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Abstract

The ABCB1-type multi-drug resistance efflux transporter P-glycoprotein (P-gp) has been
hypothesized to regulate hypothalamic-pituitary-adrenal (HPA) axis activity by limiting the access
of glucocorticoids to the brain. In vivo systemic administration studies using P-gp-deficient mice
have shown increased glucocorticoid entry to the brain compared with wild-type controls. However,
these studies did not control for the presence of radiolabeled drug in the capillaries, verify an intact
blood-brain barrier, or confirm stability of the glucocorticoids used. In the present study, an in situ
brain perfusion method, coupled with capillary depletion and HPLC analyses, was used to quantify
brain uptake of [°H]dexamethasone, [3H]cortisol, and [3H]corticosterone in P-gp-deficient and
control mice. A vascular marker was included in these experiments. The results show that brain
uptake of [3H]dexamethasone was increased in the frontal cortex, hippocampus, hypothalamus, and
cerebellum, of P-gp-deficient mice compared with wild-type controls. Brain uptake of [3H]cortisol
was increased in the hypothalamus of P-gp-deficient mice compared with wild-type controls, but no
differences were detected in other regions. Brain uptake of [3H]corticosterone was not increased in
P-gp-deficient mice compared with wild-type controls in any brain areas. Following our systemic
administration of the same radiolabeled glucocorticoids, HPLC analysis of plasma samples identified
additional radiolabeled components, likely to be metabolites. This could explain previous findings
from systemic administration studies, showing an effect of P-gp not only for dexamethasone and
cortisol, but also for corticosterone. This in situ study highlights the different affinities of
dexamethasone, cortisol and corticosterone for P-gp, and suggests that the entry of the endogenous
glucocorticoids into the mice brain is not tightly regulated by P-gp. Therefore, our current
understanding of the role of P-gp in HPA regulation in mice requires revision.
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INTRODUCTION

Transport of glucocorticoids across the blood-brain-barrier (BBB) is regulated by efflux
membrane transporters, such as the ABCB1-type multi-drug resistance efflux transporter P-
glycoprotein (P-gp), and this seems to have an effect on the hypothalamic-pituitary-adrenal
(HPA) axis (1). Specifically, decreased HPA axis activity in P-gp-deficient mice compared
with wild-type controls has been described, as measured by lower plasma corticosterone and
adrenocorticotrophin-releasing hormone (ACTH), as well as lower hypothalamic expression
of corticotrophin-releasing hormone (CRH). This has been explained as evidence of increased
entry of corticosterone into the brains of P-gp-deficient mice, consequently increasing negative
feedback (2,3). Moreover, antidepressants have also been shown to inhibit P-gp in vitro, and
to decrease HPA axis activity in vivo, leading to the hypothesis that antidepressants inhibit P-
gp on the BBB and increase glucocorticoid access to the brain (4,5,6,7).

Small (<400-500 Da) and lipophilic (log P>0.8) molecules are able to diffuse across the BBB;
glucocorticoids possess these features and quickly enter the parenchyma (8), but the presence
of efflux transporters complicate the process. P-gp, coded by the multi-drug resistance gene
ABCB1, is a membrane-bound ABC class efflux transporter that has been localized on the
luminal membrane of cerebral capillary endothelium (9). P-gp transports substrates against a
diffusion gradient, from the cytoplasmic side to the blood side of the cell, and is believed to
protect the brain from xenobiotic compounds (9,10,11). In vitro data indicate that mouse, rat
and human P-gp can all transport cortisol (the main endogenous glucocorticoid in humans), as
shown by experiments in mouse fibroblasts (6), primary rat neuronal cultures (6), as well as
porcine kidney (LLC-PK1) cells transfected with the human ABCB1 (12,13). Two mouse
isoforms of ABCBL exist, abcbla and abcblb, which share 90% homology with one another
and 80% homology with ABCB1. Abcbla is localized in the cerebral capillary endothelium,
as well as in the liver, lung, kidney, and intestinal epithelium (11,14,15,16). Abcb1b has been
found in brain parenchyma, adrenal gland, and liver (15,17), but its presence at the BBB is in
doubt (18).
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Meijer et al (19) and Karssen et al (13) administered a subcutaneous injection of [H]
dexamethasone, [3H]corticosterone, and [3H]cortisol to adrenalectomized abchla-deficient
mice, and they found higher brain to blood concentration of [3H]dexamethasone and [3H]
cortisol, but not [3H]corticosterone, in abchla-deficient mice compared with wild-type
controls. They concluded that abcbla plays a role in the access of dexamethasone and cortisol,
but not of corticosterone, to the brain. Interestingly, this work is consistent with studies that
demonstrated a lower retention of cortisol compared to corticosterone in rodent brain (8,20).
In contrast, Uhr et al (21) found that abcbla and 1b-deficient mice subcutaneously injected
with [3H]corticosterone had higher levels in their brains compared with wild-type controls,
thus implicating mdrlb in the removal of corticosterone from the brain. However, examining
the role of P-gp at the BBB without ensuring the physiological integrity of the barrier or
confirming the presence of intact, radiolabeled drug, can create misleading data.
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To address these concerns, we have quantified the ability of [3H]dexamethasone, [3H]cortisol,
and [3H]corticosterone to cross the BBB in P-gp-deficient [FVB-abcbla/b (-/-)] and wild-type
[FVB-abcbla/b (+/+)] mice, with a sensitive brain perfusion technique linked with capillary

depletion analysis. We have also examined the systemic administration of these radiolabeled
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glucocorticoids, in new experiments conducted similarly to the work by Meijer et al (19),
Karssen et al (13), and Uhr et al (21). Integrity of all the radiolabeled drugs was confirmed by
high-pressure liquid chromatography (HPLC) analysis.

