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Glutathione Conjugation at the Blood–CSF Barrier Efficiently
Prevents Exposure of the Developing Brain Fluid Environment
to Blood-Borne Reactive Electrophilic Substances
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Exposure of the developing brain to toxins, drugs, or deleterious endogenous compounds during the perinatal period can trigger
alterations in cell division, migration, differentiation, and synaptogenesis, leading to lifelong neurological impairment. The brain is
protected by cellular barriers acting through multiple mechanisms, some of which are still poorly explored. We used a combination of
enzymatic assays, live tissue fluorescence microscopy, and an in vitro cellular model of the blood–CSF barrier to investigate an enzymatic
detoxification pathway in the developing male and female rat brain. We show that during the early postnatal period the choroid plexus
epithelium forming the blood–CSF barrier and the ependymal cell layer bordering the ventricles harbor a high detoxifying capacity that
involves glutathione S-transferases. Using a functional knock-down rat model for choroidal glutathione conjugation, we demonstrate that
already in neonates, this metabolic pathway efficiently prevents the penetration of blood-borne reactive compounds into CSF. The versatility of
the protective mechanism results from the multiplicity of the glutathione S-transferase isoenzymes, which are differently expressed between the
choroidal epithelium and the ependyma. The various isoenzymes display differential substrate specificities, which greatly widen the spectrum of
molecules that can be inactivated by this pathway. In conclusion, the blood–CSF barrier and the ependyma are identified as key cellular
structures in the CNS to protect the brain fluid environment from different chemical classes of potentially toxic compounds during the postnatal
period. This metabolic neuroprotective function of brain interfaces ought to compensate for the liver postnatal immaturity.
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Introduction
The developing brain is sensitive to chemical insults and oxida-
tive stress, and the resulting damage can be devastating, resulting

in lifelong neurological impairment (Dammann and Leviton,
1999; Favrais et al., 2011). The blood– brain interfaces, namely
the blood– brain barrier located at the endothelium of the cere-
bral microvessels and the blood–CSF barrier located at the epi-
thelium of the choroid plexuses efficiently protect the adult brain
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Significance Statement

Brain homeostasis requires a stable and controlled internal environment. Defective brain protection during the perinatal period
can lead to lifelong neurological impairment. We demonstrate that the choroid plexus forming the blood–CSF barrier is a key
player in the protection of the developing brain. Glutathione-dependent enzymatic metabolism in the choroidal epithelium
inactivates a broad spectrum of noxious compounds, efficiently preventing their penetration into the CSF. A second line of
detoxification is located in the ependyma separating the CSF from brain tissue. Our study reveals a novel facet of the mechanisms
by which the brain is protected at a period of high vulnerability, at a time when the astrocytic network is still immature and liver
xenobiotic metabolism is limited.
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from circulating toxic substances by a set of mechanisms com-
bining tight junctions, efflux transporters, and detoxifying en-
zymes (Neuwelt et al., 2008; Strazielle and Ghersi-Egea, 2013;
Ghersi-Egea et al., 2018). These interfaces have often been con-
sidered functionally immature during prenatal and postnatal de-
velopment, thereby contributing to the vulnerability of the
maturing brain. This concept of barrier immaturity is being chal-
lenged. The efficacy of tight junctions, which link neighboring
barrier cells together, in preventing paracellular diffusion during
development has been demonstrated (Johansson et al., 2006).
This efficacy results from the early expression and correct mem-
brane localization of the multiple proteins forming these tight
junctions in both rat and human brain barrier cells (Kratzer et al.,
2012). The functionality of transport and metabolic processes
during the perinatal period remains largely unaddressed (Stra-
zielle and Ghersi-Egea, 2015). Glutathione S-transferases (GSTs)
form a family of isoenzymes largely involved in detoxification
processes (Hayes et al., 2005). Several immunohistochemical
analyses have pointed out an apparently robust expression of
GSTs in the choroid plexuses and ependyma (for review, see Stra-
zielle et al., 2004). A high enzymatic activity of conjugation to
reduced glutathione (GSH) has been measured in homogenates
of choroid plexuses isolated from both fetal human and postnatal
rat brains (Ghersi-Egea et al., 2006). More recently, a transcriptomic
analysis of choroid plexus identified several GST isoenzymes that are
expressed during development (Kratzer et al., 2013), revealing
perinatal-specific detoxification properties of the blood–CSF
barrier. The detoxification properties of this tissue may therefore
be especially crucial in protecting the brain during the perinatal
period when the CSF, in which the brain develops, represents a
large proportion of the cerebral extracellular fluid (Ghersi-Egea
et al., 2015).

In this work, we identify the choroid plexuses and the ependyma
as major sites for GSH conjugation in the developing brain. We
provide the in vivo demonstration that choroidal GSTs support a
metabolic barrier function of the blood–CSF interface protecting
the maturing brain, by preventing the penetration of blood-
borne electrophilic substrates into the CSF. We finally provide
the molecular identity and relative level of expression of the dif-
ferent GST isoenzymes responsible for neuroprotection at the
blood–CSF barrier and ependyma.

Materials and Methods
Animals, tissue sampling, and processing. Female OFA rats with their litter,
and 35-day-old [postnatal day 35 (P35)] and 200 g adult male OFA rats
were obtained from Janvier. Animal care and procedures were conducted
according to the guidelines approved by the French Ethical Committee
(decree 87-848) and by European Community directive 86-609-EEC.
The ethical committee for animal experimentation CEEA-55 has ap-
proved the present research project. All animals were kept under identi-
cal conditions in standard cages, with free access to food and tap water
under a controlled environment (12 h dark/light cycles). Animals were
killed at different postnatal ages by decapitation following deep iso-
flurane gas anesthesia. Following brain extraction in Ca- and Mg-
supplemented PBS, lateral ventricle and fourth ventricle choroid
plexuses and cerebral cortices devoid of meninges were sampled under a
stereomicroscope at 4°C. Tissues were frozen and kept at �80°C for
enzymatic analysis or RNA isolation. Alternatively, some brains were
either collected in ice-cold Krebs-Ringer (KR) buffer (135 mM NaCl, 4
mM KCl, 2.2 mM CaCl2, 1.2 mM MgCl2, 6 mM NaHCO3, 10 mM HEPES,
and 5 mM glucose, pH 7.4) and immediately sliced for imaging studies, or
were frozen in �40°C cold isopentane and kept at �80°C until used for
laser microdissection. In some animals, the liver was also sampled.

Choroidal glutathione-depleted animals. Two-day-old rat pups were
treated with DL-buthionine-(S,R)-sulfoximine (BSO; catalog B2640,

Sigma-Aldrich) to generate developing animals that display a severe
(92%) GSH depletion in blood–CSF barrier cells. The pups were treated
by three intraperitoneal injections of 2 �mol/g depleting agent in di-
methylsulfoxide/NaCl 0.9% (15/85), performed on 2 consecutive days
(9:00 A.M. and 4:00 P.M. on P2, and 9:00 A.M. on the following day).
Half of the litter was treated with BSO, and the second half was treated
with vehicle only. Animals were used for permeability measurement 4 h
after the last injection (see Fig. 3).

Glutathione S-transferase activity measurement. Choroidal tissue, cere-
bral cortices, and liver were sampled from P2, P7, P35, and adult rats.
Tissues were homogenized in a 0.25 M sucrose, 50 mM K-phosphate, 1 mM

K-EDTA, and 0.1 mM dithiothreitol buffer, pH 7.4, using a Tenbroeck
homogenizer. Glutathione S-transferase activity was determined by a 15
min kinetic analysis in a M200 Pro TECAN plate spectrofluorimeter.
Assays were conducted in 250 �l of 0.05 M K-phosphate and 0.02%
bovine serum albumin, pH 6.5 at 22°C, using 1 mM GSH (Sigma-
Aldrich), and 50 �M monochlorobimane (MCB; Sigma-Aldrich) as a
substrate. Excitation and emission wavelengths of 355 and 460 nm, re-
spectively, were used to detect and quantify the rate of appearance of the
GSH conjugate GS-MCB. The low rate of nonenzymatic conjugation of
MCB to GSH was assessed by omitting the protein homogenate from the
complete assay mixture. Production of the conjugate was calibrated in
each sample by measuring the increase in fluorescence intensity pro-
duced by the addition of 1 nmol of pure GS-MCB at the end of the kinetic
analysis. The specific activity was then expressed as nanomoles of conju-
gate produced per minute and per milligrams of proteins. The total pro-
tein content of the samples was determined by the method of Peterson
(1977) with bovine serum albumin as the standard. The GS-MCB used as
a calibrator was prepared and purified as follows. Known concentrations
of MCB were incubated with rat liver homogenate and GSH in excess in
a 37°C water bath for 20 min to produce GS-MCB. Final concentration of
the standard was calculated after determining the presence of residual
unconjugated MCB by HPLC, as previously described for another con-
jugate (Ghersi-Egea et al., 2006).

