 

as to quantify the activity of different transport pathways across the BCSFB.  
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1.4. Research Gaps in Blood-CSF Barrier Transport Research Regarding Impact 

of Aging and Sex  

The BCSFB serves as a major clearance organ in the brain by secreting the CSF and by 

removing drugs and metabolic wastes out of the brain actively via the xenobiotic transporters 

expressed in CPE cells. Approximately 90% of CSF in the brain is generated by the choroid 

plexus (Spector & Johanson, 1989). Previous studies have reported that with healthy aging, the 

CP epithelial cells undergo morphological changes (e.g., thickening of the basement membrane) 

and experience a reduction in CSF secretion rate (Silverberg, et al., 2001; Serot, Béné, & Faure, 

2003; Chen, Chen, & Preston, 2010; May, et al., 1990; Matsumae, et al., 1996). Moreover, 

these morphological and functional changes were shown to be more significant in Alzheimer’s 

disease patients (Serot J. M., Béné, Foliguet, & Faure, 2000). In rats with age range from 12 to 

30 months, Chiu et al. (2012) studied the relationship between alteration of CSF dynamics with 

the accumulation of the major constituents of senile plaques of Alzheimer’s disease, amyloid-

β peptides (Aβ).  Their results showed that CSF turnover rate decreased with aging whereas 

the accumulation of Aβ increased. It showed that age-related accumulation of brain amyloid 

plaques correlated with reduced CSF turnover rate (Chiu, et al., 2012). The same relationship 

of ventricular CSF clearance and the accumulation of Aβ was found in another study conducted 

by de Leon et al. (2017) as well. One of the clearance pathways at the BCSFB is through uptake 

and efflux processes at the CPE cells conducted by transporters expressed on the polarized 

membranes, which is widely believed to impact the clearance of drugs, metabolites, toxins and 

macromolecules from the brain. Given the morphological and functional changes observed at 

the BCSFB, along with increased risk in neurodegenerative disease development, it would be 

important to investigate whether the expression and function of the major BCSFB transporters 

would be altered with aging. Such changes could have potential implications for assessing the 

brain's ability to clear various xenobiotics at the BCSFB site during aging.  
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A systematic analysis for the Global Burden of neurological diseases found that the 

incidence and disability-adjusted life-years (DALY) rates in women were higher than those in 

men. Huang et al. (2023) identified DMET genes in the human liver that exhibit significant sex 

differences in expression and linked them to literature reported evidence on sex differences in 

drug response. Veiras et al. (2017) also identified sex differences in transporters (e.g., NHE3, 

Na+/H+ exchanger isoform 3) along the proximal nephron in rats, resulting in altered proximal 

tubule reabsorption of Na+ in females than in males (Li, McDonough, Layton, & Layton, 2018). 

For aging-related neurodegenerative diseases, such as Alzheimer’s disease, there is evidence 

that the clinical risk factor (e.g., depression) profile for the development of AD and 

neurodegeneration biomarkers (e.g. amyloid-beta, phosphorylated tau - P-tau, neurofilament 

light in the CSF and plasma) differ between men and women, suggesting sex may be an 

important factor involving in neurodegenerative disease progression (Mielke, et al., 2019; 

Aggarwal & Mielke, 2023; Mattsson, et al., 2016; Contador, et al., 2022). Currently, whether 

BCSFB transporters exhibit sexually dimorphic expression is unknown. As this could 

potentially alter transporter function, where the functional changes of transporters under the 

effect of aging and/or sex can potentially impact the clearance of xenobiotics from the CNS. 

This may, in turn, could affect the concentrations and pharmacokinetics of CNS-targeted drugs 

in the brain in geriatric patients and between males and females, thereby influencing the 

toxicity and efficacy in these specific populations. Thus, a comprehensive understanding of 

how aging and sex affect the expression and function of BCSFB transporters is essential.  

1.5. Hypothesis and Aims  

In this study, we investigated if the expression and activity of major xenobiotic 

transporters at the BCSFB can be impacted by aging and sex. We hypothesize that the 

expression of major xenobiotic transporters at the BCSFB can be impacted by aging and sex 

and may corresponds to the changes in BCSFB transport function.  
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This project involves two study aims described as follows:  

Aim 1: To determine if mRNA expression of major xenobiotic transporters at the BCSFB 

is dependent on age and sex in young adult and aged C57BL/6 mice.  

In this aim I will comprehensively analyze aging- and sex-dependent changes in the 

mRNA expression of major SLC and ABC transporters at the BCSFB using RT-qPCR. This 

aim would help us to characterize the changes of mRNA expression of each transporter with 

aging or between genders and may identify the transporter of interest to quantify the functional 

activity changes in future studies.  

 

Aim 2: To examine if aging and sex have impacts on the activity of the Oatp1a-Mrp1/4 

transport pathway at the BCSFB using a quantitative live-tissue imaging method.  

While the OATP1A-MRP1/4 transport pathway has been characterized as a major large 

organic anion transport pathway by Sun et al. (2023), it remains important to investigate if this 

pathway activity would vary with aging and/or between genders. In this aim, I will quantify 

the differences of the activity of the OATP1A-MRP1/4 transport pathway at the BCSFB 

between two different age groups (young adult mice group and aged mice group) and between 

sex using the quantitative live-tissue imaging approach developed in our lab recently. SR101, 

an OATP1A specific fluorescence probe as mentioned in Section 1.3, was used in this study.  
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2.1 Introduction  

Brain disorders, such as Alzheimer’s disease, Parkinson’s disease and stroke, constitute 

a significant public health burden which continues to increase with the aging worldwide 

population. The need for new and more effective drugs to treat brain diseases is increasing. 

However, CNS drugs still face many hurdles in drug development. One of the challenges in 

CNS drug development is to enable new drug candidates with adequate brain delivery and 

proper CNS PK properties. The disposition of CNS drugs is determined by multiple and 

complex pathways including drug uptake and efflux processes at the blood-brain barrier and 

the blood-cerebrospinal fluid barrier (BCSFB).  

Choroid plexus (CP) tissues are located within each of the brain’s ventricles. The choroid 

plexus epithelial (CPE) cells are bound by tight junctions with a core of blood capillaries and 

form a monolayer called the BCSFB (Sun & Wang, 2021). The primary function of the CP is 

to generate and secrete cerebrospinal fluid (CSF), accounting for approximately 90% of CSF 

volume in the brain ventricles (Spector & Johanson, 1989; Lun, Monuki, & Lehtinen, 2015). 

The CP tissues show polarized structures with the basolateral membrane side facing the blood 

and the apical membrane side facing the CSF. Similar to the xenobiotic excretory mechanisms 

found in the liver and kidney, the general pattern of CSF-to-blood drug transport is initiated by 

uptake into the CPE cells by an apical transporter followed by efflux into the blood circulation 

by an efflux transporter. A variety of xenobiotic transporters expressed at the BCSFB, 

including Oat3, Oatps, Pmat, Pept2, Bcrp, P-gp, and Mrps, have been characterized at the 

mRNA level (Sun & Wang, 2023; Ho, Dahlin, & Wang, 2012; Morris, Rodriguez-Cruz, & 

Felmlee, 2017; Duan & Wang, 2013; Hu, Zha, Sun, & Wang, 2022). A few of them have been 

characterized at the functional level, while the rest still need further investigation. Confocal 

imaging studies in mice indicated a significant accumulation of fluorescein in wild-type CP, 

while accumulation in the Oat3 knockout CP was significantly reduced (Sweet, et al., 2002; 
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Sykes, et al., 2004). Wijnholds et al. (2000) demonstrated that the lack of MRP1 in mice 

contributes to an increased level of etoposide in the CSF by approximately 10-fold after i.v. 

administration in mice. Deletion of Pmat also reduces uptake of organic cations and biogenic 

mines in isolated mouse CP tissues (Duan & Wang, 2013). Taken together, these studies 

demonstrated that the BCSFB transporters may play a role in mediating the clearance of 

xenobiotics at the BCSFB site.  