Radiolabelled Substances—[3H]cortisol (74.0 Ci/mmol), [¥H]corticosterone (79.0 Ci/
mmol), [3H]dexamethasone (89.0 Ci/mmol) were purchased from GE Healthcare
(Buckinghamshire, UK). [**C]sucrose (0.49 Ci/mmol) was purchased from Moravek
Biochemicals (Brea, CA, USA).

Adult FVB-abcbla/b (+/+)and FVB-abcbla/b (-/-) mice were imported from Taconic Farms,
Inc. (Germantown, NY, USA) and a breeding colony was established at King’s College London
under an academic breeding agreement. Genotype was confirmed by PCR analysis (Harlan
UK, Ltd. Hillcrest, Belton, Loughborough, UK) and it is recognized that Dr.Alfred Schinkel
of the Netherlands Cancer Institute is the creator of the abcbla/b-deficient mice. All animals
were maintained under standard conditions of temperature and lighting and given food and
water ad libitum.

All procedures are within the guidelines of the Animals (Scientific Procedures) Act, 1986.

In-Situ Brain Perfusion Technique—The brain perfusion technique is a very well
established method for examining the movement of endogenous and exogenous molecules
across the BBB in several species including the rat, guinea-pig and mouse, and it has been used
by several groups to examine the influence of P-gp on the distribution of molecules, both by
inclusion of specific inhibitors in the artificial plasma and by the use of knockout animals
(16,22,23). Adult male mice (25-40 weeks and 25g-46g) were anaesthetised with a
medetomidine hydrochloride (2 mg/kg, i.p.) and ketamine hydrochloride solution (150 mg/kg,
i.p.) and heparinised (100 Units, i.p.). The body cavity was opened and the left ventricle
cannulated with a fine needle (25 gauge) connected to a perfusion circuit. A Watson-Marlow
peristaltic pump (323S/RL, Cornwall, UK) was used to perfuse the heart in situ with a modified
Krebs-Henseleit mammalian Ringer solution (117.0 MM NaCl, 4.7 mM KCI, 1.2 mM
MgSO4(7H20), 24.8 MM NaHCOg3, 1.2 mM KHyPOy, 2.5 mM CEIC'Z -6H,0, 39.0 g L1
dextran (MW 60 000-90 000), 10 mM g L1 glucose and 1 g L1 bovine serum albumin), which
was warmed (37°C) and oxygenated (95% O»; 5% CO,). With the start of perfusion (5.0 ml/
min), the right atrium was sectioned to create an open circuit and allow drainage of the artificial
plasma. In all experiments, a 2.5 min pre-drug perfusion of artificial plasma ensured removal
of endogenous glucocorticoids from the brain vasculature. [3H]dexamethasone (3.9nM), [3H]
cortisol (3.6 nM) or [3H]corticosterone (3.8 nM) along with [14C]sucrose (vascular space
marker; 0.5-1.0 nM), was then administered by a slow-drive syringe pump (model 22; Harvard
Apparatus; Kent, UK) into the artificial plasma. Following the desired isotope perfusion time
period up to 20 minutes, the mouse was decapitated. The brain was removed. Samples (frontal
cortex, hypothalamus, hippocampus, cerebellum, and pituitary gland - including anterior and
posterior) were dissected and weighed. All brain samples, together with 100 pl artificial plasma
samples, were prepared for liquid scintillation counting as described below.

Capillary Depletion Step—In order to assess how much of drug has actually entered the

brain tissue, rather than accumulated within the cerebral capillary endothelial cells, the
capillary depletion method was performed (24). The remaining brain was weighed and
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homogenized with five strokes in the presence of a capillary depletion buffer [10 mM HEPES,
140 mM NaCl, 4 mM KCI, 2.8 mM CaCly(6H20), 1 mM MgS0O4(7H,0), 1 mM
NaH,PO4(2H,0), 10 mM g L -1 glucose; (volume x 3 brain weight composition)]. A 26%
dextran solution [MW 60 000-90 000; (volume x 4 brain weight)] was then added to the
homogenizer and combined with five strokes. Two 100ul aliquots of brain homogenate were
taken and weighed, and the rest of the homogenate was centrifuged at 5,400 x g for 15 minutes
at 4°C. The endothelial cell-enriched pellet and the supernatant containing brain parenchyma
and interstitial fluid were then separated and weighed. Homogenate, supernatant, and pellet
samples were prepared for radioactive analysis as described below.

Liquid Scintillation Counting—All samples were solubilized over approximately 48 hours
in 0.5 ml of Solvable (PerkinElmer Life and Analytical Sciences, Boston, MA, USA). All
samples were vortexed, 3 mls of scintillation counting fluid (Lumasafe; PerkinElmer Life and
Analytical Sciences) was then added and the samples vortexed again. The samples were then
placed in a Packard TriCarb 2100 or 2900TR (PerkinElmer, Beaconsfield, UK) liquid
scintillation counter for estimation of [3H] and [14C] radioactivities. All results were corrected
for background radioactivity.