For in vitro competition studies, GST activity was measured toward
1-chloro-2,4-dinitrobenzene (CDNB) in the presence of 1 mM GSH and
50 or 200 �M competitor. These competitor concentrations were about
twofold and eightfold higher than the apparent affinity constant for
CDNB in choroidal tissue. Production of the conjugate was followed at
340 nm by kinetic spectrophotometry, as previously described (Ghersi-
Egea et al., 2006). All the potential competitive substrates were tested for
their limited absorbance at 340 nm.

Imaging of GSH conjugation in ependyma-containing brain slices and
isolated choroid plexuses. Brains of P6 animals were dissected under a
stereomicroscope in ice-cold KR buffer to isolate the midbrain tissue.
The latter was sliced in ice-cold KR buffer using a McIllwain tissue chop-
per to generate 200-�m-thick ependyma-containing brain slices. Freshly
cut brain slices were warmed to 22°C in a few microliters of buffer on a
glass slide under a Zeiss AxioPlan 2 Microscope, equipped with the Dig-
ital Camera F-View II and AnalySISauto software (Olympus Soft Imag-
ing Solutions). Fluorescence images were recorded at 460 nm with a 390
nm excitation beam switched on only intermittently. This protocol pre-
vented photobleaching, the acute cellular toxicity induced by UV waves,
and the depletion of the cellular pool of ATP that is necessary for trans-
port processes. An initial image was recorded in the ependymal area
(negative control). Buffer was removed and replaced with a 10 �M MCB
solution, and fluorescence images were again recorded 0.7 and 4 min
after MCB addition. All images were recorded with the same time expo-
sure. On each recorded image, a fluorescence intensity profile was estab-
lished along a rectangle perpendicular to the ependymal cell layer using
ImageJ software. This yielded average fluorescence intensity data in both
the ependyma and in the adjacent tissue.

For fluorescence image recording on choroid plexus, the choroidal
tissue was rapidly dissected from the brain of P5 animals in ice-cold KR
buffer, transferred on a glass slide in a few microliters of buffer, main-
tained with a 300 �m mesh sieve, and allowed to warm up at 22°C before
MCB addition and image recording, as described above.
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Intracerebroventricular monochlorobimane injection and imaging of
GSH conjugation. P4 rats were set in a stereotaxic frame under inhaled
anesthesia (4 –5% isoflurane, 60%/40% O2/air), associated with a local
topical application of lidocaine/prilocaine (Anesderm, Pierre Fabre).
Two microliters of artificial CSF (124 mM NaCl, 2.5 mM KCl, 2.5 mM

CaCl2, 1.3 mM MgCl2, 26 mM NaHCO3, 1.25 mM Na2HPO4, and 10 mM

glucose, pH 7.3) containing 0.7% EtOH and 200 �M MCB were injected
over 10 s in the lateral ventricle using a 30 gauge needle. Stereotaxic
coordinates relative to � were �4 mm anteroposterior, �1.2 mm lateral,
and �2.4 mm dorsoventral. The needle was removed 50 s after the end of
the injection, and the head of the anesthetized animal was immediately
severed and frozen in �40°C isopentane. The head was then sliced in a
cryostat as previously described (Ghersi-Egea et al., 2015), and 20-�m-
thick coronal sections were dried immediately on a plate heater set at
37°C. Fluorescence images were instantly recorded using the Zeiss
AxioPlan 2 Microscope.

Primary culture of choroidal epithelial cells. Primary cultures of choroid
plexus epithelial cells were prepared from neonate rat choroid plexuses,
as previously described (Strazielle and Ghersi-Egea, 1999; Strazielle et al.,
2003). The cells were seeded on microporous Transwell polycarbonate
filter inserts (either 0.33 or 1.12 cm 2 surface area, and 0.4 �m pore size;
Corning Life Sciences) and grown in culture medium consisting of
Ham’s F-12 medium and DMEM (1:1) supplemented with 10% FCS, 2
mM glutamine, 50 mg/ml gentamicin, and several growth factors, as pre-
viously reported (Strazielle and Ghersi-Egea, 1999). The medium was
renewed every other day until the permeability studies, which were per-
formed 5 d after cells reached confluence.

In vitro cellular permeability and metabolic studies. Permeability and
metabolic studies were performed on a rotating shaker (300 rpm) at
37°C, in Ringer-HEPES buffer (RH; 150 mM NaCl, 5.2 mM KCl, 2.2 mM

CaCl2, 0.2 mM MgCl2, 6 mM NaHCO3, 2.8 mM glucose, and 5 mM HEPES,
pH 7.4). The volumes used in the two compartments of the inserts (the
bottom basolateral one mimicking blood, and the top apical one mim-
icking CSF) were selected as to be in equilibrium to prevent any hydro-
static pressure effect. Inserts were rinsed once with RH buffer before
initiating the transport studies. MCB was added to the basolateral com-
partment at a concentration of 5 or 50 �M. At regular time intervals, the
inserts were transferred into another well containing fresh incubation
solution, and four-fifths of the volume in the apical compartment was
sampled and replaced with fresh prewarmed RH. Media from the apical
and basolateral compartments were analyzed by spectrofluorimetry (ex-
citation/emission at 355/460 nm) for GS-MCB and by HPLC for MCB.
The organic anion transporter inhibitor probenecid was used at a con-
centration of 3 mM in both compartments. It was added 30 min before
incubating the cells with MCB, and was kept and renewed in both
compartments following each sampling. Monochlorobimane clearance
volumes were calculated for each time interval, taking into account the
residual volume remaining in the apical compartment from the previous
time point, as previously described (Strazielle and Preston, 2003). For
quantification of spectrofluorimetric data, the GS-MCB calibrator de-
scribed above for enzymatic measurement was used. Experiments were
run in parallel using cell-covered filters in the absence of MCB, with and
without probenecid, to measure the background fluorescence levels as-
sociated with the inhibitor or any solute secreted by the epithelial cells
during the transfer experiment. Background fluorescence was subtracted
from the total fluorescence before calculating the amount of GS-MCB
released by the cells in both compartments. The intracellular GS-MCB
content was assessed as follows: inserts were rinsed twice for 5 min in RH
buffer at 4°C on an orbital shaker; the cell-covered filters were quickly
detached from their plastic support and stored at �20°C in 100 �l of
water/ethanol (98/2 v/v) containing 250 �M ethacrynic acid. After thaw-
ing and homogenization by trituration using a conic plastic pestle, an
aliquot of the liquid was analyzed by spectrofluorimetry as described
above. Ethacrynic acid was added to the medium to prevent further
conjugation of residual MCB to GSH during cell homogenization.

To assess the innocuousness of the different compounds and vehicles
added on the epithelial cell layer, [14C]-sucrose permeability was mea-
sured as an index of barrier integrity. Data were expressed as permeability
coefficients Pe (in centimeters per minute) calculated from the clearance

curves generated as previously described in detail (Strazielle and Ghersi-
Egea, 1999; Strazielle et al., 2003). Radioactivity was determined by liquid
scintillation counting using a �-counter (Tri-Carb 1600 TR, Canberra
Packard).

