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Abstract

A variety of steroids, including pregnenolone sulfate (PREGS) and dehydroepiandrosterone
sulfate (DHEAS) are synthesized by specific brain cells, and are then delivered to their target sites,
where they exert potent effects on neuronal excitability. The present results demonstrate that
[BH]DHEAS and [3H]PREGS are relatively high affinity substrates for the organic solute
transporter, OSTa—OSTp, and that the two proteins that constitute this transporter are selectively
localized to steroidogenic cells in the cerebellum and hippocampus, namely the Purkinje cells and
cells in the CA region in both mouse and human brain. Analysis of Osta and Ostp mRNA levels in
mouse Purkinje and hippocampal cells isolated via laser capture microdissection supported these
findings. In addition, Osta-deficient mice exhibited changes in serum dehydroepiandrosterone
(DHEA) and DHEAS levels, and in tissue distribution of administered [BH]DHEAS. OSTa and
OSTp proteins were also localized to the zona reticularis of human adrenal gland, the major
region for DHEAS production in the periphery. These results demonstrate that OSTa-OSTp is
localized to steroidogenic cells of the brain and adrenal gland, and that it modulates DHEA/
DHEAS homeostasis, suggesting that it may contribute to neurosteroid action.
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Introduction

Pregnenolone, progesterone, dehydroepiandrosterone (DHEA), and many other neuroactive
steroids can be synthesized de novo in neuronal tissue, and thus are referred to as
neurosteroids (Corpéchot et al. 1981, 1983; Do Rego et al. 2009; Mellon et al. 2001; Mellon
2007; Tsutsui 2008). Neurosteroids function not only as transcriptional activators for the
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regulation of gene expression, but they can also produce immediate and profound effects on
neuronal excitability by interacting with specific cell surface neurotransmitter receptors,
including both the major inhibitory neurotransmitter receptors, the y-aminobutyric acid A
(GABA) receptors, and the major excitatory neurotransmitter receptors, the N-methyl-d-
aspartate (NMDA) receptors (Mellon et al. 2001). These interactions have been implicated
in nerve cell proliferation, differentiation, activity, and survival, and in the control of a
number of behavioral, neuroendocrine, and metabolic processes, including locomotor and
sexual activity, aggressiveness, anxiety, and depression (Mellon et al. 2001; Mellon 2007;
Flood and Roberts 1988). Treatment with physiological or pharmacologic concentrations of
neurosteroids has been shown to promote nervous system development as well as improve
learning and spatial memory, and there is growing evidence that imbalances in neurosteroid
levels may contribute to the pathophysiology of affective disorders (Akwa et al. 2001; Eser
et al. 2006; Flood and Roberts 1988; Flood et al. 1995; Isaacson et al. 1995; Maninger et al.
2009; Mellon 2007; Stoffel-Wagner 2003).

Two important excitatory neurosteroids are DHEA sulfate (DHEAS) and pregnenolone
sulfate (PREGS) (Flood et al. 1995; Majewska et al. 1990; Mellon et al. 2001; Park-Chung
et al. 1997; Schumacher et al. 2008). These sulfated neurosteroids, and in particular PREGS,
have been shown to negatively modulate the GABAA, receptors (Majewska et al. 1990) and
positively modulate the NMDA subtype of glutamate receptors (Park-Chung et al. 1997).
Thus, they may increase neuronal activity by inverse modulation of two different
neurotransmitter receptors.

Neurosteroids are synthesized in neurons of the cerebellum, cortex, and hippocampus, as
well as in astrocytes and oligodendrocytes (Do Rego et al. 2009; Kimoto et al. 2001; Mellon
and Deschepper 1993; Tsutsui 2008; Ukena et al. 1998; Zwain and Yen 1999), and are then
exported from these cells and delivered to their target sites. Bortfeld et al. (2006) suggested
that MRP8/ABCC11 contributes to DHEAS efflux in axons; however, the contribution of
this or other transporters to DHEAS export from brain cells has not yet been established.