Expression of Results—The concentration of [3H] or [14C] radioactivity in the brain tissue
(dpm g1) is expressed as a percentage of that in artificial plasma (dpm ml-1) and is referred to
as Percentage Uptake. Uptake values of the radioactive glucocorticoids were corrected with
the uptake values of [14C]sucrose, termed “vascular-space corrected”, and is used when
comparing glucocorticoid values between strains.

Systemic Administration Studies—[3H]dexamethasone (8.9uCi/ml; 3.9 pM), [3H]
cortisol (1.6 ng/g; 58.0uM), or [®H]corticosterone (1.7 ng/g; 58.9uM) were prepared in 0.9%
saline solution (injection volume: 10ul/g) as previously described in Meijer et al (19) and Uhr
et al (21). Mice were subcutaneously injected with radiolabeled drugs, allowed to rest for 2
hours, then decapitated and trunk blood collected in heparinised syringes. Blood was
centrifuged at 1,268 x g for 5 min at 20°C and plasma samples were collected. The pituitary
gland (including anterior and posterior), cerebellum, and remaining brain matter were separated
and individually weighed. Samples were then prepared for liquid scintillation counting as
described above. The concentration of radioactivity in the brain tissue (dpm g1) is expressed
as a percentage of that in the injectate (dpm ml1) and is referred to as Percentage Distribution.

Data Analysis—The data from all the experiments are presented at mean + standard error of
the mean. The Sigma Stat 2.0 statistical program (SPSS Science Software UK Ltd.,
Birmingham, UK) was used for all determinations. The level of significance was set at P<0.05.
In the multiple-time uptake studies, Two-Way ANOVA was used to compare strains. Data
from the systemic administration studies were compared using Student’s t-tests.

High-Pressure Liquid Chromatography (HPLC)—To determine the integrity of the
radiolabeled drugs during in situ cerebral perfusion, samples of arterial inflow (i.e.,
radiolabeled drugs in artificial plasma), the venous (jugular) outflow and pooled whole brains
(n=5) were taken after 20 min perfusion of each of the radiolabeled drugs. To establish the
integrity of the radiolabeled drugs after the systemic injections, samples of plasma taken after
decapitation were analyzed. All samples were extracted by the procedure previously cited by
Gibbs and Thomas (25) and separated using a method modified from Hay and Mormede
(28). Radioactive samples were compared with standards of radiolabeled drug in determined
concentrations and standards of extracted plasma and brain not containing any drug.
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Octanol-Saline Partition Coefficient—Octanol-saline partition coefficients were
determined by using 0.0112 mM of [3H]dexamethasone, 0.0135 mM of [3H]cortisol, 0.0127
mM of [3H]corticosterone, or 0.2 mM of [*4C]sucrose, by the method cited in Gibbs and
Thomas (25). The partition coefficient was calculated as the ratio of labeled concentration in
the octanol phase to the concentration in the aqueous phase.

Protein Binding Analysis—Protein binding of each drug in saline, artificial plasma, murine
plasma or human plasma was determined by the ultrafiltration centrifugal dialysis method cited
in Gibbs and Thomas (25). To confirm that the majority of protein present was limited by the
micropartition filter, protein concentrations in the ultrafiltrates were determined by the method
of Lowry et al (28) using standards of bovine serum albumin. As expected, the ultrafiltrates
from the saline samples produced no detectable protein, those from the artificial plasma
samples produced 0.9% =+ 1.3% detectable protein, those from the murine plasma samples
produced 8.2% * 1.2% detectable protein, and 2.9% + 1.1% of total protein was detected from
the human plasma samples. Overall these results confirm the integrity of the filters.

RESULTS

[14C]sucrose Comparisons

Data concerning the uptake of [14CJsucrose (and [3H]glucocorticoid values) are presented in
Figures 1-3 to confirm integrity of the BBB during brain perfusion experiments. As expected,
because sucrose does not cross the BBB and is not transported by P-gp, uptake was similar
(ranging from 1-3.5%) in the frontal cortex, hippocampus and cerebellum, and was not
influenced by differences in strain or the co-infused glucocorticoid. The [14C]sucrose values
in the hypothalamus (ranged from 1.2-4.2%) and the pituitary (ranged from 6.8-25%) were
higher than in the other sampled regions. This was expected in the pituitary gland, which is
outside the BBB and thus molecules are able to pass more freely between blood and tissue.
However, data in the hypothalamus were unexpected and may represent greater vascularity.
All further experiments were analyzed by correcting the uptake values of the radioactive
glucocorticoids with the uptake values of [**C]sucrose (“vascular-space corrected”).
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Brain Perfusion of [3H]dexamethasone

The uptake of [3H]dexamethasone and [14C]sucrose in abcbla/b (+/+) mice is illustrated in
Figure 1. The uptake of [3H]dexamethasone was significantly higher in the frontal cortex
(P=0.008, Fig. 1a), hippocampus (P=0.025, Fig. 1b), hypothalamus (P<0.001, Fig. 1c), and
cerebellum (P<0.001, data not shown) of abchla/b (-/-) mice compared with abcbla/b (+/+)
mice. The uptake of [3H]dexamethasone, however, was not significantly different in the
pituitary gland of abcbla/b (-/-) mice compared with abcbla/b (+/+) mice (P=0.4, Fig. 1d).
Capillary depletion analysis of the brains of abchla/mdr1b (-/-) mice indicated that [3H]
dexamethasone was present in both the capillary endothelial-enriched pellet and supernatant
fractions of the brains of abcbla/b (+/+) and abcbla/b (-/-) mice (data not shown).

