1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pharm Res. Author manuscript; available in PMC 2025 January 31.

-, HHS Public Access
«

Published in final edited form as:
Pharm Res. 2023 November ; 40(11): 2667-2675. doi:10.1007/s11095-023-03598-7.

Functional Evaluation of P-gp and Bcrp at the Murine Blood-
Cerebrospinal Fluid Barrier

Austin Sun?, Joanne Wang?"
aDepartment of Pharmaceutics, University of Washington, Seattle, Washington 98195

Abstract

Purpose—The brain is protected from circulating metabolites and xenobiotics by the blood-
brain barrier (BBB) and the blood-cerebrospinal fluid (CSF) barrier. Previous studies report
that P-glycoprotein (P-gp) and breast cancer resistance protein (Bcrp) are expressed apically

or subapically at the blood-CSF barrier (BCSFB), implying a paradoxical function to mediate
blood-to-CSF transport of xenobiotics. As evidence of P-gp and Bcrp activity at the BCSFB is
limited, the goal of this study is to investigate functional activity of P-gp and Bcrp at the murine
BCSFB using a live tissue imaging approach.

Methods—The choroid plexuses (CP) forming the BCSFB were freshly isolated from mouse
brain 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 in choroid plexus epithelial (CPE) cells is sensitive

to inhibition by elacridar and Ko143 but is unaffected by P-gp deletion. In wild-type mice,
elacridar increased CPE accumulation of BODIPY FL-Prazosin by 220% whereas deletion of Bcrp
increased BODIPY FL-Prazosin accumulation by 43%. There was no change in Mdrla/1lb mRNA
expression in CP tissues from the Berp™~ mice.

Conclusions—This study demonstrated functional activity of Bcrp at the BCSFB apical
membrane and provided evidence supporting an additional contribution 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.
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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 (1). 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 (2).

Drug transporters play an important role in mediating drug-drug interactions, drug
disposition, and toxicity (3). 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 (4,5).
The importance of P-gp and BCRP in restricting drug brain penetration has been well
documented (4). The two transporters have an overlapping substrate pool, thus P-gp and
BCRP can synergistically limit the CNS penetration of shared substrates (4). P-gp and
BCRP are also reportedly expressed in other blood-CNS barrier sites such as the blood-
cerebrospinal fluid (CSF) barrier (5-7), implying a functional role beyond the BBB.

The blood-CSF barrier (BCSFB) 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 fenestrated blood capillaries (8,9). The CPE cells express
transporters and enzymes that contribute to xenobiotic and endobiotic clearance from the
CSF (9). 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 (10-14). By influencing drug concentrations in the
CSF, transporters at the BCSFB may also play a role in regulating the effective drug
concentrations in the CNS.

Interestingly, previous studies have suggested that P-gp and BCRP are expressed

apically (CSF-facing) or subapically at the BCSFB. Using immunohistochemistry and
immunofluorescence approaches, BCRP has been localized apically in mouse CP (7,15),
while P-gp has been localized apically or subapically in CP of rats and pigs (6,16). Since
P-gp and BCRP are efflux transporters, their location at the apical membrane of CPE cells
would imply a paradoxical role of mediating blood-to-brain transport of substrates, 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 cell lines of rat or human CP origin (17,18). Apical-to-basolateral transport of
the P-gp substrate 9°™Tc-sestamibi increased with elacridar, a dual inhibitor for P-gp and
Bcrp, in rat CPE primary cells cultured in a transwell system, suggesting P-gp activity at the
apical CSF-facing membrane (6). However, two other P-gp substrates, rhodamine123 and
verapamil, were not actively transported in porcine primary CPE cell culture (16). Evidence
of BCRP function at the BCSFB is even more limited; a single study demonstrated that
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transport of the BCRP substrate BODIPY FL-Prazosin was sensitive to the BCRP inhibitor
Ko143 in cultured human choroid plexus papilloma cells (18). However, no directional
difference in transport was observed when the cells were grown in a transwell system (18).
Broadly, CPE cell cultures or immortalized CP cell lines have been shown to have altered
transporter expression and reduced tight junction formation as compared to native CP tissue
(17). Thus, there is an impetus to study P-gp and BCRP transport function at the BCSFB 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 BCSFB (19). This approach enables the study of real-time transport processes
in freshly isolated intact CP tissues and can distinguish between transport processes at the
apical and basolateral membranes (20). In this study, we first determined the relative mMRNA
expression of Abcbla/b (P-gp or Mdrla/1b) and Abcg2 (Berp) in murine lateral ventricle CP
tissues. Using quantitative fluorescence microscopy, we investigated the functional role of
P-gp and Bcrp at the BCSFB 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 Abcbla/b or Abcg2 gene.