In the human peripheral circulation, DHEAS is secreted solely by the adrenal gland, and its
blood concentration is relatively high when compared to that of other steroids (i.e., 1-5 pM:
Dharia and Parker 2004; Rainey and Nakamura 2008). The transporters responsible for
moving DHEAS across adrenal gland cell membranes have also not been identified,
although a potential role has been proposed for some members of the ATP-binding cassette
(ABC) superfamily of proteins, including ABCC1, ABCC4, ABCC11 and ABCG2, as well
as OAT3/SLC22A8, OAT4/SLC22A11, and OATP-B/SLC21A9 (Asif et al. 2005; Chen et
al. 2005; Nozaki et al. 2007; Pizzagalli et al. 2003; Suzuki et al. 2003; Zelcer et al. 2003).

The present study examined the hypothesis that the recently identified heteromeric organic
solute and steroid transporter, OSTo—OSTp, is expressed in steroidogenic cells and that it
contributes to the transport of conjugated neurosteroids. This hypothesis was suggested by
several lines of evidence, including the observations that: (a) OSTa-OSTp mediates the
transport of conjugated steroids, including estrone-3 sulfate and DHEAS (Ballatori et al.
2005; Seward et al. 2003); (b) transport occurs by a facilitated diffusion mechanism, and
thus OSTa-OSTp can mediate either efflux or uptake depending on the electrochemical
gradient of a given substrate (Ballatori et al. 2005); (c) OSTa and OSTB mMRNAs are widely
expressed in human tissues, including the brain and adrenal gland (Seward et al. 2003); and
(d) both OSTo and OST proteins are localized to the basolateral plasma membrane of cells
that are known to export sterols, and in particular the liver, kidney and intestine (Seward et
al. 2003; Dawson et al. 2005).
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The present results demonstrate that PREGS and DHEAS are high-affinity substrates of
OSTa—OSTp; that these two proteins are expressed in the specific brain and adrenal gland
cells that are thought to be involved in steroidogenesis; and that Osta-deficient mice exhibit
altered serum DHEA and DHEAS levels, as well as altered [BH]DHEAS distribution. Taken
together, the findings are consistent with the hypothesis that OSTa-OST is involved in
neurosteroid transport.

Experimental procedures

Materials and animals

[6,7-3H(N)]Estrone 3-sulfate (57.3 Ci/mmol), [1,2,6,7-3H(N)] DHEA(63 Ci/mmol),
[1,2,6,7-3H(N)] DHEAS (74 Ci/mmol) and [7-3H(N)] PREG (12.6 Ci/mmol) were
purchased from PerkinElmer Life and Analytical Sciences, Inc. (Boston, MA). [7-3H(N)]
PREGS (20 Ci/mmol) was purchased from American Radiolabeled Chemicals, Inc. (Saint
Louis, MO). Antibodies to mouse Osta (mA315) and Ostp (mB91), and human OSTa
(hA327) and OSTp (hB1) have been described previously (Ballatori et al. 2005). Mouse
monoclonal IP3R1 antibody was purchased from UC Davis/NeuroMab facility (Davis, CA).
Mouse monoclonal NeuN antibody was obtained from Chemicon (Billerica, MA). All other
chemicals and reagents were purchased from Ambion, Amersham Biosciences, Biorad,
Fermentas, Integrated DNA Technologies, Invitrogen, Jackson Immunology Research Lab,
J. T., Baker Inc., New England Biolab, Qiagen, Sigma-Aldrich, or Stratagene.

Osta '~ mice were generated as previously described (Li et al. 2007; Ballatori et al. 2008).
Animals were maintained on a standard laboratory diet (LabDiet 5010, PMI Nutrition
International, Saint Louis, MO) at the University of Rochester School of Medicine and
Dentistry Vivarium. Mouse genotyping was performed by PCR analysis of DNA isolated
from tail biopsies, as previously described (Ballatori et al. 2008). Mature Xenopus laevis
were purchased from Nasco (Fort Atkinson, WI) and were maintained under a 12 h light
cycle at a room temperature of 18 °C in an animal facility located at the University of
Rochester School of Medicine. All experimental protocols were approved by the local
Animal Care and Use Committee, according to criteria outlined in the “Guide for the Care
and Use of Laboratory Animals” prepared by the National Academy of Sciences, as
published by the National Institutes of Health (NIH publication 86-23, revised 1985).