Brain Perfusion of [3H]cortisol

The uptake of [3H]cortisol and [14C]sucrose in abcbla/b (+/+) mice is illustrated in Figure 2.
The uptake of [3H]cortisol was significantly higher in the hypothalamus of abcbla/b (-/-) mice
compared with abcbla/b (+/+) mice (P=0.009, Fig. 2c). In the frontal cortex, although there
was a tendency for the abcbla/b (-/-) mice to have higher levels of [3H]cortisol compared with
abcbla/b (+/+) mice, this did not reach statistical significance (P=0.2, Fig. 2a). [3H]cortisol
values were not significantly different in abcbla/b (-/-) mice compared with abcbla/b (+/+)
mice in the hippocampus (P=0.7, Fig. 2b), pituitary gland (P=0.7, Fig. 2d), or cerebellum
(P=0.5, data not shown). Capillary depletion analysis indicated that [3H]cortisol was present
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in both the pellet and supernatant fractions the brains of abcbla/b (+/+) and FVB-mdrla/b (-/-)
mice (data not shown).

Brain Perfusion of [3H]corticosterone

The uptake of [3H]corticosterone and [*4C]sucrose in abcbla/b (+/+) mice is illustrated in
Figure 3. The uptake of [2H]corticosterone in abchla/b (-/-) mice was not significantly different
compared with abcbla/b (+/+) mice in the frontal cortex (P=0.7, Fig. 3a), hippocampus (P=0.5,
Fig. 3b), hypothalamus (P=0.2, Fig. 3c), cerebellum (P=0.8, data not shown), or pituitary gland
(P=0.9, Fig. 3d). Capillary depletion analysis of the brain tissue revealed [3H]corticosterone
present in both pellet and supernatant fractions of the brains of abcbla/b (+/+) and abcbla/b
(-/-) mice (data not shown).

Systemic Administration Studies

Consistent with the work by Meijer et al (23), the uptake of [3H]dexamethasone into the
cerebellum and remaining brain was significantly increased in abcbla/b (-/-) mice compared
with abcbla/b (+/+) mice (P<0.001; Fig. 4a), while there was no difference in the uptake of
[®H]dexamethasone in the pituitary gland (P=0.2, Fig. 4a). The uptake of [3H]cortisol was also
significantly increased in the cerebellum and remainder brain of abcbla/b (-/-) mice compared
with abcbla/b (+/+) mice (P<0.001, Fig. 4b); again, there was no difference in the uptake of
[H]cortisol in the pituitary (P=0.5, Fig. 4b). Moreover, in contrast with our brain perfusion
experiments described above, but consistent with the work by Uhr et al (24), the uptake of
[3H]corticosterone into the remainder brain was significantly increased in abcbla/b (-/-)
compared with abcbla/b (+/+) mice (P=0.0047, Fig. 4c) and not-significantly increased in the
cerebellum (P=0.1, Fig. 4c). Again, there was no difference in the pituitary gland (P=0.9, Fig.
4c). There were no significant differences between strains in the radioactive plasma
concentrations for any of the glucocorticoids (data not shown).

Octanol-Saline Partition Coefficients and Protein Binding

HPLC

Octanol-saline partition coefficients, a measure of lipophilicity, and determinations of protein
binding can be seen in Table 1. Both cortisol and corticosterone had similar lipophilicities,
while dexamethasone was the least lipophilic glucocorticoid. Binding of cortisol and
corticosterone to bovine serum albumin, the only protein present in the artificial plasma, was
similar, whereas the binding of dexamethasone was significantly higher. The binding of the
drugs in saline, where no protein is present, is a result of the drug accumulating on the filter
of the micropartition devices.

Figures 5-7 show representative chromatographs from HPLC analysis following the brain
perfusion and systemic administration experiments. Our findings confirm that, following brain
perfusion, intact radiolabeled drug was present in arterial inflow (Panel ain all Figures), venous
outflow (data not shown) and brain samples (Panel b in all Figures) following a 20 min
perfusion period. [3H]dexamethasone (Fig. 5) was eluted at 17.1 min in all samples, with
approximately 100% of the total radioactivity representing intact [H]dexamethasone in the
brain samples. [3H]cortisol (Fig. 6) was eluted at 14.2 min in all samples, with approximately
64% of the total radioactivity present in the brain samples as intact [3H]cortisol. [3H]
corticosterone (Fig. 7) was eluted at 17.5 min in all samples, with approximately 81% of the
total radioactivity present in the brain samples present as intact [*H]corticosterone. All of these
retention times matched those of the radiolabeled standards. There was an additional peak seen
at 0.9 min in some of the samples, but this was determined to be [14C]sucrose that was present
in the artificial plasma in some of the perfusions, and no other additional peaks were eluted.