In vivo blood–CSF transport studies. The permeability of the blood–
CSF barrier to CDNB was measured in BSO-treated and untreated ani-
mals by perfusing the compound into the vascular system through the
heart and sampling CSF. Animals were anesthetized with pentobarbital
(5 �l/g), and the heart was exposed. Intracardiac perfusion of a physio-
logical buffer (128 mM NaCl, 2 mM NaHCO3, 4.2 mM KCl, 2.4 mM

NaH2PO4, 1.5 mM CaCl2, 0.9 mM MgSO4, and 9 mM D-glucose) was
performed at a physiological rate (0.67 ml/min) for 2 min using a dual-
perfusion pump (AL-1000, WPI). This was followed by a 5 min perfusion
of the same buffer supplemented with CDNB at various concentrations.
This cardiac perfusion protocol did not alter the choroid plexus mor-
phology, as assessed by hematoxylin and phloxin histology staining and
claudin-1 immunolabeling of sections of brains sampled after perfusion
(data not shown). After the perfusion was stopped, the animal was turned
over and the skin over the cistern magna was quickly excised. CSF (4 – 8
�l) was sampled using a glass microcapillary sampler with an outer tip
diameter of �500 �m. CSF volume was precisely measured. CSF was
then mixed with acetonitrile/H2O (50/50) to reach a total volume of 40 �l
and analyzed by HPLC for its CDNB content. The blood–CSF barrier
integrity in control and BSO-treated animals was assessed by measuring
the Kin csf permeability constant for [ 14C]-sucrose as previously de-
scribed (Ghersi-Egea et al., 2015). The apparent blood– cerebral cortex
permeability constant AppKin Cx for [ 14C]-sucrose was measured in a
similar way, without correcting for the amount of sucrose associated with
the tissue for the residual vascular content.

Quantification of monocholorobimane, 1-chloro-2,4-dinitrobenzene,
and reduced glutathione. A Shimadzu LC10 HPLC System was used.
Monochlorobimane was quantified using UV detection at 236 nm. CSF,
buffers, and media were directly injected on a 150 mm hypersil 5 �m C18
BDS column (Thouzart and Matignon), and the compound was eluted
using an isocratic 20/80 acetonitrile/water mobile phase at a 1 ml/min
flow rate. The monochlorobimane retention time was 8 min. 1-Chloro-
2,4-dinitrobenzene was quantified on an Ultraphere ODS RP-18 Analyt-
ical Column (Beckman) using an isocratic 55/10/35 methanol/10 mM

phosphate buffer pH 6/water mobile phase at a 1 ml/min flow rate. It was
detected at 250 nm with a retention time of 11 min. Reduced glutathione
was coupled with 5,5�-dithio-bis(2-nitrobenzoic) acid in 10 mM phos-
phate buffer, pH 7.4, and analyzed on the Ultrasphere ODS RP-18 col-
umn, using a methanol/phosphate buffer elution gradient as previously
described (Schmitt et al., 2011). UV detection was set at 324 nm, and the
retention time was 6.6 min. For all compounds, the area under the curve
of the peak of interest was measured, and quantification was performed
using a calibration curve generated from standard solutions.

Total RNA extraction, reverse transcription, and real-time PCR. Liver,
choroid plexuses from lateral and fourth ventricles, and cerebral cortex
from P2, P10, and adult Sprague Dawley rats were sampled. When col-
lected from P2 and P10 pups, choroid plexuses were pooled from three to
four animals. For comparative purpose, RNA was also extracted from
two batches of microvessels prepared from P9 and adult rat brain, as
described previously in detail (Gazzin et al., 2008). Total RNA was ex-
tracted using RNeasy Mini (liver) or Micro (choroid plexuses, cortex,
and capillaries) kits (Qiagen) according to the manufacturer instruc-
tions. Before RNA extraction, liver, cerebral cortex, and capillaries were
homogenized in the RLT buffer using a FastPrep shaker (QBiogene).
Capillary homogenates were treated with Proteinase K (Qiagen) at 55°C
for 10 min. Choroid plexus tissues from lateral and fourth ventricles were
dissociated by pipetting. All samples were treated on column with DNase
I as recommended by the manufacturer. RNA was quantified using a
NanoDrop spectrophotometer (Thermo Fisher Scientific), and RNA in-
tegrity was assessed using the Agilent 2100 Bioanalyzer.

RNA was reverse transcribed using oligo(dT) primers and the Verso
SYBR Green 2-step RT-qPCR Rox Kit (Thermo Fisher Scientific). Total
RNA (1 �g) was spiked with 50 pg of AraB RNA (L-ribulokinase, E. coli
strain K-12, substrain MG1655, GE Healthcare Bio-Sciences). The bac-
terial RNA was added in each reaction mixture as an external standard for
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normalization. Reverse transcription was run at 42°C for 60 min. Quan-
titative PCR (qPCR) was performed using the FastStart DNA Master
SYBR Green I Kit in the LightCycler 1.5 instrument (Roche Applied
Science), as previously described (Kratzer et al., 2012). Primer sequences,
MgCl2 concentrations, and sizes of the predicted amplicons are pre-
sented in Table 1. Results were analyzed using RelQuant 1.01 software
(Roche Applied Science), which takes into account the respective ampli-
fication efficiencies of the target gene and the external standard (AraB)
when calculating the target gene/standard ratio. An approximate ranking
of abundance of the different GST gene products was generated first by
establishing the expression levels of all genes in a reference sample, arbi-
trarily chosen as adult liver N°2, and second by calculating for each target
gene the expression levels in all individual samples relative to the value in
the reference sample, as previously described (Kratzer et al., 2012).

Ependyma laser microdissection and sample processing. Brains were dis-
sected from P2, P9, and adult Sprague Dawley rats. Twelve-micrometer-
thick sections were cut around bregma using a Shandon Cryotome E
(Thermo Fisher Scientific) in an RNase-free environment, rapidly air
dried, frozen on dry ice, and kept at �80°C until further processed for
laser microdissection. Sections were thawed and stained using the
Ambion LCM Staining Kit (Thermo Fisher Scientific), according to the
manufacturer instructions. Briefly, sections were fixed in 95% ethanol,
rehydrated into 75% and 50% ethanol, and stained in cresyl violet. They
were dehydrated in 75% to 100% ethanol solutions, then in xylene and
kept in a vacuum chamber with dessicant until used to perform micro-
dissection. The PixCell II laser capture microdissection instrument (Arc-
turus Engineering) was used to isolate the ependymal layer of the lateral
ventricle wall and adjacent caudate–putamen tissue (see Fig. 8). The
captured tissue was lysed in RLT buffer and RNA was extracted and
treated with DNase I using the RNeasy Micro Kit, as described above.
RNA integrity was assessed using the Agilent 2100 Bioanalyzer and RNA
was quantified using the Quant-iT RiboGreen Reagent (Thermo Fisher
Scientific). RNA samples (5 ng) were spiked with 0.125 pg of bacterial
AraB RNA. Two amplification rounds were performed using the Expres-
sArt NANO RNA Linear Amplification Kit (amsbio). The quality of am-
plified RNA was assessed using the Agilent 2100 Bioanalyzer, and reverse
transcription of 1 �g of RNA was performed using the iScript Reverse
Transcription Supermix for RT-qPCR (Bio-Rad). Real-time PCR was
performed as described above.