During aging, morphological and functional changes have been observed in the CPE cells 

(Silverberg, et al., 2001; Serot, Béné, & Faure, 2003; Chen, et al., 2017; May, et al., 1990; 

Matsumae, et al., 1996). Transporter expressions were found to vary dynamically during early 

development (Liddelow, et al., 2012; Kratzer, et al., 2013). Emerging evidence also indicates 

that drug transporter expression can exhibit sex differences in drug disposition organs (e.g., 

liver, kidney), potentially contributing to differences in drug response (Huang, et al., 2023; 

Veiras, et al., 2017). For aging-related neurodegenerative diseases, such as Alzheimer’s disease, 

there is evidence shown that the clinical risk factor (e.g., depression) profile for the 

development of AD and neurodegeneration biomarkers (e.g. amyloid-beta, phosphorylated tau 

- P-tau, and neurofilament light in the CSF and plasma) differ between men and women, 

suggesting sex may be an important factor involved in neurodegenerative disease progression 

(Mielke, et al., 2019; Aggarwal & Mielke, 2023; Mattsson, et al., 2016; Contador, et al., 2022). 

Currently, research on whether BCSFB transporters exhibit aging-related or sex-differential 

expression is limited.  

A live-tissue imaging approach to visualize and quantify the transepithelial transport 

processes of organic anions and cations in freshly isolated intact mouse CP tissues was 

developed and validated recently in our laboratory (Sun & Wang, 2022; Hu, Zha, Sun, & Wang, 

2022). This approach enables the study of real-time transport processes and quantification of 

the activity of different transport pathways across the BCSFB. In this study, we first 
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investigated if the expression of major xenobiotic transporters at the BCSFB can be impacted 

by aging and sex.  We then determined if the transport activity of OATP1A-MRP1/4 pathway 

is affected by aging and sex. The impact of aging and sex on mRNA expression levels of major 

xenobiotic transporters at the BCSFB was investigated by RT-qPCR in young adult and aged 

C57BL/6 mice. The impact of aging and sex on trans-epithelial transport activity of large 

organic anions mediated by OATP1A-MRP1/4 was evaluated using an established fluorescent 

probe, sulforhodamine101 (SR101), in freshly isolated murine CP tissues (Sun, Hagenbuch, 

Kelly, & Wang, 2023). 

2.2 Experimental – Methods and Materials 

2.2.1 Materials 

All chemicals purchased and used were of 95% or greater purity. Sulforhodamine101 was 

purchased from Sigma-Aldrich (St. Louis, MO). Unless otherwise specified, all other 

chemicals and reagents were from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Fair 

Lawn, NJ) or VWR (West Chester, PA). Animal handling supplies, confocal dishes, and other 

plastic wares were purchased from VWR (Radnor, PA). PCR plates and sealing film were 

purchased from USA Scientific (Ocala, FL). 

2.2.2 Animals  

Aged (20-23 months) and young adult (3 months) C57BL/6 wildtype male and female mice 

were obtained from National Institute on Aging (NIA) (Reno, NV) rodent resources program. 

After receiving the animals from NIA, they were acclimated to the specific pathogen free 

facility at the University of Washington for 1 week and maintained under standard conditions, 

with food and water available ad libitum. 

2.2.3 Collection of Choroid Plexus from Mouse Brains 

Animal experiments were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals, as established by the U.S. National Institutes of Health. All procedures 
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were approved by the Institutional Animal Care and Use Committee at the University of 

Washington. Lateral ventricle choroid plexuses (CPs) were isolated from mouse brains 

following the method described previously by Sun and Wang (2022). In brief, after 

euthanization with CO2, C57BL/6 mice were decapitated. The mouse brains were harvested 

and maintained in ice-cold artificial cerebrospinal fluid (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, pre-

gassed with 95% O2/5% CO2) for CP tissue isolation. The isolation of intact lateral ventricle 

CPs was conducted under a dissecting microscope. An incision was made along midline of the 

sagittal plane between the hemispheres of the brain using surgical scissors or superfine forceps. 

Another incision was made by small forceps along the inner wall of the left cerebral hemisphere 

to reveal the cavity in the left lateral ventricle. After the cavity space was exposed, a set of 

superfine forceps was used to fix the open position of the left lateral ventricle. This revealed a 

floating, faintly vascularized, semi-transparent tissue inside the cavity, identified as the CP. 

The CP was removed using another set of superfine forceps. The same steps were repeated for 

the right lateral ventricle. The CP tissues were either snap-frozen for transporter mRNA 

expression analysis or transferred to pre-gassed aCSF for transporter-mediated uptake studies 

using a fluorescence live-tissue imaging method. 

2.2.4 Quantification of Transporter mRNA Expression using RT-qPCR 

Following CP dissection, tissues were then snap-frozen in liquid nitrogen and stored in a -80°C 

freezer until further processing. Frozen tissue was then homogenized by the Omni Bead Ruptor 

(Omni International, INC), and total RNA was extracted by RNeasy Mini Kit (Qiagen, Hilden, 

Germany). The concentration of the isolated RNA was determined using a BioTek Synergy 

HTX Multimode Reader (Gen5 3.03 software). Total RNA was reverse-transcribed to 

complementary DNA (cDNA) using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Waltham, MA) following conditions provided by the manufacturer's protocol 
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(25 °C for 10 min, 37 °C for 120 min, and 85 °C for 5 min). The mRNA expression levels of 

major transporter genes were quantified with TaqMan real time PCR. The validated primer and 

probe assay sets for assayed genes were purchased from Applied Biosystems, Inc. The profile 

of TaqMan Gene Expression Assays is listed in Table 1. Taqman real-time PCRs were set up 

and run according to the manufacturer's protocols on the CFX96 real-time system-C1000 

Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). Each 20 μL reaction contained 

10 μL of the TaqMan Universal PCR Master Mix, 1 μL of the 20× TaqMan Gene Expression 

Assay, and 9 μL of cDNA (approximately 5 ng of cDNA) diluted in RNase-free water. The 

thermocycling conditions were 30 seconds at 50 °C, 10 min at 95 °C, followed by 40 cycles 

for 15 s at 95 °C and 1 min at 60 °C. All samples were run in triplicate. The relative expression 

level of each transporter gene in the CP was normalized to the geometric mean of two 

housekeeping genes, glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and glucuronidase 

beta (Gus B). We also included Aqp1 (Aquaporin 1) in this study to act as a marker for CP due 

to its high expression in the CP (Deffner, et al., 2022). The relative quantification of the mRNA 

expression in CP tissues from mice was determined using the comparative cycle threshold (Ct) 

method, i.e., 2−∆∆Ct, where ∆Ct is calculated by the difference between the Ct values of the 

gene of interest and the geometric mean of the Ct values of Gapdh and GusB, and then ∆∆Ct 

is ∆Ct of the aged group (or female group) subtracted by the mean ∆Ct of the young adult 

group (or male group), respectively. 