Endocrinology. Author manuscript; available in PMC 2009 January 22.
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In contrast, the HPLC chromatograms following the systemic administration experiments show
that the integrity of the radiolabeled drugs was not maintained in the plasma during the 2 hours
resting period preceding decapitation, as shown in Panels ¢ and d of Figures 5-7. Specifically,
[3H]dexamethasone was eluted at 17.1 min, and additional radioactive peaks were present at
8.6 min and 10.0 min for both strains (abcbla/b (+/+) mice, Fig. 5c; abchla/b (-/-) mice, Fig.
5d); of the total radioactive signal present, approximately 75% was determined to be intact
[3H]dexamethasone for both strains. [2H]cortisol was eluted at 14.4 for both strains; additional
radioactive peaks were eluted at 2.6 min, 5.1 min, 10.2 min and 11.9 min for abcbla/b (+/+)
mice (Fig. 6¢), with approximately 35% of total radioactivity determined to be intact [3H]
cortisol. Only one additional radioactive peak was eluted at 11.8 min for abcbla/b (-/-) mice
(Fig. 6d), with approximately 48% of total radioactivity determined to be intact [3H]cortisol.
[H]corticosterone was eluted at 17.5 min with additional radioactive peaks eluting at 14.5 min
and 16.7 min for abcbla/b (+/+) mice (Fig. 7c), with approximately 44% of total radioactivity
determined to be intact [3H]corticosterone, and abcbla/b (-/-) mice (Fig. 7d), with
approximately 55% of total radioactivity determined to be intact [3H]corticosterone.

DISCUSSION

In the present study, using an in situ brain perfusion model, the uptake of [3H]dexamethasone
across the BBB was significantly higher in the brains of FVVB mice that were deficient for both
abcbla and 1b compared with abcbla/b (+/+) control mice. Interestingly, the brain uptake of
[3H]cortisol was only higher in the hypothalamus of abchla/b (-/-) mice compared with
controls. Finally, there was no significant difference in the uptake of [3H]corticosterone in the
brains of abcbla/b (-/-) mice compared with abcbla/b (+/+) mice. In contrast to the brain
perfusion experiments, but consistent with previous work (19,21), the systemic administration
of each radiolabeled glucocorticoid, including corticosterone, led to significantly higher brain
uptake in the abcbla/b-deficient mice compared with abcbla/b (+/+) mice. However,
radiolabeled glucocorticoid by-products were present in the peripheral circulation, which
would prevent accurate interpretation of the systemic administration data.

Our findings illustrate the importance of P-gp in the efflux of dexamethasone from the brain.
This confirms and expands the results obtained by Meijer et al (19) following systemic
administration in abcbla-deficient mice. There are known species differences in the kinetic
parameters of substrate transport and inhibition of P-gp (28,29), but in vitro comparison of
human ABCB1 and mouse abcb1a has determined a similar efflux ratio of [H]dexamethasone
(28). Therefore, our work supports the role of P-gp in the transport of [3H]dexamethasone in
humans, and thus is relevant to the use of dexamethasone in the dexamethasone suppression
test and the dexamethasone/CRH test. Our data also confirms the notion that the pituitary gland
is a preferential site of the HPA axis negative feedback action for dexamethasone (30,31). In
fact, our work could explain this phenomenon, as the pituitary gland was the only region
investigated that had no difference in the uptake of [3H]dexamethasone between strains,
following both brain perfusion and systemic administration, thus indicating that no P-gp exists
at the pituitary. This lack of a P-gp effect at the pituitary gland has also been seen by Meijer
et al (19) and Sanderson et al (23).

The uptake of [3H]cortisol following in situ brain perfusion tended to be higher in the frontal
cortex of abcbla/b (-/-) mice compared with abcbla/b (+/+) mice, but this was a non-
statistically significant effect. Previous work by Karrsen et al (13) and Meijer et al (19) using
autoradiography following systemic administration in abcbla (-/-) mice has shown that [3H]
dexamethasone is a stronger substrate for P-gp than [2H]cortisol (10-fold increase in P-gp
deficient compared to wild-type mice vs. 3-to-4-fold increase), with our results consistent with
these findings. Interestingly, we found no difference between abcbla/b (-/-) mice and abcbla/
b (+/+) in the uptake of [3H]cortisol in the hippocampus, contrary to the results found by
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Karssen et al using autoradiography following systemic administration (13). Following the
systemic administration of [3H]cortisol in our experiments, HPLC results revealed that the
plasma radioactive signal was composed of several radioactive compounds. Importantly, more
intact [3H]cortisol was detected in the plasma of P-gp deficient mice compared with wild-type
controls. This is likely to be related to the fact that P-gp is expressed in a variety of tissues, not
least of which is the liver, where it has an important role in metabolism and clearing substrates
from the blood. In contrast to our brain perfusion technique, which examines the movement
of molecules specifically at the BBB, any systemic administration results would be impacted
by the absence of P-gp in these additional tissues. It may be that the decreased metabolism of
cortisol in the P-gp deficient mice would allow more [3H]cortisol to be present in the plasma
for a longer period of time and therefore produce the higher levels of [3H]cortisol binding in
the hippocampus of P-gp deficient mice compared with wild-type controls. Therefore, although
there is certainly an effect of P-gp on [3H]cortisol distribution after systemic administration,
it is not necessarily an effect of P-gp at the BBB. Additionally, the autoradiography in Karssen
et al. (13) may have shown a higher radioactive signal in the hippocampus of abcbla (-/-) mice
because of increased entry of [3H]cortisol metabolites whose entry is regulated by P-gp: for
example, cortisone, in itself a low-affinity binder to corticosteroid receptors (13).