Western blot analysis. Western blot analysis of GSTs in tissue sampled
from P2 or P9 rats was performed using anti-GST�3 rabbit polyclonal
antibody (pAb; MBS713631, MyBioSource), anti-GST�1/2 rabbit mono-
clonal Ab (ab108524, Abcam), anti-GST�5 rabbit pAb (MBS712299, My-
BioSource), and anti-GST�1 rabbit pAb (PAB13020, Abnova). Actin
used as a loading control was detected with anti-�-actin mouse mono-
clonal Ab (A1978, Sigma-Aldrich). Proteins were separated on 10% Bis-
Tris Criterion XT Gels (Bio-Rad) run in MOPS [3-(N-morpholino)
propanesulfonic acid] buffer (Bio-Rad) at 70 V for 10 min, followed by
120 V for 2 h. The gel was blotted onto 0.2 �m Protran nitrocellulose
membrane (GE Healthcare Life Sciences) in Tris-glycine transfer buffer
(Euromedex) containing 20% methanol for 50 min at 100 V. The mem-
brane was saturated in 5% skimmed milk, 0.1% Tween 20 in Tris-
buffered saline (TBS) at room temperature for 1 h. Primary anti-GST

antibodies were diluted in saturation buffer at 0.69 �g/ml for
GST�1/2, 0.7 �g/ml for GST�5, 1 �g/ml for GST�1, and 0.31 �g/ml for
GST�3. The anti-�-actin mouse Ab was used at a final dilution of either
0.1 or 0.05 �g/ml, depending on the amount of protein loaded. Mem-
branes were incubated at 4°C overnight, then washed three times for 10
min in TBS containing 0.1% Tween-20 (TBS-T) at room temperature.
Horseradish peroxidase (HRP)-conjugated secondary antibodies were
from Jackson ImmunoResearch. Donkey anti-rabbit IgG pAb (711-036-
152) was used at a final concentration of 0.04 �g/ml for GST�3, GST�1,
and GST�1/2, and 0.08 �g/ml for GST�5, and donkey anti-mouse IgG
pAb (catalog #715-036-151, Jackson ImmunoResearch) was used at a
final concentration of 0.04 �g/ml. After two washes in TBS-T and a final
one in TBS, chemiluminescent HRP substrate (SuperSignal West Pico
Chemiluminescent Substrate, Thermo Fisher Scientific) was used and
membranes were exposed to x-ray films (Hyperfilm ECL, GE Healthcare
Life Sciences). Only one band was observed for GST�1/2 (28 kDa),
GST�5 (26 kDa), GST�3 (26 kDa), and GST�1 (24 kDa) in postnatal
choroid plexus. Two bands were observed in liver homogenate for
GST�3 (25 and 26 kDa).

Experimental design and statistical analysis. Quantitative data related to
animal physiology, barrier function, and enzymatic processes are re-
ported as the mean � SEM. Data from RT-qPCR analysis are expressed as
the mean � SD. Multigroup comparisons were analyzed using one-way
ANOVA followed by a Tukey’s multiple-comparison test. Statistical
analyses involving two groups of data were performed using either a
one-tailed or two-tailed Student’s t test, as appropriate. Lateral and
fourth ventricle choroid plexuses were dissected and analyzed separately
in each animal, or in batches of animals. Analyses of differences between
these two tissues were therefore performed using a paired t test. For
clarity, the statistical tests used are specified in each figure. The number
of samples analyzed per group was chosen in reference to similar previ-
ously published experimental approaches conducted by our group on
choroid plexuses. These numbers are indicated on graphs or in figure
legends. All qualitative data presented have been reproduced at least
twice on different batches of materials.

Results
Enzymatic glutathione conjugation at the blood–CSF
interface efficiently protects the CSF and brain during
postnatal development
Substrates like CDNB or MCB are conjugated with GSH by the
whole subset of GST isoenzymes involved in xenobiotic detoxifi-
cation (Eklund et al., 2002; Hayes et al., 2005). Conjugation of
either compound therefore reflects the overall GST-dependent
detoxifying capacity of a given tissue. While CDNB conjugation
produces a metabolite that is readily detected and quantified by
HPLC, MCB presents the advantage in generating a fluorescent
conjugate that can be detected by both spectrofluorimetry and
cellular imaging techniques. We first used MCB to establish the
postnatal developmental profile of GST activity in tissue homog-
enates prepared from lateral and fourth ventricle choroid plex-

Table 1. Primers used for RT-qPCR

Target gene Forward primer sequence 5� � 3� Reverse primer sequence 5� � 3� Product size (bp) �MgCl2	

GSTM1 CCA CAT TTT TGA GCC CAA GT TGA GTG CCA GTG TAG CAA GG 179 3 mM

GSTM2 TTC GCC TGT TCC TGG AGT AT CCA TAG CCT GGT TCT CCA AA 267 3 mM

GSTM3 CAT CCC GGA GAA GAT GAA AA CAG GTC TTG GGA GAA AGC TG 233 3 mM

GSTM4 TAC AAG GGT GGC TAC TTG GG GCC TAG GCT GTA GAG GGC TT 191 3 mM

GSTM5 GGT TTG CAG GAG AAA AGC TG TGA TTG GCA TCT TGA AGC AG 186 3 mM

GSTM6 ACG GAA GCC TGA GTT CTT GA CCA CGT GGC CTG TTT TAA GT 280 3 mM

GSTA1 AGT TGG GAG CTG AGT GGA GA TTT GGT GGC GAT GTA GTT GA 297 3 mM

GSTA3 CAG CCA GAG GAA GCC ATT AG CCC AGC AAT TCC TCA TCA GT 228 3 mM

GSTA4 GTT CCT GCA GAC AAA ATC CC GCA TCC ATC CTT TTG CAA CT 195 4 mM

GSTP1 TGT ACT TCC CAG TTC GAG GG GGG TGA GGT CTC CAT CTT CA 168 3 mM

Arab (Escherichia coli) ATC CCC TGA TCG GTA AAG CA ACG CCT GAA AGG GGT GAT TA 126 4 mM
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uses, and from cerebral cortex (Fig. 1). Liver, which is the main
detoxifying organ in the body, was analyzed in parallel as a refer-
ence tissue. Glutathione S-transferase-specific activity increased
sharply in liver in P35 animals compared with P2 pups, indicating
the relative immaturity of this organ at birth in the rat. In con-
trast, GST activity was already high in both types of plexuses in
newborn animals and was higher than in the brain cortical tissue.
From 5 weeks on, the activity toward MCB measured in the cho-
roidal tissue from the fourth ventricle was twice that measured in
the choroidal tissue from the lateral ventricle, as also observed
when using CDNB as a substrate (Ghersi-Egea et al., 2006). The
activity in choroid plexuses from the fourth ventricle remained
significantly higher than in the cerebral cortex at all developmen-
tal stages.

To explore the GST-dependent conjugating capacity of live
choroidal epithelial cells and investigate the fate of the metabo-
lite, we exposed freshly isolated choroid plexuses to 10 �M MCB
and recorded fluorescence images in a plane cutting through both
the epithelium and the stroma (Fig. 2A–F). The choroidal epithe-
lium became rapidly and intensely fluorescent (Fig. 2C,E, arrow-
heads), indicating that MCB is readily conjugated to GSH within
epithelial cells. The fluorescence in the epithelial layer decreased
thereafter (Fig. 2D,F), likely as a result of the sharp drop in MCB
concentration that we measured in the incubation medium (data
not shown) and the concomitant cellular export of the fluores-
cent metabolite, which was observed in the underlying stroma at
4 min (Fig. 2F, arrows). This suggests that the conjugate is ex-
ported from the cells at least partially at the basolateral mem-
brane. To get more insight into the conjugation capacity of the
choroidal epithelium and to characterize the polarity of conju-
gate efflux from the choroidal cells, we used an in vitro cellular
model of the blood–CSF barrier (Fig. 2G), which closely repro-
duces the properties of the choroidal epithelium in vivo. In par-
ticular, cells in culture maintain the drug metabolism capacity of
the native tissue, including its high GST-specific activity (Stra-
zielle and Ghersi-Egea, 1999; Strazielle et al., 2003). Epithelial
cells were exposed to 5 �M MCB in the lower compartment of the
bichamber culture device. The basolateral to apical (blood to

CSF) diffusion of MCB across the epithelial monolayer was com-
pletely prevented for up to 30 min, presumably by intracellular
MCB conjugation, and remained low thereafter (Fig. 2H). Over
the 60 min period, the clearance of MCB did not exceed the
clearance of sucrose used as a paracellular marker (data not
shown). Adding CDNB as a competitor (data not shown) or
raising the MCB concentration from 5 to 50 �M (Fig. 2H) ne-
gated the barrier effect. To ascertain the metabolic nature of this
barrier mechanism, the appearance of the conjugate GS-MCB in
the basolateral and apical compartments and its intracellular
concentration were monitored by HPLC analysis after a 30 min
exposure to 5 �M MCB. The conjugate was indeed produced and
secreted from epithelial cells, and its efflux rate was 10 times
higher at the basolateral membrane compared with the CSF-
facing membrane (Fig. 2I). The conjugate was below detection
level in the cell monolayer. When choroidal epithelial cells were
preincubated with probenecid, an inhibitor of large specificity for
organic anion transporters, GS-MCB efflux was reduced at both
basolateral and apical membranes and its intracellular concentra-
tion increased (Fig. 2I). Collectively, this set of data confirms the
strong basolateral (blood-facing) polarity of efflux that we ob-
served in freshly isolated choroid plexuses, and demonstrates that
cellular export of the GSH conjugate is mediated by organic an-
ions transporters at both membranes.