2.2.5 Confocal Imaging and Transport Studies in Freshly Isolated CP Tissues 

Transport studies were carried out in freshly isolated mouse CP as previously described (Sun 

& Wang, 2022; Hu, Zha, Sun, & Wang, 2022). Isolated CP tissues have shown to maintain 

vitality and transport activity for up to 2-3 hours (Sun & Wang, 2022), and all transport studies 

were performed within 2 hours after tissue isolation. The CP tissues were then transferred to a 

35mm sterile confocal dish (VWR, Radnor, PA) containing room temperature aCSF previously 
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gassed with 95% O2/5% CO2. Transport studies were initiated by adding a fluorescent substrate 

into the aCSF. Fluorescent signals were then recorded and quantified in the choroid plexus 

epithelial (CPE) cells and the adjacent sub-epithelial region. For real-time recording, 

fluorescent signals were recorded every minute for 20 minutes. Image acquisitions were 

performed using a Zeiss LSM 710 confocal microscope as previously described (Sun & Wang, 

2022). Briefly, samples containing SR101 were illuminated using a 594nm fixed wavelength 

helium-neon laser. Appropriate corresponding dichroic and emission filters were used to detect 

the emission of SR101. Digital image analysis was conducted using Fiji ImageJ (1.53b) as 

described previously (Sun & Wang, 2022). Briefly, the CPE cell and sub-epithelial regions 

were defined and manually segmented by free hand drawing over the identified regions of 

interest. The mean fluorescence was then calculated by averaging the pixel intensity from three 

separate freehand segmentations.  

2.2.6 Choroid Plexus Efflux Index (CPEI) 

In a previous study conducted in our lab, we developed the CPEI to distinguish transport 

patterns across BCSFB between various fluorescent probes (Sun & Wang, 2022). The CPEI 

represents the percentage of a substrate taken up by CPE cells that is subsequently effluxed 

into the sub-epithelial region. Expressed as a percentage, the CPEI characterizes the ratio of 

the amount of fluorescent substrate crossing the CPE cells and entering the adjacent blood 

capillaries compared to the total uptake into the choroid plexus tissues. A higher CPEI suggests 

that a larger proportion of the substrate taken up by the CPE cells is transported into the sub-

epithelial region and accumulates, indicating substantial CSF-to-blood flux across the BCSFB. 

Conversely, a lower CPEI indicates that the fluorescent substrate is taken up from the CSF but 

retained intracellularly within the CPE cell region, with little efflux into the blood capillary 

region. The CPEI is calculated as follows: 
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𝐶𝑃𝐸𝐼(%) =
Σ𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑠𝑒

Σ𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑐𝑒𝑙𝑙𝑠+𝑠𝑒
 

Σ𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑠𝑒 is the sum average pixel intensity in the sub-epithelial region from three 

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

the intracellular CPE cell and adjacent sub-epithelial regions from three segmentations.   

2.2.7 Data Analysis 

Data points with error bars represent mean ± S.D. for independent biological replicates. All 

experiments were performed independently three times. Where applicable, p values were 

obtained through an unpaired Student's t test. Data groups are considered significantly different 

if p < 0.05. All data analyses were performed using GraphPad Prism 7 (GraphPad Software, 

La Jolla, CA, USA) and Microsoft Excel. 

Table 1. Profile of genes analyzed in this study and their associated protein names and assay IDs used in RT-

qPCR, including 15 SLC and ABC transporters, Aqp1 as a choroid plexus marker, and Gapdh and Gus B as 

housekeeping genes.   

Gene Protein Assay IDs 

Slc22a6 OAT1 Mm00456258_m1 

Slc22a8 OAT3 Mm00459534_m1 

Slc15a2 PEPT2 Mm00451610_m1 

Slc29a4 PMAT Mm00525578_m1 

Slco1a1 OATP1A1 Mm01267415_m1 

Slco1a4 OATP1A4 Mm01267407_m1 

Slco1a5 OATP1A5 Mm00453720_m1 

Slco1a6 OATP1A6 Mm01267368_m1 

Slco1c1 OATP1C1 Mm00451845_m1 

Slco3a1 OATP3A1 Mm00452449_m1 

Abcb1a MDR1a Mm00440761_m1 

Abcb1b MDR1b Mm00440736_m1 

Abcg2 BCRP Mm00496364_m1 

Abcc1 MRP1 Mm00456156_m1 

Abcc5 MRP4 Mm01226831_m1 

Aqp1 AQP1 Mm01326466_m1 

Gapdh GAPDH Mm99999915_g1 

GusB GUSB Mm01197698_m1 
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2.3 Results  

2.3.1 Slc22a8 (OAT3) mRNA Expression in Aged C57BL/6 Mouse CP Tissues Showed Sex-

dependent Difference 

To evaluate the impact of gender on the mRNA expression levels of major SLC and ABC 

transporters, we isolated lateral ventricle choroid plexus (CP) tissues and quantified the relative 

mRNA expression levels of transporters studied as detailed in the Methods section. The young 

adult group and aged group were analyzed separately. As illustrated in Figure 2A, there were 

no significant sex differences in the expression of the analyzed transporter genes in young adult 

mice. In aged mice, there were no significant changes in the mRNA expression levels of the 

transporter studied except Slc22a8 (OAT3), which showed 40% reduction in mRNA 

expression in female CP tissues compared to male CP tissues (Figure 2B).   

 

Figure 2. Impact of sex on mRNA expression of major SLC and ABC Transporters at the BCSFB. Relative mRNA 

expression of major SLC and ABC Transporters in 3 month (A) and 20 month (B) old male and female mice. Total 

RNA was extracted from pooled choroid plexus tissues from wild –type mouse and reverse transcribed. TaqMan 

quantitative real-time PCR was used to determine the expression levels of the transporters. Glycerealdehyde-3-

phosphate dehydrogenase (GAPDH) and glucuronidase beta (GUS B) were used as housekeeping genes. Data 

were plotted as mean ± S.D. in triplicate. An unpaired student's t-test, * P<0.05 was considered statistically 

significant. 
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2.3.2 Aging Impacted Abcg2 (BCRP), Slco3a1 (OATP3A1) and Abcb1b (MDR1b) mRNA 

Expression 

To determine the impact of aging on transporter mRNA expression, we compared mRNA 

expression in the two age groups and the fold changes relative to young adult group is shown 

Figure 3. Male and female cohorts were analyzed separately. The results showed that most 

analyzed genes showed no difference in mRNA expression between the two age groups.  

However, compared to young adults, a consistent trend was observed in Abcg2 (BCRP) mRNA 

expression with 70% and 100% increase in older male and female CP tissues respectively 

(Figure 3d&h). In contrast, CP expression of Slco3a1 (OATP3A1) decreased by 30% in males 

and 40% in females in the aged group (Figure 3c&d). In addition, in the male CP tissues, 

Abcb1b (MDR1b) expression increased by 30% in the aged group as compared to the young 

adult group (Figure 3d).   