Another consideration is that mice in our experiments were not adrenalectomized. Although
we did pre-perfuse the brains with ‘glucocorticoid free’ artificial plasma for 2.5 min, this may
not have removed all the endogenous corticosterone from the hippocampal receptors. This is
a limitation of our study, and may also contribute to the discrepant findings between our present
study and Karssen et al. (13). As mineralocorticoid and glucocorticoid receptors are highly
expressed in the hippocampus, they may regulate the accumulation of glucocorticoids in this
region (13). It is known by in situ hybridization histochemistry that these receptors are
expressed at similar levels in both P-gp deficient and wild-type mice (3). Although, binding
of endogenous corticosterone to the mineralocorticoid and glucocorticoid receptors in the
hippocampus could be seen as affecting the driving force of the concentration gradient for free
[BH]cortisol across the blood-brain barrier, it is important to note that [°H]cortisol in the
hippocampus only reached a maximum concentration of 20% of that in the plasma.
Glucocorticoids are highly lipophilic molecules (see octanol-saline partition coefficients) and
would be free to cross cell membranes by passive diffusion; therefore [3H]cortisol, whether
eventually being bound or unbound to receptors in the hippocampus, would still passively
diffuse from plasma to brain down the concentration gradient. Furthermore, if endogenous
corticosterone had remained bound to the receptors, thereby preventing [3H]cortisol binding,
the influence of P-gp on the removal of this free [3H]cortisol would likely be more apparent.
Therefore, we suggest that the lack of adrenalectomy in our study is likely to have had little
impact on the results of the brain perfusion experiments, and that the differences between our
findings and those of Karssen et al. (13) in cortisol regulation by P-gp at the hippocampus are
driven by the use of systemic administration in this previous study.

Interestingly, we did find a significant difference in the uptake of [®H]cortisol in the
hypothalamus of abcbla/b (-/-) mice compared with abcbla/b (+/+) mice, confirming that
[3H]cortisol is a substrate for P-gp (6,12,13). The hypothalamus is the only BBB-protected
region of the HPA axis, and it is interesting that here we found P-gp efflux of cortisol, especially
considering that mice do not physiologically produce cortisol. Interestingly, we also found
evidence of higher vascularity in the hypothalamus, as shown by the higher [**C]sucrose
values. The murine infundibular, lateral hypothalamic, and ventral thalamic arteries all run
through or around the hypothalamus, which could provide greater capillary density compared
with other brain structures (32). While there is currently no evidence of increased expression
of P-gp in the hypothalamus, the possibility of higher vascularity in this region could lead to
a greater density of P-gp.

Endocrinology. Author manuscript; available in PMC 2009 January 22.
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Our paper finally resolves the conflicting data from the systemic administration studies of
Karssen et al (13) and Uhr et al (21) concerning whether corticosterone is regulated by P-gp
at the murine BBB. Karssen et al (13) found no increase in the brain concentration of [H]
corticosterone in abcbla-deficient mice, one hour after subcutaneous injection, while Uhr et
al (21) found the brain uptake of [3H]corticosterone increased in abcbla and 1b-deficient mice,
two hours following subcutaneous injection. Our brain perfusion data demonstrate that
corticosterone is not effluxed at the BBB by either abcbla or, if present (see below), abcblb.
Furthermore, our HPLC analysis of plasma samples two hours following systemic
administration show very little untransformed [3H]corticosterone, with the majority of the
radioactive signal not co-eluting with the unlabelled corticosterone standard. Therefore, based
on the present study, previous results based on systemic administration of [3H]corticosterone
(21), where an effect of P-gp at the BBB was demonstrated, should now be re-interpreted as
reflecting the high levels of radiolabeled breakdown products observed. For example,
aldosterone, one metabolite of corticosterone, is transported by P-gp (33). Indeed, there is
currently no direct evidence that abcb1b is found at the BBB (22): though abcb1b can be found
in capillary endothelial cells in vitro, it is highly unlikely that it is present in these cells in
vivo (15,34).

Clearly, it has to be emphasized that although P-gp does not regulate corticosterone entry into
the murine brain, the possibility exists that P-gp has a role in mouse HPA axis physiology in
other ways. Indeed, two studies have now independently replicated that corticosterone plasma
levels are lower in abcbla/b (-/-) compared with abcbla/b (+/+) mice (2,3). Moreover, the latter
study has also shown that antidepressants have different effects on hippocampal glucocorticoid
receptor expression and corticosterone levels in abcbla/b (-/-) mice compared with abcbla/b
(+/+) mice (3), a finding that confirms previous work consistently showing that a large number
of antidepressants inhibit P-gp function, and that some antidepressants are themselves
substrates of P-gp (1,4,5,6,7,35,36). Therefore, P-gp in other tissues relevant for HPA axis
function, possibly expressed by the abcb1b gene, might be involved in these effects. Indeed,
abcb1b is highly and diffusely expressed in the adrenal gland, and it has been shown to help
secrete aldosterone out of this gland (33). This could also be the case for corticosterone, and
therefore the absence of abcb1b at the mouse adrenal gland (or its regulation by antidepressants)
could explain the findings discussed above.