MATERIALS AND METHODS

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).

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
Mdrla/1b~/~ (1487-M) mice were obtained from Taconic Biosciences (Germantown, NY).
Generation and physiological characteristics of the transgenic strains have been described
previously (21,22).

Adult (8-13 week old) male FVB wild-type and transgenic mice were euthanized by CO,
inhalation, followed by decapitation. Mouse brain was isolated and maintained in ice cold
artificial CSF (aCSF: 119 mM NacCl, 26.2 mM NaHCO3, 2.5 mM KCI, 1 mM NaH,POy, 1.3
mM MgCl,, 2.5 mM CaCl,, 10 mM glucose), previously gassed with 95% O,/5% CO, for
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tissue isolation. Lateral ventricle CP and 41 ventricle CP were isolated from mouse brain
under a dissecting microscope using an approach previously described (20). 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 liquid
nitrogen and stored in a —80°C freezer until further processing.

Quantification of Transporter mMRNA Expression by Real-time PCR

Frozen CP tissue was homogenized by a 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 TagMan Real-Time PCR Master Mix (Applied Biosystems, Waltham, MA)
as described previously (14,19). The relative mRNA levels of these transporters in CP were
normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapah).

Transport Imaging Studies in Choroid Plexus of Wild-type and Knockout Mice

Transport imaging studies using freshly isolated mouse lateral ventricle CP were performed
using an approach previously described (19,20). Isolated CP tissues maintain vitality and
transport activity for up to 2-3 hours after isolation (20), and all transport studies were
performed within 2 hours after tissue isolation. 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% 0,/5% CO». One to three 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 the 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

the fluorescent compound, and the fluorescent signals were recorded every minute for 20
minutes. Experiments were performed in individual CP tissues and repeated independently
in CP tissues harvested from 3 or more animals.

Confocal Image Acquisition and Analysis

Image acquisition and analysis were performed using procedures as previously described
(20). 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 488 nm fixed wavelength argon laser, with appropriate corresponding dichroic and
emission filters 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. Confocal images were captured as
15 sec scans at 1024 x 1024 resolution, 16 frames line-averaged, with a pixel dwell of 0.79
usec. Replicate studies were performed using the same objective lens, identical laser power,
and identical detector settings.
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Digital image analysis was performed using Fiji ImageJ (1.53t) (23) and performed as
described previously (20).

Choroid plexus efflux index (CPEI) at 20 minutes (CPEl,omin) Was calculated according to
the following formula (20):

Y pixel intensity,,

CPE o) = 5w o0l intensityoas -

CPElomin is expressed as a percentage, where Zpixel intensityg is the sum average pixel
intensity in the subepithelial region at 20 minutes from three segmentations, and Zpixel
intensityce|is+se IS the combined sum average pixel intensity in the subepithelial and CPE cell
regions at 20 minutes from three segmentations.

Statistical Analysis

RESULTS

All imaging experiments were carried out with CP tissues isolated from at least 3 animals.
Calculated intensity values were presented as mean = SD. Statistical significance was
determined by using an unpaired Student’s t-test or multiple comparisons corrected by the
Holm-Sidak method using GraphPad Prism 7. P value less than 0.05 indicated a statistically
significant difference.

MRNA Expression of Abcbla (Mdrla), Abcblb (Mdrlb), and Abcg2 (Bcrp) in Mouse CP

In mice, there are two isoforms of P-gp, Mdrla and Mdrlb. We initially determined the
MRNA expression the two murine isoforms of P-gp, Abcbla (Mdrla) and Abcblb (Mdrlb),
as well as AbcgZ2 (Bcrp) in the lateral ventricle CP of wild-type FVB mice using RT-gPCR
(Figure 1). Abcg2 mRNA is expressed at higher levels than Abcbla, while Abcb1bis
minimally expressed. The higher expression of Abcblaover Abcb1bin choroid plexus is
similar to previous findings in whole brain homogenates (24).