We then assessed in vivo the efficacy of this enzymatic barrier
mechanism in preventing the diffusion of GST substrates from
blood to CSF during brain development. The blood–CSF barrier
permeability to CDNB was measured in rat pups displaying either
a normal or a low capacity to conjugate xenobiotics to GSH in the
choroid plexus. CDNB was chosen over MCB as it can be unam-
biguously detected and quantified in biological fluids including
CSF by HPLC. It is also more soluble than MCB and could be
used at the high concentration required to approach the maximal
GSH-dependent conjugation capacity of the blood–CSF barrier.
Functional knockdown of GSH conjugation in choroid plexuses
of developing animals was achieved by treating P2 rats with three
injections of BSO over a 36 h period. Buthionine sulfoximine is a
selective inhibitor of �-glutamyl cysteine ligase, which catalyzes

Figure 1. Glutathione S-transferase-specific activity in liver and brain tissues in the rat during postnatal development. The specific activity of GST was measured using MCB as a substrate in liver
(A) and brain tissue (B) homogenates prepared from P2, P7, P35, and adult (Ad) animals. Data are the mean � SEM; n 
 4 – 8. ***p � 0.01, statistically different from cerebral cortex activity at
matching developmental stage, one-way ANOVA followed by post hoc Tukey-Kramer test. §p � 0.05 and §§§p � 0.001, significantly different from the activity measured in choroid plexus of the
fourth ventricle, two-tailed paired Student’s t test. CP(VL) and CP(4V), CP of the lateral and fourth ventricle, respectively; Cx, cortex.
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the first and rate-limiting step in GSH
synthesis. Four hours after the last injec-
tion, the treatment led to an almost com-
plete (92%) depletion of GSH in both the
fourth and lateral ventricle choroid plex-
uses, while the depletion was only partial
(60%) in the brain parenchyma (Fig. 3A).
This mild BSO treatment did not induce
any overt toxicity, as it modified neither
the feeding behavior of P2 rats nor their
weight gain (Fig. 3B). It did not change the
GST intrinsic enzymatic activity in either
the brain parenchyma or the choroid
plexus (Fig. 3C). Finally, this treatment
did not alter the integrity of CNS barriers,
as shown by the similar CSF and brain Kin

values measured for sucrose in control
and treated animals (Fig. 3D).

Four hours following the last BSO in-
jection, animals were underwent intracar-
diac perfusion of CDNB followed by CSF
sampling. In control animals, CDNB was
not detected in the CSF when the com-
pound was perfused at concentrations up
to 200 �M, but was measured at a low level
when the perfusate concentration was
raised to 500 �M (Fig. 4). The depletion of
choroidal GSH resulted in a substantial
increase in CDNB influx in CSF at both
concentrations. When the xenobiotic was
perfused at 500 �M, its concentration in
CSF was 30-fold higher in depleted rats
than in control animals. The outflow per-
fusate collected from the cardiac atrium
did not show any significant difference in
CDNB concentration between control
and BSO-treated animals (Fig. 4, insert),
ruling out a possible peripheral effect of
the depleting agent on the xenobiotic dis-
tribution. The large difference in CDNB
levels in CSF observed between control
and choroidal GSH-depleted animals
demonstrates that the GSH-dependent
metabolic activity of the blood–CSF bar-
rier effectively contributes to protect the
brain environment from blood-borne
chemical substrates during development.

The ependyma participates in cerebral
glutathione-dependent detoxification
Exposure to toxic molecules for a pro-
longed period may ultimately overcome
this choroidal neuroprotective metabolic
mechanism. The ependymal cells lining
the ventricular system will become the
first targets. To address the possibility that
these cells could be a site of subsequent
protection, we evaluated their conjugat-
ing capacity by infusing MCB in the lateral
ventricles of P4 rats. A strong fluorescence
reflecting GS-MCB production was ob-
served at the ependymal interface in the
ipsilateral ventricle of animals killed

Figure 2. Enzymatic conjugation of MCB to glutathione in the blood–CSF barrier. A, Method: GST-mediated conjugation of the
substrate MCB with GSH produces a fluorescent metabolite that can be monitored over time. B–F, Ex vivo exposure of freshly
isolated choroid plexuses to MCB led to the rapid formation of the fluorescent GSH-conjugated metabolite within epithelial cells
(arrowhead in C and E). After 4 min, the fluorescence signal decreased in the choroidal epithelial cells (arrowheads in D and F ), and
seemingly concentrated in the underlying vessel containing stroma (arrows in E and F ). B is a negative control. B–D and E, F show,
respectively, low-magnification and high-magnification images of the choroidal tissue exposed to 10 �M (C–D) and 2.5 �M (E–F )
MCB. In F, the dashed line delimits the apical membrane of epithelial cells. Scale bar, 20 �m. G–H, Choroid plexus epithelial cells
cultured on a porous filter (G) form an enzymatic barrier preventing the basolateral to apical transfer of MCB. When MCB was added
to the basolateral compartment at a concentration of 5 �M, the appearance of the parent compound in the apical compartment
was fully impeded for 30 min and remained strongly limited thereafter (H, full line). When the cells were exposed to 50 �M MCB,
the enzymatic barrier effect lasted only 10 min, and the MCB clearance rate strongly increased thereafter (H, dashed line). I,
Excretion of the conjugate produced within the choroidal epithelium was highly polarized, 90% of the metabolite being found in
the basolateral medium. The conjugate was not detected intracellularly (black bars, cells exposed to 5 �M MCB for 30 min). When
cells were preincubated with 3 mM probenecid before MCB exposure, GS-MCB efflux was strongly reduced at both basolateral and
apical membranes, and the metabolite accumulated in the epithelial cells (gray bars). Data are the mean � SEM of four filters.
**p�0.01 and ***p�0.001, statistically different from GS-MCB amount in the absence of probenecid, one-tailed Student’s t test
for unequal variance. nd, Not detected.
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within a minute from the beginning of the infusion, indicating
that ependymal cells also have a high GSH conjugation capacity
(Fig. 5A). The contralateral ependyma, used as a negative control,
did not show any fluorescence above background level (Fig. 5B).
A similar GSH conjugation activity toward MCB was observed
downstream in the ventricular system, namely in the ependyma
of the third ventricle (Fig. 5C). Monochlorobimane conjugation
was further explored in ependyma-containing brain slices pre-
pared from developing animals (Fig. 5D–F). Six-day-old animals
were selected for these studies because at this developmental stage
the ependyma appears mostly as a single layer, thus allowing a
clear delineation between the ependymocytes and the adjacent
tissue, and a more precise quantification of the signal. Following
MCB addition to the slice incubation medium, a bright fluores-
cence reflecting the production of the GSH conjugate rapidly
appeared within the ependymal layer, as illustrated at the level of
the ventral part of the third ventricle (Fig. 5E). Production of the
GSH conjugate in the ependyma was higher than in the adjacent

brain parenchyma (Fig. 5E,G). The ependymal fluorescence in-
tensity decreased after a few minutes (Fig. 5F), presumably due to
the transporter-mediated efflux of the polar metabolite from
ependymocytes. Accordingly, the addition of 2.5 mM probenecid
in slice incubation medium prevented the decrease in fluores-
cence (Fig. 5G). Identical images were recorded for the ependyma
bordering the aquaduct (data not shown). Collectively, these data
show the ability of the ependyma to act as a second line of defense
toward electrophilic compounds that could have bypassed the
blood–CSF barrier and reached the CSF.