Xenopus laevis oocyte isolation and injection, and transport experiments

Isolation of Xenopus laevis oocytes was performed as described by Goldin (1992) and
previously employed in our laboratory (Seward et al. 2003; Ballatori et al. 2005).
Defolliculated stage V and VI oocytes were selected and injected with 50 nl of a solution
containing Osto and Ostp cRNA (1 ng/gene per oocyte), or sterile water. Injected oocytes
were cultured at 18°C with a daily change of modified Barth's media [88 mM NaCl, 1 mM
KCI, 2.4 mM NaHCOs, 0.82 mM MgSQy, 0.33 mM Ca(NOs3),, 0.41 mM CaCl,, and 20 mM
HEPES-Tris, (pH 7.5)] supplemented with gentamycin (0.5 mg/ml). Oocytes with a
homogeneous brown animal half and distinct equator line were selected for transport
experiments 3 days post-injection.

To measure uptake of [BH]DHEA, [BH]DHEAS, [3H]PREG, and [3H]PREGS, control and
cRNA-injected oocytes were incubated at 25°C for 5 min in 100 pl of modified Barth's
solution in the presence of 1 uM of these compounds. In the Kinetic studies, control or
cRNA-injected oocytes were incubated with [3H]PREGS or [3H]DHEAS at concentrations
of 0.1, 0.33, 1, 3.3, 10, 50, 100, 200, 400, and 800M, and uptake was measured for 5 min at
25°C. In the cis-inhibition experiments, control or cRNA-injected oocytes were incubated at
25°C in 100 ul of modified Barth's solution in the presence of 50 nM [3H]estrone 3-sulfate,
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with or without other potential substrates/inhibitors. Uptake was stopped by rapid dilution
with 2.5 ml of ice-cold modified Barth's solution, followed by three washes with this same
solution. Two oocytes were placed in a polypropylene scintillation vial and dissolved in 200
pl of 10% SDS. Five ml of Opti-Fluor (Perkin-Elmer, Life and Analytical Sciences)
scintillation cocktail was added, and samples were counted in a Beckman LS 6500
scintillation counter (Beckman Coulter, Fullerton, CA).

Quantitative reverse transcriptase (RT)-PCR analysis of mRNA levels in human and mouse

tissues

Human adult normal tissue total RNAs were purchased from Biochain (Hayward, CA).
Mouse tissue total RNAs were isolated as described previously (Ballatori et al. 2008) from
adult mice of both genders. Synthetic oligonucleotide primers were designed (Table 1), and
relative gene expression was determined on a Corbett Rotor-Gene 3000 real-time cycler
(San Francisco, CA). All samples were analyzed in triplicate using BioRad’s iScript™ One-
step RT-PCR kit with SYBR Green (catalog no. 170-8893; Hercules, CA). Expression
levels are reported as a ratio to GAPDH/Gapdh.

For the analysis of hepatic expression of some of the key genes involved in cholesterol and
steroid homeostasis total RNA was isolated from adult wild type and Osta ™~ mice using a
guanodinium thiocyanate/cesium chloride method (Snutch and Mandel 1992). Gene-specific
oligonucleotide primers were designed using NCBI Primer-BLAST (Table 1), and samples
were analyzed as described above. Fifty ng of total RNA was analyzed per reaction, with the
expression of each gene being quantified via a standard curve containing 10-107 copies of
the amplicon diluted in yeast total RNA. Expression levels were quantified as a ratio to
Gapdh levels within each sample and are reported as percent of the values in wild type mice.