Calcein-AM Accumulation in Wild-type and Mdrla/1b~~ CP

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 Mdrla/1b~~ mice in
different inhibitory conditions. Calcein-AM is a non-fluorescent, lipophilic P-gp substrate.
After entering the cell by passive diffusion, the compound is cleaved by intracellular
esterases to yield the hydrophilic, fluorescent molecule calcein (25,26). 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 2 A&E), with a CPElygmin 0f 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 2 B&F; Figure 3). Intriguingly,
coincubation with the Berp inhibitor Ko143 also enhanced CPE cell accumulation of
calcein, with an increase of 358% compared to treatment with calcein-AM alone (Figure

2 C&G; Figure 3). However, cellular accumulation of calcein did not increase in Mdrla/1b~/
~ CP tissues compared to wild-type controls (Figure 2 D&H; Figure 3). No apparent changes

Pharm Res. Author manuscript; available in PMC 2025 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sun and Wang

Page 6

to subepithelial accumulation were observed in wild-type and Mdrla/1b~~ CP tissues

over the time (Figure 2 A&D), whereas in wild-type CP treated with elacridar or Ko143,
increases in CPE cell and subepithelial calcein levels were observed (Figure 2 B&C). Taken
together, the data suggest that there is a robust Ko143- and elacridar-sensitive transport
mechanism at the CSF-facing apical membrane that mediates active efflux of calcein-AM,
limiting its entry into the CPE cells. As no change of calcein signal was observed in CP
tissues from Mdrla/1b™~ mice, we tested if Berp, which is also expressed apically at the
BCSFB and sensitive to these inhibitors (27), may contribute to calcein-AM efflux at the
apical membrane of the CPE cells.

CP Transport of BODIPY FL-Prazosin is Sensitive to Ko143

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 Berp 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), with a CPElygmin 0f 20.5+3.6%. Coincubation with
Ko143 increased the CPE cell accumulation of BODIPY FL-Prazosin by 165% (Figure 4),
suggesting that Ko143 inhibits apical transport of BODIPY FL-Prazosin in CPE cells and
Berp could be functionally active at the apical membrane of the BCSFB.

Transport of BODIPY FL-Prazosin in Wild-type and Bcrp™~ CP tissues

As BODIPY FL-Prazosin has also been reported as a P-gp substrate (28), 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 (29) (Figure 5). With the dual
inhibitor elacridar, we observed a 220% increase in CPE cell accumulation of BODIPY
FL-Prazosin in wild-type tissues (Figure 5). In the Bcrp™~ group with no elacridar, a 43%
increase was observed in CPE cell accumulation compared to the wild-type CP (Figure 5).
BODIPY FL-Prazosin accumulation was further increased in CP tissues of Bcrp™~ mice
co-incubated with elacridar, with a 116% increase in CPE cell accumulation compared to
wild-type tissues without an inhibitor (Figure 5). This data suggests, ancillary to Berp, P-gp
may also contribute to apical efflux of BODIPY FL-prazosin at the murine BCSFB. To
examine if Bcrp™~ mice exhibited any compensatory changes in P-gp expression in the CP,
we additionally quantified the mRNA expression of the murine P-gp isoforms, the Abcbla
and Abcb1b genes, in CP of wild-type and Berp™~ mice. No significant change in mMRNA
expression of either isoform of P-gp was observed (Figure 6).

DISCUSSION

Earlier research has suggested that Bcrp and P-gp are expressed apically or subapically
at the BCSFB (6,7). 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 BCSFB
are limited and have only been conducted using cultured or immortalized CPE cells that
may not preserve the physiology and transporter expression at the BCSFB (17). In this
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study, we investigate functional activity of P-gp and Bcrp at the BCSFB using quantitative
fluorescence microscopy in freshly isolated CP tissues from wild-type, Mdrla/1b~/~, and
Berp~/~ mice. Our results demonstrated the functional activity of Berp at the BCSFB apical
membrane and provided evidence supporting a Bcrp-independent, elacridar-sensitive apical
efflux mechanism likely mediated by P-gp.