 

 

Figure 3. Impact of aging on mRNA expression of major SLC and ABC Transporters at the mouse BCSFB.  Fold 

changes of relative mRNA expression of major SLC and ABC Transporters in 3-month and 20-month groups, both 

in male (upper row) and female (lower row) mice. (a) and (e) showed gene expression for Aqp1. (b) and (f) showed 

gene expression profiles for Slc genes. (c) and (g) showed gene expression profiles for Slco genes. Data were 

plotted as mean ± S.D. (N=3). T-test (two-tailed distribution, two-sample equal variance) was performed, P<0.05 

was considered statistically significant. 
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2.3.3 OATP1A-MRP1/4-mediated SR101 Transport Activity at the BCSFB was Not Affected 

by Aging or Sex 

Based on RT-qPCR results, we would like to conduct functional studies for transporters 

showing aging- and/or sex-dependent mRNA expression. However, the functional 

characterization of individual transporter activity at the BCSFB is not feasible for every 

transporter, since there is no well-defined specific fluorescent probe for these transporters. Our 

laboratory recently developed a live tissue imaging method that allows us to quantify 

OATP1A-MRP1/4 mediated transport of large organic anions at the BCSFB (Hu, Zha, Sun, & 

Wang, 2022; Sun, Hagenbuch, Kelly, & Wang, 2023). The work revealed a highly functional 

transepithelial transport processes of large amphipathic organic anions in isolated mouse CP 

tissue, mediated by OATP1A-MRP1/4, using SR101 as a fluorescent probe. SR101 rapidly 

across the CPE cells with little intracellular accumulation shown while majority of the SR101 

accumulated in the subepithelial region, at where the blood capillaries locate (Sun, Hagenbuch, 

Kelly, & Wang, 2023). We thus applied this method to determine if aging and sex have an 

impact on the activity of the OATP1A-MRP1/4 pathway at the BCSFB. SR101 was used as 

the fluorescent probe substrate and images were taken every minute for 20 minutes to obtain 

the CPEI as described in Methods and Materials. Figure 4 shows the time courses of CPEI 

obtained from wild-type male and female mice. The overall trends of CPEI over time in 

different sex cohorts were superimposable, suggesting the activity of OATP1A-MRP1/4 

pathway minimally affected by aging. We then compare the CPEI in the same age group but 

with different gender (Figure 5). Similar trends were shown of CPEI over time in different age 

cohorts, which suggests that sex had little effect on the OATP1A-MRP1/4 pathway activity. 

These data are consistent with no effect of aging and sex on Oatp1a and Mrp1/4 mRNA 

expression (Figure 2, Figure 3), suggesting that the OATP1A-MRP1/4 axis at the BCSFB is 

unaffected by aging or sex.   
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Figure 4. Effect of aging on the activity of time-dependent transport of SR101 mediated by OATP1A-MRP1/4 

transport pathway. CPEI over time for 2 μM SR101 transport in (A) 3-month and 20-month male mice, and (B) 

3-month and 20-month female mice. CPEI was calculated shown in the Method Section. The overall trend in 

different age groups was superimposable, both in male and female mouse choroid plexus tissues. Time course 

was performed independently three times. Data are plotted as mean ± S.D. from 3 animals. 

 
 

 

Figure 5. Effect of sex on the activity of time-dependent transport of SR101 mediated by OATP1A-MRP1/4 

transport pathway. CPEI over time for 2 μM SR101 transport in (A) 3-month male and female mice, (B) 20-month 

male and female mice. The trends between genders were similar, both in 3-month and 20-month mice. Time course 

was performed independently three times. Data are plotted as mean ± S.D. from 3 animals.

2.4 Discussion 

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

toxin, and metabolic waste clearance. The objective of this study is to characterize the age- and 

sex-related changes in transporter mRNA expression and function at the BCSFB using RT-

qPCR and quantitative real-time fluorescence microscopy. The mice in this study are divided 

into two age groups: young adult mice group (3 months) and aged mice (20-23 months). We 

investigated a profile of transporter genes including Slc group (Slc22a6, Slc22a8, Slc15a2, 

Slc29a4), Slco group (Slco1a1, Slco1a4, Slco1a5, Slco1a6, Slco1c1, Slco3a1), Abc group 

(Abcb1a, Abcb1b, Abcg2, Abcc1, Abcc4), Aqp1 as a marker for CP, and two housekeeping 
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genes (Gapdh, GusB) for data analysis. The results showed that while the majority of analyzed 

genes showed no difference in expression between the two age groups, Abcg2 (BCRP) mRNA 

levels increased in aged mice by 70% and 100% in male and female CP tissues, respectively. 

In contrast, the expression of Slco3a1 (OATP3A1) was decreased in aged mice by 30% in 

males and 40% in females. In young adult mice, no significant sex differences were observed 

for all analyzed transporter genes. However, in aged mice, Slc22a8 (OAT3) CP expression in 

females was 40% lower compared to the male cohort.  

Slco3a1 (OATP3A1) mRNA expression level was lower in aged mice in both male and 

female CP tissues. OATP3A1 is expressed on both apical and basolateral membranes of the 

BCSFB but primarily transports prostaglandins (Huber, et al., 2007; Bakos, et al., 2022). The 

efflux transport systems at the BCSFB serve as one of the primary cerebral clearance pathways 

for prostaglandins (PGE2 and PGD2) (Tachikawa, Hosoya, & Terasaki, 2014). The 

prostaglandins play an important role in brain inflammatory responses and might be involved 

in several pathological conditions (Barreiro-Iglesias, 2021). It has been reported that CSF 

levels of the pro-inflammatory PGE2 are elevated in postmortem patients with ALS (Almer, et 

al., 2002).  The decrease of Slco3a1 (OATP3A1) expression in aged mice could suggest a 

decreased clearance of brain PGs, which may increase CSF PGE2 levels and promote 

proinflammatory responses in the aging brain. For quantitative live-tissue imaging, it would be 

crucial to identify a transporter-specific fluorescent probe to visualize the change in OATP3A1 

activity. Bakos et al. (2020) has demonstrated that P1, a fluorophore synthesized by Kele et al. 

and known as (E)-1-(3-azidopropyl)-4-(2-(7-(diethylamino)-2-oxo-2H-chromen-3-

yl)vinyl)pyridine-1-ium-3-sulfonate, can serve as a robust fluorescent probe of OATP3A1. 

Another fluorescent probes, CBRD2-BAT and CBRD4-BAT were characterized to be 

OATP3A1 substrate by Németh et al. (2023). Whether these probes are substrates for other 
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transporters at the BCSFB remains to be determined. They may potentially be used in 

quantitative live-tissue imaging to characterize OATP3A1 activity.  

BCRP and P-GP are two well-known efflux transporters for their role in multidrug 

resistance in cancer by limiting the cellular uptake of a wide range of substrates (drugs and 

toxicants), therefore regulating their concentrations in the brain (Agarwal, Hartz, Elmquist, & 

Bauer, 2011). Specifically, BCRP and P-GP are known to mediate drug efflux from the brain 

at the luminal membrane of the blood-brain barrier (Jani, et al., 2014; Uchida, et al., 2020). 