Immunohistochemical staining of mouse brain

Male Osto*/* and Osta ™/~ mice were anesthetized with pentobarbital (50 mg/kg, ip). To fix
cerebellar tissue, mice were perfused with 2.5% paraformaldehyde via the heart, and brains
were removed and further fixed and cryoprotected by immersion in 1.5% paraformaldehyde
and 15% sucrose for 72 h. For hippocampal tissues, mice were perfused with 4%
paraformaldehyde, and brains were removed and further fixed by immersion in 4%
paraformaldehyde overnight. Brains were then cryoprotected by sequential immersion in
15% and 30% sucrose for 24 h. After freezing the tissues in isopentane (—50°C), they were
sectioned using a cryostat into 30 pm sections. Sections from cerebellum and hippocampus
were incubated with primary antibodies at 4°C overnight. Antibodies were used at the
following dilutions for cerebellum staining: anti-Osta (MA315) at 1:7200, anti-Ostp (mB91)
at 1:600, IP3R1 (Neuromab) at 1:1000. For hippocampus stainings, antibodies were used at
the following dilutions: anti-Osta (MA315) at 1:4800, anti-Ostp (mB91) at 1:300, NeuN
(Chemicon) at 1:1000. After three washes with TBST, the sections were incubated for 1 h
with secondary antibodies (Alexa Fluor 488 1:1000, Alexa Fluor 594 1:1000, both
secondary antibodies were obtained from Invitrogen). Slides were mounted using ProLong
Gold antifade reagent (Invitrogen) and analyzed using an Olympus FluoView™ FV1000
Laser Scanning Confocal Microscope.

Laser capture microdissection of mouse brain cells

Brains from anesthetized male C57BI6 mice were snapped frozen in liquid nitrogen,
sectioned at 7 um, and directly collected onto poly-D-lysine coated PEN membrane slides,
as previously described (Cui et al. 2009). All solutions were made in DEPC-treated water,
and RNAse-Secure (Ambion) was added to the antibody-solutions to remove RNases.
Briefly, after blocking for one hour, sections were incubated with primary antibodies for one
hour at 37°C, followed by biotinylated secondary antibody for 30 min. Immunoreactivity
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was visualized by DAB. Sections were counter-stained with cresyl-violet. At least 500
microdissection captures of each type were made using U-V Laser Microbeam technology
(PALM, Carl Zeiss), from each of 4 mice.

DHEA and DHEAS radioimmunoassay

Serum was collected from 7-week old male mice and 9-week old female mice as previously
described (Ballatori et al. 2008). All assay components were dissolved in 100 ul of
phosphate buffered saline containing 3% w/v bovine serum albumin and 0.01% thimerosal
(w/v). The measurement of DHEA employed [3H]DHEA at 0.2 nM and anti-DHEA
antibodies (Abcam, Cambridge, MA) at a dilution of 1:50. For serum DHEAS
measurements, [SH]DHEAS was used at 0.2 nM and anti-DHEAS antibodies (Genway, San
Diego, CA) at a dilution of 1:100. The samples were incubated for 24 h at 4°C. The
immunoassays were terminated by addition of 50 ul heat-killed, formalin-fixed 1% (v/v)
suspension of Staphylococcus aureus cells (Pansorbin®, Calbiochem, USA). The mixtures
were incubated for 15-20 min at room temperature and followed with addition of 1ml ice-
cold PBS and rapid filtration through glass-fiber filters (GF/C, Whatman, UK) under
vacuum. Filter papers were then placed in 3 ml scintillation fluid (Perkin-Elmer, Life and
Analytical Sciences) and counted in a Beckman LS 6500 scintillation counter (Beckman
Coulter, Fullerton, CA). All measurements were made in duplicate for each sample, and a
range of unlabeled standard concentrations were included in each assay for the construction
of standard curves. According to the antibody supplier, the anti-DHEA antibody is highly
specific to DHEA. The cross reactions with other steroids are: DHEAS 2.6%, androsterone
0.28%, androstenedione 0.17%, 20-dihydroprogesterone 0.02%, 11-hydroxyprogesterone
0.02%, and all other steroids tested less than 0.002%. The anti-DHEAS antibody is also
relatively specific to DHEAS: the cross reactivity with DHEA is 25%.