GSH conjugation at the blood–CSF and CSF– brain interfaces
results from the expression of several multispecific
isoenzymes
To probe into the diversity of molecules that could be detoxified
by the choroid plexus during development, we performed GST
activity competitive inhibition studies. The spectrophotometric
method using CDNB as the substrate was chosen over the fluori-

Figure 3. Characterization of the choroid plexus glutathione-depleted animal model. A, Levels of GSH in tissue from animals treated with BSO. Choroidal tissue is depleted from GSH by �90%,
while 40% of GSH is still present in brain tissue after BSO treatment. Data are calculated as micromoles per milligram of tissue and are expressed as the percentage of values measured in
DMSO-treated control animals, and the mean � SEM (n). *p � 0.05, **p � 0.01, ***p � 0.001, different from control animals. $$p � 0.01, different from Cx or Pons, two-tailed Student’s t test
for unequal variance. LVCP and 4VCP, choroid plexuses from the lateral and fourth ventricle, respectively; Cx, Cerebral cortex; Hyp, hypothalamus. B, Animal weight from the time of treatment
initiation (T0) to the time of killing, 4 h following the third injection (T28). Animals were treated by three injections of BSO or vehicle (control). A typical experiment is shown. Data are expressed as
the percentage of weight at T0, mean � SEM, n 
 6. No difference in weight gain was observed between the two groups of animals. C, Enzymatic GST activity toward CDNB in homogenates from
tissue sampled from control (black bars) and GSH-depleted (gray bars) animals. BSO treatment did not induce any significant change in GST-specific activity. Data are expressed as the mean � SEM,
n 
 3. D, Blood–CSF permeability constant (Kin csf) and apparent blood– cerebral cortex permeability constant (AppKin Cx) for [ 14C]-sucrose in control (black bars) and BSO-treated (gray bars)
animals. No difference in permeability was observed between the two groups of animals, indicating that the integrity of the blood– brain and blood–CSF barriers is preserved following BSO
administration. Data are expressed as the mean � SEM, n 
 5.
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metric method with MCB to avoid interference of the competi-
tors with the fluorescent signal. Choroidal CDNB conjugation
was inhibited by several xenobiotics such as dietary additives,
pharmacological drugs, or products of oxidative stress, which are
all potentially toxic (Table 2). The inhibitory effect of these com-
pounds on GST activity was similar in choroid plexuses of the
lateral ventricle and fourth ventricle. Large differences were ob-
served among molecules in their effective concentration and in
the extent of inhibition. As detoxifying GST isoforms display
differential substrate specificities toward the competitors tested,
while CDNB is conjugated by all these isoenzymes, this suggests
that several isoforms are active in choroid plexuses. Extensive
multiple-concentration inhibition studies were not performed as
they requested an ethically unacceptable number of developing
animals to generate the required amount of choroidal tissue.

We then determined by RT-qPCR the GST isoenzyme expres-
sion profiles in lateral ventricle choroid plexus, fourth ventricle
choroid plexus, and cortical tissue at three developmental stages,
and compared it to the isoenzyme profile in liver. Two prepara-
tions each of brain cortical microvessels isolated from P9 and
adult rats were also analyzed (Fig. 6). We focused on isoforms
involved in detoxification processes, namely GST�1 and the iso-
forms belonging to the � and � subfamilies. Differences in y-scale
values between graphs provide an approximation of the respec-
tive abundance of the various gene products in the samples.
Glutathione-S-transferase isoenzymes were expressed at higher
levels in the choroidal tissue forming the blood–CSF barrier than
in the microvessels forming the blood– brain barrier. Levels of
GST� isoform mRNAs increased during development in liver,
while in choroid plexuses these isoforms were expressed at a
higher or similar level in P2 animals compared with adults.

GST�1 and GST�2 RNAs were the most abundant �-isoform
transcripts in the choroid plexuses. At P2, the expression levels of
both genes in this tissue exceeded by far those measured in the
liver, especially in lateral ventricle choroid plexuses ( p � 0.001).
The choroidal expression of GST�1 and GST�2 was also higher
than in the cerebral tissue (p � 0.001 and p � 0.05 for lateral and
fourth ventricle choroid plexuses, respectively). This was partic-
ularly striking for GST�2, whose messenger was barely detected in
the cerebral parenchyma.

These data were confirmed by Western blot analysis using an
antibody recognizing both �1 and �2 isoforms (Fig. 7A). The �5
isoform displayed a differential level of expression between lateral
and fourth ventricle choroid plexuses (Fig. 6) that was not re-
flected at the protein level (Fig. 7B). Both choroidal tissues
showed high protein content by Western blot compared with the
cerebral cortex and the liver. High levels of GST�1 expression
were detected in the liver, but not in the different brain tissues. In
contrast, similar expression levels were observed for GST�3 in
choroid plexuses and liver (Fig. 6; p � 0.05). These levels in-
creased with age and largely exceeded those measured in cortex.
This tissue-specific pattern was confirmed by Western blot (Fig.
7C). The expression of GST�4 did not vary to a great extent
among tissues or with age. Finally, the choroid plexuses and the
cortex displayed higher amounts of GST�1 transcripts than liver
at all developmental stages (p � 0.05), the levels in brain tissues
being twofold higher in developing animals compared with
adults (Fig. 6). The high choroidal expression relative to the liver
was also observed by Western blot (Fig. 7D). In summary, the
high conjugation activity measured during postnatal develop-
ment in choroid plexuses compared with the cerebral cortex
(Fig. 1) should be mainly catalyzed by the isoforms GST�1,
GST�2, GST�3, and possibly GST�1.

To assess the GST isoenzyme profile in the CSF– brain inter-
face, ependymal cells were isolated by laser microdissection from
the lateral ventricle wall at three developmental stages (Fig. 8A),
and their mRNA was extracted and analyzed by RT-qPCR. The
data were compared with those obtained from laser-microdissected
adjacent neuropil (Fig. 8B). In the ependyma, all �-isoforms were
expressed at P2 at levels as high or higher than those measured at
later stages (Fig. 8C). The most abundant mRNAs were found for
GST�1 and GST�5. Their expression level was 11 and 12 times
higher in the ependyma than in the adjacent neuropil. GST�3 was
also expressed at higher levels in ependyma than in the adjacent
neuropil, its expression increasing with age in both tissues. GST�1
expression was modest and similar between structures and devel-
opmental stages. Thus, the high conjugation capacity of the
ependyma, relative to the brain parenchyma that was observed at
P6, appears mainly related to the GST isoforms �1, �5, and pos-
sibly �3.

Discussion
This article describes a GSH-dependent metabolic pathway that
is especially active during early postnatal development, and by
which the blood–CSF barrier prevents harmful compounds from
circulating through the CSF– brain system. The GST activities
measured in tissue homogenates at different developmental
stages indicate that during the postnatal period the GSH conju-
gation capacity of the choroid plexuses is especially high com-
pared with that of the cerebral tissue. It is also higher than the
activity measured at the same age in the liver, which is the refer-
ence organ for detoxification processes (Gundert-Remy et al.,
2014). This finding was supported by RT-qPCR and Western blot
data showing the elevated expression of multiple GST isoforms in