However, these efflux transporters are expressed at the apical (CSF-facing) membrane of CPE 

cells, suggesting an opposite mechanism compared with what we have known for BCRP and 

P-GP at the blood-brain barrier, where BCRP and P-GP function to limit the entry of drugs and 

xenobiotics into the brain. As Bcrp at the BCSFB showed a significant increase in mRNA 

expression level in aged groups compared with young adult group, along with its important 

role in drug efflux, further study on their functional roles at the BCSFB may help us understand 

the transport mechanisms of BCRP and P-GP at the BCSFB and their contribution in aging-

related neurodegenerative disease development. Since BCRP and P-GP share a wide substrate 

pool, it would be difficult to identify a BCRP or P-GP specific fluorescent probe to utilize in 

live-tissue imaging method. Pheophorbide A, a BCRP specific fluorescent substrate has been 

indicated by Yasuda et al. (2018). This suggests a potential use of pheophorbide A as the BCRP 

-specific substrate to quantify the activity change of BCRP transporter at the BCSFB using 

live-tissue imaging method.  

In aged mice, Oat3 CP expression is sex-dependent with females exhibiting a lower 

expression than males (Figure 2). The CP can act as a sex hormone target, androgen receptors 

and estrogen receptors and a list of other sex hormone receptors were characterized to be 

expressed at the CP tissue (Santos, et al., 2017). In rat brain capillary endothelial cells, 

androgen receptors were found to play a role in inducing the mRNA expression of Oat3 at the 
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blood-brain barrier with an increased activity found in uptake of benzylpenicillin (Ohtsuki, et 

al., 2005). However, the mechanism driving the sex-dependent Oat3 CP expression needs 

further study. At the same time, several Oatps were found to be regulated by sex hormones, 

including Oatp1a4 in mouse liver and Oatp3a1 in mouse kidney (Cheng, Maher, Lu, & 

Klaassen, 2006). Recently, Mrp4 expression at the mouse CP was shown to be sex-dependent 

with male mice displaying a significant reduction in Mrp4 expression (Flores, Manautou, & 

Renfro, 2017).  Although there was a trend of higher expression of Mrp4 in female mice CP 

tissue in both young adult mice group and aged mice group (Figure 2)., the difference was not 

statistically significant.  Furthermore, functional data showed a slightly lower CPEI (%) in 20-

month female cohort than the male cohort (Figure 5B).  The reason for this discrepancy is 

unknown and whether there is sexual dimorphism of Mrp4 expression and function at the 

BCSFB needs further investigation.   

After comprehensively analyzing the changes in mRNA expression level with aging and 

between genders, it would be interesting to see if the aging and sex also similarly impact the 

activities of these BCSFB transporters.  However, functional characterization of individual 

transporter activity at the BCSFB is not feasible for many transporters analyzed by RT-qPCR 

as there is no well-defined specific fluorescent probe for the transporter genes especially those 

that showed aging or sex-dependent changes. We hence decided to characterize if aging and 

sex have an impact on the activity of the OATP1A – MRP1/4 pathway at the BCSFB using 

quantitative live-tissue imaging method using SR101, a OATP1A specific fluorescent substrate 

shown in studies in our laboratory (Sun, Hagenbuch, Kelly, & Wang, 2023). OATP1A – 

MRP1/4 has been characterized as a major transport pathway for large organic anions at the 

BCSFB site (Sun, Hagenbuch, Kelly, & Wang, 2023; Hu, Zha, Sun, & Wang, 2022). The 

results showed that the activity of this main pathway for organic anions across the BCSFB is 
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not influenced by aging or sex, consistent with minimal change of Oatp1a and Mrp1/4 mRNA 

expression. 

AQP1 plays an important role in maintaining CSF homeostasis and the expression of this 

water channel protein was shown to be stable with aging in mice (Deffner, et al., 2022). As a 

possible cause, Trilo-Contreras et al. (2019) demonstrated that AQP4 expressed on ependymal 

cells and glia limitans also facilitates the CSF formation with quantitative similar contribution 

to the process compared to AQP1. Other mechanisms including other water channel proteins 

such as AQP9 or decrease of Na/K-ATPase with aging Sprague-Dawley rat (Masseguin, 

LePanse, Corman, Verbavatz, & Gabrion, 2005) might also be involved in this process, which 

needs further research into the mechanism of decreased CSF production during aging.  

In this study, we only studied mice aged 3 months and 20-23 months, we assumed the 

changes of mRNA expression and activity within this age range happen gradually. Transporter 

expressions were found to vary dynamically during early development (Liddelow, et al., 2012; 

Kratzer, et al., 2013).  Relative mRNA expression of organic cation and organic anion 

transporters in mouse and human CP tissues have been compared in studies by Duang and 

Wang (2013) and Hu et al. (2022). Their data showed consistency and suggested that PMAT 

is the predominant poly-specific organic cation transporter in both human and mouse CP. On 

the other hand, OATP1A2, OATP1C1, OAT3, MRP1/4, and their equivalent mouse homologs 

are the main organic anion transporters at both human and mouse BCSFB. Human CP 

compared to CP in rodents is highly expanded, proportionally to brain size, with more abundant 

stromal tissue and distinct transporters on the epithelial membrane (Pellegrini & Lancaster, 

2021). Although mice have four members in the OATP1A subfamily (OATP1A1/4/5/6), larger 

animals including humans only have one 1A member, OATP1A2. Some transporters expressed 

in mice (e.g., OATP1A5) but not in human, share similar functionality with human OATP1A2 

and can mediate both endobiotic and xenobiotic clearance at the BCSFB (Sun, Hagenbuch, 
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Kelly, & Wang, 2023). Therefore, it would of great interest to compare if the aging- or sex-

dependent changes in BCSFB transporter mRNA expression is similar between humans and 

mice.  

A step further, we could also conduct in vivo studies. In vivo study for CSF 

concentrations would be difficult due to methodological challenges and the complexity of the 

brain environment. A microdialysis study was conducted in vivo in mice to study the influence 

of PEPT2 on the distribution of cefadroxil (Chen, et al., 2017). Another in vivo study in rabbits 

was conducted by Spector in 1986 to study the pharmacokinetics of ceftriaxone by 

intraventricular injection. Further studies on the BCSFB transporters could contribute to 

comprehensively understanding the dispositions of CNS drugs and optimizing dosing regimens 

of CNS drugs in geriatric patients and between genders.  

In summary, we demonstrated that with aging, the expression of Oatp3a1 showed a 

significant decrease in aged mice CP tissues, while the expression of Bcrp and P-gp 

significantly increased in the aged mice cohort.  These changes are observed in both male and 

female cohorts. Sex did not affect BCSFB expression of most analyzed transporters, and only 

Oat3 mRNA expression in the aged mice group showed lower expression in female than in 

male CP tissues. As the change of mRNA expression is not always translatable to the change 

of transporter activity, for transporters (Oatp3a1, Bcrp, Pgp, Oat3) showing aging- and/or sex-

dependent mRNA expression, further functional studies are needed to determine if these 

changes translate to differences in protein expression and transporter activity at the BCSFB.   