Interestingly, the in situ brain perfusion studies conducted in wild-type mice show that the
percentage brain uptake of [3H]cortisol was nearly ten times less than that of [3H]
corticosterone. This difference cannot simply be explained by different lipophilicity (octanol-
saline partition coefficient) or protein binding characteristics, as both these measures were very
similar for cortisol and corticosterone. In agreement with our present data, earlier studies have
shown that cortisol does not accumulate as efficiently as corticosterone in the brains of rodents
(8,20), and Karssen et al. (13) have shown that even a lower dose of [3H]corticosterone more
heavily labels the hippocampus compared with [3H]cortisol. Finally, this is consistent with
post-mortem studies by the same authors, which have also shown differential entry of cortisol
and corticosterone to the human brain (13). This finding had been interpreted as indicating a
lower affinity of cortisol for rodent corticosteroid receptors (37), and later thought to be related
to the ability of P-gp to expel cortisol, but not corticosterone (13). Taken together with our
data, these findings may also suggest that additional transporters, other than P-gp, may play a
role in the distribution of endogenous glucocorticoids to the brain.

In summary, P-gp at the BBB, as expressed by abcbla and 1b, is a limiting mechanism for
dexamethasone, but not corticosterone, entry to the brain. P-gp can limit cortisol entry to the
hypothalamus, but this affect was not detected in any other brain regions. Because the
hypothalamus is highly vascularised, this may provide a greater density of P-gp expression,
allowing this effect to be detected in this area.

Endocrinology. Author manuscript; available in PMC 2009 January 22.
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Figure la-d. Percentage Uptake of [3H]dexamethasone and [14C]sucrose in abcbla/b (+/+) and
abcbla/b (-/-) mice using in-situ brain perfusion

[3H]dexamethasone (3.9nM) along with [L4C]sucrose (vascular space marker; 0.5-1.0 nM),
was administered by a slow-drive syringe pump into the artificial plasma. Following the desired
isotope perfusion time period up to 20 minutes, the mouse was decapitated, and selected areas
of the brain were dissected. The concentration of [3H] or [14C] radioactivity in the brain tissue
(dpm g'1) is expressed as a percentage of that in artificial plasma (dpm ml-1). The uptake of
[3H]dexamethasone (n=11-26/strain) was significantly higher (Two-Way ANOVA) in the
frontal cortex (Fig. 1a), hippocampus (Fig. 1b), and hypothalamus (Fig. 1c), but was not
significantly different in the pituitary gland of abcbla/b (-/-) mice compared to abcbla/b (+/
+) mice (Fig. 1d). [1*C]Sucrose uptake was not influenced by the mouse strain.

o (dotted line) [3H]dexamethasone (abchla/b (+/+) mice); o (solid line) [3H]dexamethasone
(abchla/b (-/-) mice); A (dotted line) [14C]sucrose (abchla/b (+/+) mice); A (solid line) [*4C]
sucrose (abcbla/b (-/-) mice). * denotes significance of P<0.05, Two-Way ANOVA.
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Figure 2a-d. Percentage Uptake of [3H] cortisol and [14C]sucrose in abcbla/b (+/+) and abcbla/b
(-/-) mice using in-situ brain perfusion

[3H]cortisol (3.6 nM) along with [14C]sucrose (vascular space marker; 0.5-1.0 nM), was
administered by a slow-drive syringe pump into the artificial plasma. Following the desired
isotope perfusion time period up to 20 minutes, the mouse was decapitated, and selected areas
of the brain were dissected. The concentration of [3H] or [14C] radioactivity in the brain tissue
(dpm g'1) is expressed as a percentage of that in artificial plasma (dpm ml1). The uptake of
[H]cortisol (n=11-29/strain) was significantly higher (Two-Way ANOVA) in the
hypothalamus of abcbla/b (-/-) mice compared to abcbla/b (+/+) mice (Fig. 1c). Although
there was a tendency for the abcbla/b (-/-) mice to have higher levels of [3H]cortisol compared
to abcbla/b (+/+) mice in the frontal cortex, this did not reach statistical significance (Fig. 1a),
while [3H]cortisol values were not significantly different in abcbla/b (-/-) mice compared to
abcbla/b (+/+) mice in the hippocampus (Fig. 1b) or pituitary gland (Fig. 1d). [14C]Sucrose
uptake was not influenced by the mouse strain.

m (dotted line) [3H]cortisol (abchla/b (+/+) mice); o (solid line) [3H]cortisol (abcbla/b (-/-)
mice); A (dotted line) [14C]sucrose (abcbla/b (+/+) mice): A (solid line) [14C]sucrose (abcbla/
b (-/-) mice). * denotes significance of P<0.05, Two-Way ANOVA.
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= Figure 3a-d. Percentage Uptake of [3H]corticosterone and [14C]sucrose in abcbla/b (+/+) and

abcbla/b (-/-) mice using in-situ brain perfusion

[3H]corticosterone (3.8 nM) along with [24C]sucrose (vascular space marker; 0.5-1.0 nM), was
administered by a slow-drive syringe pump into the artificial plasma. Following the desired
isotope perfusion time period up to 20 minutes, the mouse was decapitated, and selected areas
of the brain were dissected. The concentration of [3H] or [14C] radioactivity in the brain tissue
(dpm g1) is expressed as a percentage of that in artificial plasma (dpm ml-1). The uptake of
[3H]corticosterone (n=28-51/strain) in abcbla/b (-/-) mice was not significantly different
compared to abcbla/b (+/+) mice in the frontal cortex (Fig. 3a), hippocampus (Fig. 3b),
hypothalamus (Fig. 3c), or pituitary gland (Fig. 3d). [1*C]Sucrose uptake was not influenced
by the mouse strain.