Figure 4. In vivo efficacy of the glutathione-dependent metabolic activity of the blood–CSF
barrier toward CDNB. Levels of CDNB were measured in the CSF sampled from control animals
(black) and animals depleted in choroidal GSH (BSO treated, gray) in P3 rats perfused with 200
or 500 �M CDNB. Data are expressed as the mean � SEM, (n). **p � 0.01, statistically different
from control animals, one-tailed Student’s t test for unequal variance. Insert shows no changes
in CDNB concentration measured in the outflow perfusate collected from the cardiac atrium
between control and BSO-treated animals (mean � SEM, no statistical difference).
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choroid plexus compared with cortex and liver during postnatal
development. Live imaging of the metabolite formation in iso-
lated choroid plexus illustrated the early functionality of the
GST-mediated detoxifying pathway. Using a functional GSH
conjugation knock-down strategy resulting in a selective and ex-
tensive GSH depletion in choroid plexuses, we showed that the
high conjugation capacity of this interface translates into an effi-
cient metabolic blood–CSF barrier, preventing the penetration
and accumulation of GST substrates into the CSF during early
postnatal development. Assuming that CDNB plasma concentra-
tion increased linearly from 0 to 500 �M over the 5 min perfusion
in P3 animals in the present study, the influx permeability con-
stant Kin csf for CDNB calculated as in the study by Ghersi-Egea
et al. (2015) would be 0.3 � 10�3/min in control pups. Sucrose,
used as a polar marker of the integrity of the blood–CSF barrier,
has Kin csf values of 2.9 � 10�3/min in P2 rats and 2.6 � 10�3/min
in P9 rats (Ghersi-Egea et al., 2015). The permeability of the
blood–CSF barrier to the lipophilic compound CDNB, even
when used at a high concentration, was therefore lower than that
of cell membrane-nonpermeating molecules in control animals.
Choroidal GSH depletion increased CDNB permeability 30
times, without affecting the barrier integrity. These findings dem-
onstrate the great efficacy with which the choroidal enzymatic
barrier pathway reduces the blood-to-CSF permeability of lipo-
philic molecules. The enzymatic mechanism is further coupled to
the polarized excretion of the metabolites at the basolateral mem-
brane of the epithelium for their subsequent elimination through
the choroidal blood stream. The small fraction of the detoxified
polar metabolite that is effluxed at the apical membrane could be
further eliminated from the brain by the CSF bulk flow. Gluta-
thione S-transferase activity in choroid plexuses in the develop-
ing human brain is as high or higher than the choroidal activity in
newborn rats, and is also several fold higher than in the human
neuropil (Ghersi-Egea et al., 2006). The potent enzymatic blood–
CSF barrier we demonstrated in rat should also be efficient in the
human neonate brain.

Figure 5. Conjugation to glutathione in the ependyma. A–C, Intracerebroventricular injection of MCB induced a rapid and strong fluorescence signal in the ependyma, reflecting GS-MCB
production in these cells. In the lateral ventricle close to the site of injection, the signal was seen in both the ependyma and choroid plexus (A). The contralateral ventricle was used as a negative
control (B). The ependyma of the third ventricle was also labeled within 1 min following MCB injection (C). D–F, Freshly prepared ependyma-containing brain slices also generated GSH conjugates
upon addition of MCB to the medium. D represents the initial image before MCB addition. The fluorescent metabolite GS-MCB was rapidly produced at a higher level in the ependyma than in the
adjacent brain tissue (E). The concentration of GS-MCB in ependyma decreased over time (F ). G, Relative quantification of fluorescence intensity recorded in the ependyma and adjacent brain tissue
in the presence or absence of 2.5 mM probenecid. Data are expressed as percentage values of the signal measured in ependyma in the same slice 0.7 min after MCB addition; data are the mean �
SEM (n 
 6). The box in E shows a typical area from which a fluorescent profile was obtained and analyzed (see Materials and Methods). *p � 0.05 and ***p � 0.001, statistically different, paired
t test for unequal variance. $p � 0.05, statistically different, one-tailed t test for unequal variance. CP, choroid plexus; Ep, Ependymal layer; VL, lateral ventricle; 3V, third ventricle; PB, probenecid.
Scale bars: A–C, 100 �m; D–F, 50 �m.

Table 2. Inhibition of the choroidal glutathione S-transferase activity by
environmental chemicals and therapeutic drugs

Potential substrate

Potential
substrate
concentration
(�M)

Reference
substrate
concentration
CDNB (�M)

Origin of
choroid
plexus

Inhibition
(%)

Ethacrynic acid 5 200 4V 91.7 � 1.5
LV 81.2 � 4.9

Bromosulfophtalein 40 200 4V 72.0 � 3.5
LV 73.3 � 3.8

Menadione 80 200 4V 41.2 � 7.4
LV 50.0 � 19.5

MCB 200 200 4V 77.7 � 1.5
LV 82.7 � 2.1

Chlorambucil 200 200 4V 83.5 � 3.8
LV 84.6 � 2.7

Benzyl-isothiocyanate 500 200 4V 84.7 � 3.2
LV 79.5 � 6.7

Sulforaphane 200 50 4V 26.7 � 5.5
LV 19.5 � 6.2

Trans-4-phenyl- 500 50 4V 58.1 � 7.0
3-buten-2-one LV 53.5 � 6.9

Acrolein 500 50 4V 53.4 � 10.1
LV 48.4 � 10.3

Cisplatin 500 50 4V 41.5 � 9.3
LV 27.7 � 10.3

The potential substrates include diuretic, anticancer, or diagnostic drugs (ethacrynic acid, bromosulfophthalein,
chlorambucil, cisplatin); dietary supplements and flavoring agents (menadione, trans-4-phenyl-3-buten-2-one);
phytochemicals (benzyl-isothiocyanate, sulforaphane); or environmental pollutants (acrolein, also a product of lipid
peroxidation). The competition was tested using the multispecific GST substrate CDNB as a reference substrate in
both lateral ventricle and fourth ventricle choroid plexuses. Data, expressed as percentages of activity inhibition, are
mean values � SD (n 
 3– 4 from multiple CP pools). Owing to the limited choroidal material available per litter,
they were generated for only one efficient competing concentration. The reference substrate concentration was
typically 200 �M. When a low inhibition was observed, CDNB was tested at a lower concentration to increase the
inhibitory action of the compound. The average specific activities measured in lateral ventricle choroid plexus tissue
in the absence of inhibitors were 96 � 22 and 54 � 10 nmol/min/mg of proteins toward 200 and 50 �M CDNB,
respectively. The same activities measured in fourth ventricle choroid plexus tissue were 87 � 15 and 48 � 10
nmol/min/mg of proteins (Data are the mean � SD of three different batches).
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Figure 6. Developmental profiles of glutathione S-transferase transcript levels in choroid plexuses, cerebral cortex, cerebral microvessels, and liver in the rat. RT-qPCR was performed in tissues
sampled at three developmental stages. For each isoenzyme gene, the right panel shows data obtained for cerebral structures, and the left panel shows liver data. The results, expressed relative to
the bacterial AraB gene added as an external standard, are shown as the mean � SD, n 
 4, except for the microvessels, for which values represent the mean (Figure legend continues.)
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During the perinatal period, the brain tissue is still poorly
vascularized (Caley and Maxwell, 1970; Saunders et al., 2012),
and the choroid plexuses represent a major gate of entry into the
CNS. The CSF represents 20% of the cranial cavity volume in P2
rats (Ghersi-Egea et al., 2015). It is considered to play a pivotal
role in the delivery of multiple guidance molecules and growth
factors to brain structures for their development and maturation
(Redzic et al., 2005; Lehtinen et al., 2013). Several of these trophic

factors are secreted into the CSF by the choroid plexuses, which
grow and mature early during the embryonic period (Dziegielewska
et al., 2001; Johansson et al., 2013; Lehtinen et al., 2013). By means of
their potent enzymatic barrier activity, the plexuses will prevent
a similar intracerebral distribution of deleterious electrophilic
endobiotics/xenobiotics. They will thereby fulfill a crucial neuro-
protective function during development, at a time when the liver
is still immature in its xenobiotic metabolism activity (Coughtrie,
2015; Fig. 1).

The GSTs form a multigenic family whose members display
different, yet partially overlapping, substrate specificities. Conju-
gation of CDNB in choroid plexuses was partially or completely
inhibited in the presence of various chemicals. Published catalytic
efficiency or affinity data showed that some of these molecules are
preferred substrates for specific GST isozymes. For instance,
bromosulfophthalein and trans-4-phenyl-3-buten-2-one are
preferred substrates for rodent GST� isoforms (Hayes and Pul-
ford, 1995; Sano et al., 2002). Cisplatin is a preferred substrate for
GST�1 and ethacrynic acid for both GST�1 and �4 (Hayes and
Pulford, 1995; Nagar et al., 2015). Both ethacrynic acid and its
GSH conjugate also inhibit various other rat GSTs, in particular
�-isoforms, with IC50 values �5 �M (Ploemen et al., 1990). Data

4

(Figure legend continued.) of two preparations. Gene expression levels did not differ by �44%
between the two age-matched microvessel preparations or were both low (�0.3). The results
are expressed as arbitrary units and are all normalized to the expression level found for GST�1
in one sample of liver obtained from an adult animal and set arbitrarily at 100 (see Materials and
Methods; for details on calculations, see Kratzer et al., 2013). *p � 0.05, **p � 0.01, ***p �
0.001, statistical significance of differences in expression levels between developmental stages,
analyzed by one-way ANOVA followed by a Tukey’s multiple-comparison test. $p � 0.05 and
$$p � 0.01, statistical significance of differences in expression levels between age-matched
choroid plexuses of the lateral and fourth ventricle, two-tailed paired Student’s t test. For clarity,
other relevant statistical significances, assessed by one-way ANOVA followed by a Tukey’s
multiple-comparison test are stated in the Results section. CP(LV) and CP(4V), choroid plexuses
from the lateral and fourth ventricles, respectively; Cx, Cerebral cortex; MV, cerebral
microvessels.