 

 

 

 

 



   
 

38 
 

Bibliography 

Agarwal, S., Hartz, A. M., Elmquist, W. F., & Bauer, B. (2011). Breast cancer resistance 

protein and P-glycoprotein in brain cancer: two gatekeepers team up. Current 

pharmaceutical design, 17(26), 2793–2802. 

Aggarwal, N. T., & Mielke, M. (2023). Sex Differences in Alzheimer's Disease. Neurologic 

clinics, 41(2), 343–358. 

Almer, G., Teismann, P., Stevic, Z., Halaschek-Wiener, J., Deecke, L., Kostic, V., & 

Przedborski, S. (2002). Increased levels of the pro-inflammatory prostaglandin PGE2 

in CSF from ALS patients. Neurology, 58(8), 1277–1279. 

Bakos, É., Német, O., Kucsma, N., Tőkési, N., Stieger, B., Rushing, E., . . . Özvegy-Laczka, 

C. (2022). Cloning and characterization of a novel functional organic anion transporting 

polypeptide 3A1 isoform highly expressed in the human brain and testis. Frontiers in 

pharmacology, 13, 958023. 

Bakos, É., Tusnády, G. E., Német, O., Patik, I., Magyar, C., Németh, K., . . . Özvegy-Laczka, 

C. (2020). Synergistic transport of a fluorescent coumarin probe marks coumarins as 

pharmacological modulators of Organic anion-transporting polypeptide, OATP3A1. 

Biochemical pharmacology, 182, 114250. 

Barreiro-Iglesias, A. (2021). Role of cyclooxygenases and prostaglandins in adult brain 

neurogenesis. Prostaglandins & other lipid mediators, 152, 106498. 

Chen, C. P., Chen, R. L., & Preston, J. E. (2010). The influence of cerebrospinal fluid turnover 

on age-related changes in cerebrospinal fluid protein concentrations. Neuroscience 

letters, 476(3), 138–141. 

Chen, X., Keep, R. F., Liang, Y., Zhu, H.-J., Hammarlund-Udenaes, M., Hu, Y., & Smith, D. 

E. (2017). Influence of peptide transporter 2 (PEPT2) on the distribution of cefadroxil 

in mouse brain: A microdialysis study. Biochemical pharmacology, 131, 89–97. 



   
 

39 
 

Cheng, X., Maher, J., Lu, H., & Klaassen, C. D. (2006). Endocrine regulation of gender-

divergent mouse organic anion-transporting polypeptide (Oatp) expression. Molecular 

pharmacology, 70(4), 1291–1297. 

Chiu, C., Miller, M. C., Caralopoulos, I. N., Worden, M. S., Brinker, T., Gordon, Z. N., . . . 

Silverberg, G. D. (2012). Temporal course of cerebrospinal fluid dynamics and amyloid 

accumulation in the aging rat brain from three to thirty months. Fluids and barriers of 

the CNS, 9(1), 3. 

Cole, S. P. (2014). Targeting multidrug resistance protein 1 (MRP1, ABCC1): past, present, 

and future. Annual review of pharmacology and toxicology, 54, 95–117. 

Contador, J., Pérez-Millan, A., Guillén, N., Sarto, J., Tort-Merino, A., Balasa, M., . . . Lladó, 

A. (2022). Sex differences in early-onset Alzheimer's disease. European journal of 

neurology, 29(12), 3623–3632. 

Csanaky, I. L., Lu, H., Zhang, Y., Ogura, K., Choudhuri, S., & Klaassen, C. D. (2011). Organic 

anion-transporting polypeptide 1b2 (Oatp1b2) is important for the hepatic uptake of 

unconjugated bile acids: Studies in Oatp1b2-null mice. Hepatology (Baltimore, Md.), 

53(1), 272–281. 

de Leon, M. J., Li, Y., Okamura, N., Tsui, W. H., Saint-Louis, L. A., Glodzik, L., . . . Rusinek, 

H. (2017). Cerebrospinal Fluid Clearance in Alzheimer Disease Measured with 

Dynamic PET. Journal of nuclear medicine : official publication, Society of Nuclear 

Medicine, 58(9), 1471–1476. 

Deffner, F., Gleiser, C., Mattheus, U., Wagner, A., Neckel, P. H., Fallier-Becker, P., . . . Mack, 

A. F. (2022). Aquaporin-4 expression in the human choroid plexus. Cellular and 

molecular life sciences : CMLS, 79(2), 90. 



   
 

40 
 

Duan, H., & Wang, J. (2013). Impaired monoamine and organic cation uptake in choroid plexus 

in mice with targeted disruption of the plasma membrane monoamine transporter 

(Slc29a4) gene. The Journal of biological chemistry, 288(5), 3535–3544. 

Flores, K., Manautou, J. E., & Renfro, J. L. (2017). Gender-specific expression of ATP-binding 

cassette (Abc) transporters and cytoprotective genes in mouse choroid plexus. 

Toxicology, 386, 84–92. 

Giacomini, K. M., Huang, S.-M., Tweedie, D. J., Benet, L. Z., Brouwer, K. L., Chu, X., . . . 

Zhang, L. (2010). Membrane transporters in drug development . Nature reviews. Drug 

discovery, 9(3), 215–236. 

Hagenbuch, B., & Gui, C. (2008). Xenobiotic transporters of the human organic anion 

transporting polypeptides (OATP) family. Xenobiotica; the fate of foreign compounds 

in biological systems, 38(7-8), 778–801. 

Ho, H. T., Dahlin, A., & Wang, J. (2012). Expression Profiling of Solute Carrier Gene Families 

at the Blood-CSF Barrier. Frontiers in pharmacology, 3, 154. 

Hu, T., Zha, W., Sun, A., & Wang, J. (2022). Live Tissue Imaging Reveals Distinct 

Transcellular Pathways for Organic Cations and Anions at the Blood-Cerebrospinal 

Fluid Barrier. Molecular pharmacology, 101(5), 334–342. 

Huang, Y., Li, Y., Pan, H., & Han, L. (2023). Global, regional, and national burden of 

neurological disorders in 204 countries and territories worldwide. Journal of global 

health, 13, 04160. 

Huang, Y., Shan, Y., Zhang, W., Lee, A. M., Li, F., Stranger, B. E., & Huang, R. S. (2023). 

Deciphering genetic causes for sex differences in human health through drug 

metabolism and transporter genes. Nature communications, 14(1), 175. 

Huber, R. D., Gao, B., Sidler Pfändler, M.-A., Zhang-Fu, W., Leuthold, S., Hagenbuch, B., . . . 

Stieger, B. (2007). Characterization of two splice variants of human organic anion 



   
 

41 
 

transporting polypeptide 3A1 isolated from human brain. American journal of 

physiology. Cell physiology, 292(2), C795–C806. 

Jani, M., Ambrus, C., Magnan, R., Jakab, K. T., Beéry, E., Zolnerciks, J. K., & Krajcsi, P. 

(2014). Structure and function of BCRP, a broad specificity transporter of xenobiotics 

and endobiotics. Archives of toxicology, 88(6), 1205–1248. 

Kaur, C., Rathnasamy, G., & Ling, E.-A. (2016). The Choroid Plexus in Healthy and Diseased 

Brain. Journal of neuropathology and experimental neurology, 75(3), 198–213. 

Kele, P., Li, X., Link, M., Nagy, K., Herner, A., Lorincz, K., . . . Wolfbeis, O. S. (2009). 