+ (dotted line) [3H]cortiscosterone (abchla/b (+/+) mice); O (solid line) [3H]corticosterone
(abcblasb (-/-) mice); A (dotted line) [14C]sucrose (abchla/b (+/+) mice); A (solid line) [14C]
sucrose (abchla/b (-/-) mice)
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Figure 4a-c. Percentage Distribution following systemic administration of glucocorticoids in
abcbla/b (+/+) and abcbla/b (-/-) mice

[®H]dexamethasone (8.9uCi/ml; 3.9 pM, Fig. 4a), [3H]cortisol (1.6 ng/g; 58.0uM, Fig. 4b), or
[3H]corticosterone (1.7 ng/g; 58.9uM, Fig. 4c) was prepared in 0.9% saline solution. Mice (6
or 7/strain) were subcutaneously injected with radiolabeled drugs, allowed to rest for 2 hours,
then decapitated; the pituitary gland, cerebellum, and remaining brain matter were separated
and individually weighed. Samples were then prepared for liquid scintillation counting. The
concentration of radioactivity in the brain tissue (dpm g-1) is expressed as a percentage of that
in the injectate (dpm ml-1). The uptake of [3H]dexamethasone into the cerebellum and
remaining brain was significantly increased in abcbla/b (-/-) mice (open, white bar) compared
to abcbla/b (+/+) mice (solid, black bar), and the uptake of [°H]dexamethasone was not
significantly increased in the pituitary gland of abcbla/b (-/-) mice compared to abcla/b (+/+)
mice. The uptake of [3H]cortisol was significantly increased in the cerebellum and remainder
brain of abcbla/b (-/-) mice (open, white bar) compared abcbla/b (+/+) mice (solid, black bar),
and uptake of [3H]cortisol was not significantly increased in the pituitary gland between
abcbla/b (-/-) mice compared to abchla/b (+/+) mice. The uptake of [3H]corticosterone into
the remainder brain was significantly increased in abcbla/b mice (open, white bar) compared
to abcbhla/b (+/+) mice (solid, black bar). There was no significant difference between strains
in the uptake of [®H]corticosterone in the cerebellum or pituitary gland. * denotes significance
of P<0.05, Student’s t-test.

1duosnue Joyiny dnous) sispung DINAMN

Endocrinology. Author manuscript; available in PMC 2009 January 22.



-
)
i)
<
@)
T
c
S
o
)
-~
7
@
o
c
°
>
c
=
=
o
-
<
D
S
c
7
Q
=
—

ld!JOSHUEV\I Joyiny dnoio Slapun4g JINdAMN

Mason et al.

Page 17
Sa 5b
120 - 15 -
100
80
E 60 -
S 40
20
O UW g . b
0 10 20 30
Time (min) Time (min)
5c 5d
100 100
80 80
s 60 = 60
-9 -9
a 40 A 40
20 20
0 0
0 10 20 30 0 10 20 30
Time (min) Time (min)

Figure 5a-d. HPLC chromatograms of [3H]dexamethasone

[3H]dexamethasone in samples of arterial inflow (i.e., drug in artificial plasma, Panel a) and
pooled whole brains (Panel b) taken after 20 min in situ brain perfusion, and in representative
samples of plasma from abcbla/b (+/+) mice (Panel c) and abcbla/b (-/-) mice (Panel d) after
the systemic injections. HPLC analysis confirms that intact radiolabeled drug was present after
brain perfusion: [*H]dexamethasone was eluted at 17.1 min in all samples. This retention time
matched that of the radiolabeled standard. In contrast, the HPLC chromatograms following the
systemic administration experiments show that the integrity of the radiolabeled drugs was not
maintained in the plasma during the 2 hours resting period preceding decapitation, as shown
by the presence of additional radioactive peaks.
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Figure 6a-d. HPLC chromatograms of [3H]cortisol

[3H]cortisol in samples of arterial inflow (i.e., drug in artificial plasma, Panel a) and pooled
whole brains (Panel b) taken after 20 min in situ brain perfusion, and in representative samples
of plasma from abcbla/b (+/+) mice (Panel c) and abcbla/b (-/-) mice (Panel d) after the
systemic injections. HPLC analysis confirms that intact radiolabeled drug was present after
brain perfusion: [3H]cortisol was eluted at 14.2 min in all samples. This retention time matched
that of the radiolabeled standard. In contrast, the HPLC chromatograms following the systemic
administration experiments show that the integrity of the radiolabeled drugs was not maintained
inthe plasma during the 2 hours resting period preceding decapitation, as shown by the presence

of additional radioactive peaks.
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Figure 7a-d. HPLC chromatograms of [3H]corticosterone

[H]corticosterone in samples of arterial inflow (i.e., drug in artificial plasma, Panel a) and
pooled whole brains (Panel b) taken after 20 min in situ brain perfusion, and in representative
samples of plasma from abcbla/b (+/+) mice (Panel c) and abcbla/b (-/-) mice (Panel d) after
the systemic injections. HPLC analysis confirms that intact radiolabeled drug was present after
brain perfusion: [3H]corticosterone was eluted at 17.5 min in all samples. This retention time
matched that of the radiolabeled standard. In contrast, the HPLC chromatograms following the
systemic administration experiments show that the integrity of the radiolabeled drugs was not
maintained in the plasma during the 2 hours resting period preceding decapitation, as shown
by the presence of additional radioactive peaks.
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