We first confirmed the mRNA expression of P-gp (Mdrla) and Bcrp in murine CP tissues
(Figure 1). To evaluate P-gp activity at the BCSFB, we incubated intact murine CP

tissues with calcein-AM, a non-fluorescent, lipophilic P-gp substrate. After entering the
cells by passive diffusion, calcein-AM is cleaved by intracellular esterases to generate
hydrophilic fluorescent calcein. We found that in wild-type mice, elacridar and Ko143 both
strongly inhibited calcein-AM efflux from the CPE cells, resulting in substantial increases
in intracellular calcein accumulation in CPE cells (Figures 2 and 3). However, knockout

of P-gp had little impact on intracellular calcein accumulation in CPE cells, suggesting a
potential involvement of Bcrp or other transporters. Although calcein-AM is not a substrate
for human BCRP (30,31), to our knowledge calcein-AM has not been specifically tested
with the mouse Bcrp homolog. Additional study is needed to confirm if calcein-AM is
indeed transported by the murine Bcrp.

Previous studies have established the expression and activity of Mrpl/4 at the basolateral
(blood-facing) membrane of the BCSFB (19,32,33). Calcein is also reported to be a
substrate of Mrpl (34); however, Mrp1, as well as Mrp4, are expressed basolaterally,
mediating substrate efflux from the CPE cells into the subepithelial space. Our data revealed
that there is little calcein accumulation in the subepithelial space in wild-type CP tissues
(Figure 2 A), suggesting a negligible transport of calcein by basolateral Mrp1/4 under the
normal conditions. This is most likely due to the low calcein concentrations within wild-
type CPE cells due to robust apical efflux of calcein-AM, making few calcein molecules
available for basolateral efflux by Mrp1/4. Indeed, when calcein concentrations in CPE
cells were increased by either elacridar or Ko143, increases in subepithelial calcein signals
were observed (Figure 2 B&C). This can be explained by an appreciable Mrpl/4-mediated
basolateral efflux at higher intracellular calcein concentrations.

As our data suggested a possible function of Bcrp at the apical membrane, BODIPY FL-
Prazosin, a fluorescent BCRP substrate (27), was then utilized to probe Bcrp activity at the
apical membrane of the BCSFB. We observed a 43% increase in CPE cell accumulation

of BODIPY FL-Prazosin in Berp™~ mice compared to wild-type controls (Figure 5),
demonstrating that Berp is indeed expressed and functionally active at the apical membrane.
Compared to genetic deletion of Berp, much larger effects were observed with Ko143

and elacridar which respectively increased BODIPY FL-Prazosin CPE accumulation by
165% and 220% (Figures 4&5). As BODIPY FL-Prazosin is also transported by P-gp, and
elacridar is also an inhibitor of P-gp (35), it is likely that P-gp also contributes to BODIPY
FL-Prazosin efflux at the apical membrane. Ko143 may be also 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 (36), some
evidence suggests that Ko143 can inhibit murine Mdrla at micromolar concentrations (20
uUM) (37), and that Ko143 is transported by Mdrla at the murine BBB (38). Collectively,
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our findings suggest that Bcrp and P-gp are likely both functional at the apical membrane
of murine BCSFB; and there may exist a compensatory effect between the two transporters
where deletion of one transporter could be partially, or even fully, compensated for by

the presence of the other transporter. This compensation is likely to occur at a functional
level without incurring transcriptional upregulation since we did not observe a change in
Mdrla/lb CP expression in Berp™~ mice (Figure 6).

At the BBB, P-gp and Bcrp are known to ‘cooperate’ to limit the entry of chemotherapeutic
and other shared substrates into the brain (4). When only a single transporter is inhibited or
knockout, little or no increase in brain penetration was observed for several dual substrates
(39-43). 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 (40). Brain exposure of topotecan was only
marginally (< 1.5 fold) increased in Berp™~ mice or Mdrla/1b~~ mice but increased over
12-fold in P-gp and Bcrp double knockout mice (40). In another study, Lee et al. initially
conducted /n situ brain perfusion of mitoxantrone in wild-type, P-gp™~, and Berp™~ mice.
Brain mitoxantrone uptake was enhanced with elacridar inhibition but showed no change in
either P-gp~~ or Berp™~ mice (44). It was in a follow up study, the authors observed that
brain penetration of mitoxantrone was greatly increased by ~8-fold in mice lacking both
P-gp and Bcrp transporters (45). Thus, a similar synergy may exist between P-gp and Bcrp
at the BCSFB; and future investigation using mouse models lacking both transporters would
provide further insights on potential functional compensation between P-gp and Bcrp at the
BCSFB.