Immunohistochemistry of human tissues

With approval from the University of Rochester’s Research Subject Review Board (RSRB)
anonymous archival samples from surgical pathology and autopsy pathology research were
obtained. Paraffin-embedded human brain and adrenal gland tissues were obtained after all
patient identifiers had been removed. Tissue slices of 5 um were mounted on chemically
charged slides, dried at room temperature until opaque and placed in an oven at 57°C
overnight. Sections were deparaffinized and quenched with 3% hydrogen peroxide for 6
min. They were then cleared in running water followed by TBS (50 mmol/L Tris-hydrogen
chloride, 150 mmol/L sodium chloride, and 0.05% Tween 20 at pH 7.6). Antigen unmasking
was performed with preheated (95 to 99°C) citrate buffer, pH 6.1 (DakoCytomation) in a
Black and Decker steamer (model HS800; Shelton, CT) for 30 min followed by a 15 min
cool down period. Slides were then rinsed with Tris-buffered saline for 5 min and incubated
with the primary antibodies human OSTa (hA327; 1:400) or OSTp (hB1; 1:400) at room
temperature for 60 min. The sections were then incubated for 30 min with anti-rabbit
antibody labeled with polymer-horseradish peroxidase (Envision Plus System,
DakoCytomation). Slides were developed with 3,3’-diaminobenzidine (DAB)
(DakoCytomation), rinsed in running distilled water, counterstained in Modified Mayer’s
Hematoxylin, blued in 0.3% ammonia water followed by a tap water rinse. Slides were
mounted using an aqueous media and viewed with a light microscope. Tissue cores with less
than 50% of the original tissue left on the slides after immunohistochemistry were not used.

Intraperitoneal administration of [3H]DHEA or [3H]DHEAS to anesthetized mice

Male and female mice that had been fed ad libitum were anesthetized by intraperitoneal
administration of pentobarbital sodium (50 mg/kg) and additional anesthetic was

administered as required for the duration of the experiment. [BH]DHEA or [*BH]DHEAS
(400 pl of 1 mM; 1 pCi/400 pl) was administered intraperitoneally, and 2 h later whole
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blood and tissues were collected. Approximately 0.3 ml of blood was collected from the
abdominal aorta in a tared 1ml syringe containing 50 pl of heparin (1000 U/ml). For the
liver, approximately 0.2-0.4 g of tissue was taken for analysis of radioisotope content, and
the other tissues were collected in their entirety. Tissue and blood samples were placed in
tared 20-ml glass vials, and Solvable (Perkin-Elmer, Life and analytical Sciences, Boston,
MA) was added to each vial (1.0 ml/0.1 g tissue or 2.0 ml/1.0 ml blood), which was then
heated to 60°C for 2 to 3 h. The vials were allowed to cool to room temperature, and 0.1 ml
of 0.1 M EDTA/1.0 ml of Solvable was added to each vial of blood. H,O5 (30%) was then
added in 0.1-ml aliquots (0.3 ml/1.0 ml Solvable for blood or 0.1 mi/1.0 ml Solvable for
tissues). After standing at room temperature for 15 to 30 min, the vials were capped tightly
and heated to 60°C for 1 h and allowed to cool back to room temperature. After the addition
of scintillation fluid (4 ml of Opti-Fluor to 200 pl of each sample) (Perkin-Elmer Life and
Analytical Sciences, Boston, MA), the samples were allowed to stand for at least 2 h at room
temperature before counting. Samples were counted in a Beckman LS 6500 scintillation
counter (Beckman Coulter, Fullerton, CA). Total blood volume was estimated as 6% of
body weight.

Data are given as means + SEM. Values were considered to be significantly different, when
p<0.05 by use of a one-way ANOVA followed by Bonferroni’s multiple comparison test or
a Student’s t-Test where applicable.