Clickable fluorophores for biological labeling--with or without copper. Organic & 

biomolecular chemistry, 7(17), 3486–3490. 

Kele, P., Mezö, G., Achatz, D., & Wolfbeis, O. S. (2009). Dual labeling of biomolecules by 

using click chemistry: a sequential approach. Angewandte Chemie (International ed. in 

English), 48(2), 344–347. 

Kläs, J., Wolburg, H., Terasaki, T., Fricker, G., & Reichel, V. (2010). Characterization of 

immortalized choroid plexus epithelial cell lines for studies of transport processes 

across the blood-cerebrospinal fluid barrier. Cerebrospinal fluid research, 7, 11. 

Kojima, R., Sekine, T., Kawachi, M., Cha, S. H., Suzuki, Y., & Endou, H. (2002). 

Immunolocalization of multispecific organic anion transporters, OAT1, OAT2, and 

OAT3, in rat kidney. Journal of the American Society of Nephrology : JASN, 13(4), 

848–857. 

Kratzer, I., Liddelow, S. A., Saunders, N. R., Dziegielewska, K. M., Strazielle, N., & Ghersi-

Egea, J.-F. (2013). Developmental changes in the transcriptome of the rat choroid 

plexus in relation to neuroprotection. Fluids and barriers of the CNS, 10(1), 25. 



   
 

42 
 

Leggas, M., Adachi, M., Scheffer, G. L., Sun, D., Wielinga, P., Du, G., . . . Schuetz, J. D. 

(2004). Mrp4 confers resistance to topotecan and protects the brain from chemotherapy. 

Molecular and cellular biology, 24(17), 7612–7621. 

Li, Q., McDonough, A. A., Layton, H. E., & Layton, A. T. (2018). Functional implications of 

sexual dimorphism of transporter patterns along the rat proximal tubule: modeling and 

analysis. American journal of physiology. Renal physiology, 315(3), F692–F700. 

Liddelow, S. A. (2015). Development of the choroid plexus and blood-CSF barrier. Frontiers 

in neuroscience, 9, 32. 

Liddelow, S. A., Temple, S., Møllgård, K., Gehwolf, R., Wagner, A., Bauer, H., . . . Saunders, 

N. R. (2012). Molecular characterisation of transport mechanisms at the developing 

mouse blood-CSF interface: a transcriptome approach. PloS one, 7(3), e33554. 

Lun, M. P., Monuki, E. S., & Lehtinen, M. K. (2015). Development and functions of the 

choroid plexus-cerebrospinal fluid system. Nature reviews. Neuroscience, 16(8), 445–

457. 

Majerova, P., Khiratkar, K., James, K., Olesova, D., Vegh, J., & Kovac, A. (2024). 

Development of blood-cerebrospinal fluid barrier model expressing pharmaceutically 

important transporters. bioRxiv. 

Masseguin, C., LePanse, S., Corman, B., Verbavatz, J. M., & Gabrion, J. (2005). Aging affects 

choroidal proteins involved in CSF production in Sprague-Dawley rats. Neurobiology 

of aging, 26(6), 917–927. 

Matsumae, M., Kikinis, R., Mórocz, I. A., Lorenzo, A. V., Sándor, T., Albert, M. S., . . . Jolesz, 

F. A. (1996). Age-related changes in intracranial compartment volumes in normal 

adults assessed by magnetic resonance imaging. Journal of neurosurgery, 84(6), 982–

991. 



   
 

43 
 

Mattsson, N., Insel, P. S., Palmqvist, S., Portelius, E., Zetterberg, H., Weiner, M., . . . 

Alzheimer's Disease Neuroimaging Initiative. (2016). Cerebrospinal fluid tau, 

neurogranin, and neurofilament light in Alzheimer's disease. EMBO molecular 

medicine, 8(10), 1184–1196. 

May, C., Kaye, J. A., Atack, J. R., Schapiro, M. B., Friedland, R. P., & Rapoport, S. I. (1990). 

Cerebrospinal fluid production is reduced in healthy aging. Neurology, 40(3 Pt 1), 500–

503. 

Mielke, M. M., Syrjanen, J. A., Blennow, K., Zetterberg, H., Vemuri, P., Skoog, I., . . . Kern, 

S. (2019). Plasma and CSF neurofilament light: Relation to longitudinal neuroimaging 

and cognitive measures. Neurology, 93(3), e252–e260. 

Morris, M. E., Rodriguez-Cruz, V., & Felmlee, M. A. (2017). SLC and ABC Transporters: 

Expression, Localization, and Species Differences at the Blood-Brain and the Blood-

Cerebrospinal Fluid Barriers. The AAPS journal, 19(5), 1317–1331. 

Nagy, K., Orbán, E., Bosze, S., & Kele, P. (2010). Clickable long-wave "mega-stokes" 

fluorophores for orthogonal chemoselective labeling of cells. Chemistry, an Asian 

journal, 5(4), 773–777. 

Németh, K., László, Z., Biró, A., Szatmári, Á., Cserép, G. B., Várady, G., . . . Kele, P. (2023). 

Organic Anion Transporting Polypeptide 3A1 (OATP3A1)-Gated Bio-Orthogonal 

Labeling of Intracellular Proteins. Molecules (Basel, Switzerland), 28(6), 2521. 

Ohtsuki, S., Takizawa, T., Takanaga, H., Terasaki, N., Kitazawa, T., Sasaki, M., . . . Terasaki, 

T. (2003). In vitro study of the functional expression of organic anion transporting 

polypeptide 3 at rat choroid plexus epithelial cells and its involvement in the 

cerebrospinal fluid-to-blood transport of estrone-3-sulfate. Molecular pharmacology, 

63(3), 532–537. 



   
 

44 
 

Ohtsuki, S., Tomi, M., Hata, T., Nagai, Y., Hori, S., Mori, S., . . . Terasaki, T. (2005). Dominant 

expression of androgen receptors and their functional regulation of organic anion 

transporter 3 in rat brain capillary endothelial cells; comparison of gene expression 

between the blood-brain and -retinal barriers. Journal of cellular physiology, 204(3), 

896–900. 

Pellegrini, L., & Lancaster, M. A. (2021). Breaking the barrier: In vitro models to study choroid 

plexus development. Current opinion in cell biology, 73, 41–49. 

Pellegrini, L., Bonfio, C., Chadwick, J., Begum, F., Skehel, M., & Lancaster, M. A. (2020). 

Human CNS barrier-forming organoids with cerebrospinal fluid production. Science 

(New York, N.Y.), 369(6500), eaaz5626. 

Redzic, Z. B. (2013). Studies on the human choroid plexus in vitro. Fluids and barriers of the 

CNS, 10(1), 10. 

Santos, C. R., Duarte, A. C., Quintela, T., Tomás, J., Albuquerque, T., Marques, F., . . . 

Gonçalves, I. (2017). The choroid plexus as a sex hormone target: Functional 

implications. Frontiers in neuroendocrinology, 44, 103–121. 

Schwartz, M., & Baruch, K. (2014). The resolution of neuroinflammation in neurodegeneration: 

leukocyte recruitment via the choroid plexus. The EMBO journal, 33(1), 7–22. 