Characterization of BCSFB transport has predominantly been performed in preclinical
species, as it is difficult to study BCSFB transport directly in humans and there are limited
validated /n7 vitrotools for human BCSFB. However, transporter isoforms of preclinical
species are poorly characterized relative to their human counterparts, and the expression
levels of transporters may also differ between species. Notably, quantitative proteomics
studies have shown that P-gp protein expression at the BBB is lower in humans than in
rodents whereas BCRP protein levels are higher in humans as compared to mice (46).

To our knowledge, broad characterization of transporter protein expression at the BCSFB
has not been performed in mice. Bcrp and P-gp proteins have, however, been quantified
by limited proteomics work in the CPs of rats and humans (47). Expression of human
P-gp is 6-7 fold greater than rat P-gp, while expression of human Bcrp is 2-fold lower
than rat Berp (47). However, CP tissue from only a single human subject was used in

this study, which may not be representative for the general population. Further studies
characterizing species differences in transporter expression and function are needed to assess
the translational utility of preclinical models towards extrapolating and interpreting human
transporter functions at the BCSFB.

The apical localization of Berp at the BCSFB 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 BCSFB, another function of the blood-CSF interface is to
provide nourishment and maintain healthy brain homeostasis (9). For example, the CP
actively transports vitamin C from blood into CSF via the sodium-dependent vitamin C
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transport system-1 (48). Several endogenous compounds are substrates of BCRP, including
dehydroepiandrosterone sulfate, riboflavin, and folic acid (49). 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 (50).

In summary, studies performed in this work suggest the functional presence of the drug
efflux transporters Berp and P-gp at the BCSFB. 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 BCSFB. 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.

CONCLUSIONS

In this study we demonstrated functional activity of Bcrp at the murine BCSFB using
quantitative fluorescence microscopy and a genetic knockout mouse model of Bcrp. An
additional Berp-independent, elacridar-sensitive apical efflux mechanism was detected
at the BCSFB, which is likely 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 1.

Abcb1a Abcb1b  Abcg2
(Mdr1a) (Mdr1b) (Bcrp)

Relative mRNA expression of Abcbla (Mdrla), Abcb1b (Mdrlb), and AbcgZ (Berp)
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 2.
CP tissues were incubated with 2 pM calcein-AM for 20 minutes in different experimental

conditions. Experiments were performed independently in CP tissues from 3 to 9 mice,

and results from one representative experiment were shown. Representative time courses

of calcein accumulation in CPE cells and subepithelial compartments from individual CP
tissues obtained from wild-type mice in (A) the absence of an inhibitor, (B) the presence of 2
UM elacridar, (C) the presence of 1 uM Ko0143, and (D) from CP obtained from Mdrla/1b~/~
mice in the absence of an inhibitor. Representative confocal images of calcein accumulation
after 20 minutes in CP tissues from wild-type mice in (E) absence of an inhibitor, (F)
presence of 2 uM elacridar, (G) presence of 1 uM Ko143, and (H) from CP obtained from
Mdrla/1b~'~ mice in the absence of an inhibitor.
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Figure 3.
Quantified changes in CPE cell accumulation under different inhibitory conditions and

between CP tissues of wild-type and Mdrla/1b™~ mice. Data are normalized to calcein CPE
cell accumulation with no inhibitor in wild-type tissues. Values are means + SD across 3-9
mice for all treatment groups.
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Figure 4.
(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 uM) in the presence
or absence of Ko143 (1 uM). Data are normalized to BODIPY FL-Prazosin accumulation
in tissues with no inhibitor added. Values are means + SD across 3 mice for all treatment
groups. Representative images of CP tissues taken at 20 minutes in the (B) absence or (C)
presence of Ko143.
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(A) Representative confocal images of BODIPY FL-Prazosin (2 pM) accumulation in CPE
cells of age-matched wild-type mice in the (A) absence and (B) presence of elacridar (2
M) and of Berp™~ mice in (C) absence and (D) presence of elacridar (2 uM). (E) Changes
in CPE cell accumulation between treatment groups. 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 that in wild-type tissues
with no elacridar (*P<0.05). Accumulation of BODIPY FL-Prazosin was also compared
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between knockout tissues in the absence or presence of elacridar (1P=0.073). Values are
means + SD across 3-4 mice for all treatment groups.
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Figure 6.
Relative mRNA expression of the P-gp isoforms Abcbla (Mdrla) and Abchblb (Mdrlb) in

mouse 4™ ventricle CP tissues of wild-type and Bcrp™=. Expression levels are normalized to
the housekeeping gene Gapadh. Values are means + SD across CP tissues from 3 mice.
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