Figure 7. Western blot analysis of several GST isoforms in choroid plexus isolated from the lateral and fourth ventricles of the developing rat. Tissue was isolated from 2 P2 (A, C, D) and P9 (B)
animals. A, The GST�1/2 isoenzymes are expressed at a higher level in choroid plexuses than in the cerebral cortex and liver. B, Both types of choroid plexuses display similar levels of the GST�5
protein, which are higher than in the cerebral cortex and liver. C, The GST�3 protein is abundant in both types of choroid plexuses relative to the cortical neuropil. D, The GST�1 isoenzyme is highly
enriched in the choroid plexuses compared with the liver and is also more abundant than in the cerebral cortex. All analyses were repeated on two different sets of samples. CP(LV) and CP(4V), choroid
plexuses from the lateral and fourth ventricles, respectively; Cx, Cerebral cortex; Li, liver; MW, molecular weight markers.
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generated with human enzymes showed that acrolein is a pre-
ferred substrate for GST � while benzyl-isothiocyanate is metab-
olized by both �1 and �1 isoforms (Berhane and Mannervik,
1990; Kolm et al., 1995). The pattern of inhibition produced by
this large spectrum of molecules toward the multispecific GST
substrate CDNB indicates that multiple isoenzymes of GSTs are
significantly active in the choroid plexuses during the early post-
natal period in rat. This was corroborated by the high levels of
expression in the developing choroid plexus of various isoen-
zymes belonging to different GST classes, namely GST�1, GST�2,

GST�3, GST�4, and GST�1. This unusually large pattern of
isoenzymes is reminiscent of the adult liver GST load. For all
compounds tested, differences in the extent of GST inhibition
between lateral ad fourth ventricle choroid plexuses were minor,
indicating that the forebrain and hindbrain blood–CSF interfaces
display a similar broad spectrum of xenobiotic detoxification.
The competitive inhibition study also showed that choroid plex-
uses metabolize a large range of structurally unrelated chemicals,
including different drugs; cytotoxic, carcinogenic, or genotoxic
electrophilic compounds issued from oxidative insults; environ-

Figure 8. Glutathione S-transferase transcript levels in ependymal cells and adjacent neuropil during postnatal development. A, Top, An example of a tissue section before and after laser
microdissection of the ependyma. The lower sections show the ependyma microdissected from the tissue and a preparation of pooled microdissected ependyma. B, The two panels show the area
of adjacent neuropil analyzed and the microdissected tissue obtained. C, Transcript levels of selected GST isoenzymes at three developmental stages. The results, expressed relative to the bacterial
AraB gene added as an external standard, are shown as the mean � SD, n 
 3. The results are expressed as arbitrary units and are all normalized to the expression level found for GST�1 in one
sample of ependyma obtained from P2 animals, and set arbitrarily at 100. GST�1, GST�4, and GST�6 were not detected in microdissected samples. *p � 0.05 and **p � 0.01, statistical
significance of the difference in expression levels between the ependyma and the adjacent neuropil, one-tailed paired Student’s t test. §p � 0.05 and §§§p � 0.001, statistical significance of the
differences in expression levels in P9 and adult animals compared with P2 animals in a given tissue, one-way ANOVA followed by a Tukey’s multiple-comparison test. Ep, Ependyma; P2ep and P2n,
ependyma and adjacent neuropil from P2 rat; P9ep and P9n, ependyma and adjacent neuropil from P9 rat; ADep and ADn, ependyma and adjacent neuropil from adult rat.
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mental pollutants; or food additives (Table 2 legend). The blood–
CSF enzymatic barrier should therefore be essential to prevent
chemically induced abnormal neural development and reduce
the risks of periventricular and meningeal tumors.

Intracerebroventricular injections of MCB in developing ani-
mals revealed that, like the choroidal epithelium, the ependyma
displays a high conjugation capacity. Ex vivo conjugation exper-
iments performed on brain slices showed that GST-mediated me-
tabolism in the ependyma is markedly more active than in the
surrounding neuropil. This indicates that the ependyma could
act as a second line of defense for neural cells against electrophilic
molecules that would reach the CSF. According to GST mRNA
expression analysis, this protection remains active throughout
development up to the adult stage. Neural stem cell niches are
present in several discrete regions of the ventricular system, the
subventricular zone in the lateral ventricle (Chaker et al., 2016),
as well as subependymal regions of the third and fourth ventricles
(Lin et al., 2015). They contribute to physiological neurogenesis
and gliogenesis during brain development, and the lateral sub-
ventricular zone remains active later on in the healthy adult
brain. All these niches also participate in adult brain repair fol-
lowing injuries such as stroke. The detoxifying functions of the
ependyma may be essential to protect these regions throughout
life. Astrocytes fulfill neuroprotective functions as well, especially
against products of oxidative stress (Baxter and Hardingham,
2016). Because astrocyte growth and maturation occur at a late
postnatal stage, it is conceivable that during the perinatal period
ependymal GSTs play a major role in conjunction with choroidal
enzymes in the detoxification of potentially neurotoxic lipid per-
oxidation products released by neural cells (Lovell et al., 2000;
Hubatsch et al., 2002).

The profile of GST isoenzymes expressed in the ependyma
differs from that in the choroid plexuses. Histologically, the cho-
roidal epithelium and the ependyma share a neuroectodermal
origin. Yet, the marked differential expression of GST�5 and
GST�2 between these epithelial cell layers implies that they
should be considered as independent interfaces with respect to
their metabolic properties. The exact functional significance of
this difference calls for additional investigations.

To be fully efficient, GSTs need to work in concert with cellu-
lar efflux systems that can export the metabolites out of the pro-
ducing cells. In some instances, the efflux system can govern the
cell sensitivity to toxicants (Paumi et al., 2001). We showed that
intracellular GSH conjugates are exported by a probenecid-
sensitive organic anion transporter at both the ependyma and the
choroidal epithelium. The organic anion transporter Slc21a5 and
the export pumps Abcc1 and Abcc4, which transport GSH con-
jugates, are present at the basolateral membrane of the choroidal
epithelium (for review, see Ghersi-Egea et al., 2006). They likely
participate in the GSH-dependent detoxification pathway in cho-
roid plexus. The identity of the transporters involved in GSH
conjugate efflux in the ependyma is more elusive, and the trans-
porter-mediated ependymal efflux process discovered in this
work opens a new field of investigation on transport mechanisms
in the CSF– brain interface. Of note, the cystine/glutamate anti-
porter expressed in both the choroid plexus and the ependyma
(Sato et al., 2002; Lee et al., 2012) should favor de novo GSH
synthesis within these interfaces to replenish the intracellular
pool of this essential cofactor.

In conclusion, the GSH-dependent metabolic detoxification
capacity of the choroid plexuses and ependyma during the post-
natal period identifies these structures as key actors in the protec-
tion of the developing brain, at a time when the astrocytic

network is still immature and liver xenobiotic metabolism is lim-
ited. This reveals a new facet of the means by which the brain can
protect itself at a period of high vulnerability. The choroid plex-
us–CSF pathway is also highly significant for drug delivery into
the CNS during the perinatal period (Strazielle and Ghersi-Egea,
2016). Taking into account the metabolic process highlighted in
this work will be useful in understanding the mechanisms setting
the cerebral bioavailability of therapeutic agents at that develop-
mental stage, and to optimize neonatal and pediatric pharmaco-
logical treatments.

Note Added in Proof: The names of the authors were acciden-
tally incorrectly listed backwards in the Early Release version
published March 5, 2018. The author names have now been
corrected.
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