Serot, J. M., Béné, M. C., & Faure, G. C. (2003). Choroid plexus, aging of the brain, and 

Alzheimer's disease. Frontiers in bioscience : a journal and virtual library, 8, s515–

s521. 

Serot, J. M., Béné, M. C., Foliguet, B., & Faure, G. C. (2000). Morphological alterations of the 

choroid plexus in late-onset Alzheimer's disease. Acta neuropathologica, 99(2), 105–

108. 

Shen, H., Ocheltree, S. M., Hu, Y., Keep, R. F., & Smith, D. E. (2007). Impact of genetic 

knockout of PEPT2 on cefadroxil pharmacokinetics, renal tubular reabsorption, and 



   
 

45 
 

brain penetration in mice. Drug metabolism and disposition: the biological fate of 

chemicals, 35(7), 1209–1216. 

Silverberg, G. D., Heit, G., Huhn, S., Jaffe, R. A., Chang, S. D., Bronte-Stewar, H., . . . Saul, 

T. A. (2001). The cerebrospinal fluid production rate is reduced in dementia of the 

Alzheimer's type. Neurology, 57(10), 1763–1766. 

Spector, R. (1986). Ceftriaxone pharmacokinetics in the central nervous system. The Journal 

of pharmacology and experimental therapeutics, 236(2), 380–383. 

Spector, R., & Johanson, C. E. (1989). The mammalian choroid plexus. Scientific American, 

261(5), 68–74. 

Sun, A., & Wang, J. (2021). Choroid Plexus and Drug Removal Mechanisms. The AAPS 

journal, 23(3), 61. 

Sun, A., & Wang, J. (2022). Evaluation of Blood-CSF Barrier Transport by Quantitative Real 

Time Fluorescence Microscopy. Pharmaceutical research, 39(7), 1469–1480. 

Sun, A., & Wang, J. (2023). Functional Evaluation of P-gp and Bcrp at the Murine Blood-

Cerebrospinal Fluid Barrier. Pharmaceutical research, 40(11), 2667–2675. 

Sun, A., Hagenbuch, B., Kelly, E. J., & Wang, J. (2023). Molecular Mechanisms of Organic 

Anion Transporting Polypeptide-Mediated Organic Anion Clearance at the Blood-

Cerebrospinal Fluid Barrier. Molecular pharmacology, 104(6), 255–265. 

Sweet, D. H., Miller, D. S., Pritchard, J. B., Fujiwara, Y., Beier, D. R., & Nigam, S. K. (2002). 

Impaired organic anion transport in kidney and choroid plexus of organic anion 

transporter 3 (Oat3 (Slc22a8)) knockout mice. The Journal of biological chemistry, 

277(30), 26934–26943. 

Sykes, D., Sweet, D. H., Lowes, S., Nigam, S. K., Pritchard, J. B., & Miller, D. S. (2004). 

Organic anion transport in choroid plexus from wild-type and organic anion transporter 



   
 

46 
 

3 (Slc22a8)-null mice. American journal of physiology. Renal physiology, 286(5), 

F972–F978. 

Tachikawa, M., Hosoya, K.-i., & Terasaki, T. (2014). Pharmacological significance of 

prostaglandin E2 and D2 transport at the brain barriers . Advances in pharmacology 

(San Diego, Calif.), 71, 337–360. 

Tohyama, K., Kusuhara, H., & Sugiyama, Y. (2004). Involvement of multispecific organic 

anion transporter, Oatp14 (Slc21a14), in the transport of thyroxine across the blood-

brain barrier. Endocrinology, 145(9), 4384–4391. 

Trillo-Contreras, J. L., Toledo-Aral, J. J., Echevarría, M., & Villadiego, J. (2019). AQP1 and 

AQP4 Contribution to Cerebrospinal Fluid Homeostasis. Cells, 8(2), 197. 

Uchida, Y., Goto, R., Takeuchi, H., Łuczak, M., Usui, T., Tachikawa, M., & Terasaki, T. 

(2020). Abundant Expression of OCT2, MATE1, OAT1, OAT3, PEPT2, BCRP, 

MDR1, and xCT Transporters in Blood-Arachnoid Barrier of Pig and Polarized 

Localizations at CSF- and Blood-Facing Plasma Membranes. Drug metabolism and 

disposition: the biological fate of chemicals, 48(2), 135–145. 

Veiras, L. C., Girardi, A. C., Curry, J., Pei, L., Ralph, D. L., Tran, A., . . . McDonough, A. A. 

(2017). Sexual Dimorphic Pattern of Renal Transporters and Electrolyte Homeostasis. 

Journal of the American Society of Nephrology : JASN, 28(12), 3504–3517. 

Wang, J. (2016). The plasma membrane monoamine transporter (PMAT): Structure, function, 

and role in organic cation disposition. Clinical pharmacology and therapeutics, 100(5), 

489–499. 

Wijnholds, J., deLange, E., Scheffer, G., van den Berg, D., Mol, C., van der Valk, M., . . . Borst, 

P. (2000). Multidrug resistance protein 1 protects the choroid plexus epithelium and 

contributes to the blood-cerebrospinal fluid barrier. The Journal of clinical 

investigation, 105(3), 279–285. 



   
 

47 
 

Wolburg, H., & Paulus, W. (2010). Choroid plexus: biology and pathology. Acta 

neuropathologica, 119(1), 75–88. 

Yasuda, K., Ganguly, S., & Schuetz, E. G. (2018). Pheophorbide A: Fluorescent Bcrp Substrate 

to Measure Oral Drug-Drug Interactions in Real-Time In Vivo. Drug metabolism and 

disposition: the biological fate of chemicals, 46(11), 1725–1733. 

 


	List of figures
	List of tables
	List of abbreviation
	Acknowledgements
	Dedication
	Chapter 1: Introduction
	1.1.  Choroid Plexus and Blood Cerebrospinal Fluid Barrier
	1.2.  Transporters Expressed on Blood-CSF Barrier
	1.3.  Methods to Study BCSFB Transport
	1.4. Research Gaps in Blood-CSF Barrier Transport Research Regarding Impact of Aging and Sex
	1.5. Hypothesis and Aims

	Chapter 2: Impact of Aging and Sex on the Expression and Function of Xenobiotic Transporters at the Blood-Cerebrospinal Fluid Barrier
	2.1 Introduction
	2.2 Experimental – Methods and Materials
	2.2.1 Materials
	2.2.2 Animals
	2.2.3 Collection of Choroid Plexus from Mouse Brains
	2.2.4 Quantification of Transporter mRNA Expression using RT-qPCR
	2.2.5 Confocal Imaging and Transport Studies in Freshly Isolated CP Tissues
	2.2.6 Choroid Plexus Efflux Index (CPEI)
	2.2.7 Data Analysis

	2.3 Results
	2.3.1 Slc22a8 (OAT3) mRNA Expression in Aged C57BL/6 Mouse CP Tissues Showed Sex-dependent Difference
	2.3.2 Aging Impacted Abcg2 (BCRP), Slco3a1 (OATP3A1) and Abcb1b (MDR1b) mRNA Expression
	2.3.3 OATP1A-MRP1/4-mediated SR101 Transport Activity at the BCSFB was Not Affected by Aging or Sex

	2.4 Discussion

	Bibliography