[3H]DHEAS and [3H]PREGS are relatively high affinity substrates for OSTa-OSTR

To characterize the potential substrate specificity of the transporter, initial experiments
examined the effects of a variety of conjugated and unconjugated steroids on mouse Osto—
Ostp or human OSTo-OSTpB-mediated transport of [3H]estrone 3-sulfate in Xenopus laevis
oocytes (Fig. 1). All of the sulfated and glucuronidated steroids that were examined
significantly inhibited transport, whereas the unconjugated parent compounds or compounds
without a net negative charge had no effect. Androsterone sulfate and PREGS were the
strongest inhibitors of transport, inhibiting transport by about 65% (Fig. 1). Steroid
conjugates with more than one sulfate group (estradiol-2S), or with both a sulfate and
glucuronic acid moiety (estradiol-S-G) also inhibited transport activity (Fig. 1). The
inhibition by the conjugated steroids suggests but does not establish that they are substrates
for this carrier.

To directly test whether DHEA, DHEAS, PREG, and PREGS are substrates for the
transporter, uptake of these radiolabeled compounds was measured in Xenopus oocytes
expressing human OSTo—OSTp. [BH]DHEAS uptake was markedly higher in OSToa—OST-
expressing oocytes (Fig. 2A), confirming previous findings (Ballatori et al. 2005).
[3H]PREGS uptake was also higher in OSTo-OSTB-expressing oocytes (Fig. 2B), whereas
there was no significant difference in [3H]DHEA and [3H]PREG uptake between control
and OSTo—OSTB-expressing oocytes (Fig. 2A and B).

To establish the kinetics of [SH]DHEAS and [3H]PREGS transport, initial rates of uptake of
these compounds (5 min) was measured over a concentration range of 0.1-800 uM (Figs. 2C
and D). Eadie-Hofstee plots for DHEAS and PREGS suggested two transport components
for each compound. The Km values for the high affinity transport components were 1.5+0.4
UM for DHEAS and 6.9+2.1 uM for PREGS, whereas the low affinity components gave Km
values of 532458 and 909+72 pM for DHEAS and PREGS, respectively. The high-affinity
Km value for DHEAS is within the physiological plasma concentration range for this steroid
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in humans (1-5 pM; Dharia and Parker 2004), whereas the high-affinity Km value of
PREGS is higher than plasma PREGS concentration (11-15 nM; Wang et al. 1996).
However, because OSTo—OST} is expected to mediate primarily sterol export from cells,
the intracellular concentration is the more meaningful parameter in defining the kinetics, but
unfortunately intracellular concentrations of sterols are largely unknown and difficult to
assess.

OSTa and OSTB MRNA is expressed in human and mouse brain, and in steroidogenic

tissues

OSTa and OSTB mRNA was detected in all major human steroidogenic tissues, namely the
testis, ovary, adrenal gland and prostate (Fig. 3A), in agreement with previous findings
(Seward et al. 2003). Interestingly, although overall human brain OSTa and OST mMRNA
levels are relatively low (Seward et al. 2003), relatively high levels of OSTa and OSTf
mRNA were found in the hippocampus (Fig. 3B). OSTp mRNA was also detected in the
cerebellum, but OSTa was below the limit of detection in this brain region (Fig. 3B).

Analysis of mouse brain and steroidogenic tissues revealed that Osta and Ostp mRNA levels
appeared to be much lower than those in human tissues, and were below the detection limit
in mouse cerebellum and hippocampus (Fig. 3C); however, a direct quantitative comparison
of relative abundance between mouse and human is not possible from the present data given
that different primer sets were used. Although Osta and Ostp mRNA levels were below the
detection limit in the mouse cerebellum and hippocampus, when specific mouse brain cells
were isolated using laser capture microdissection, Osto and Ostp mRNA was detected in
Purkinje cells and cells in the CA region of the hippocampus (Fig. 3D). Inositol 1,4,5-
trisphosphate receptor type 1 (IP3R1) was used as a marker for Purkinje cells and the
hippocampal neurons (Fig. 3E). IP3R1 is a key neuronal IP3R in the central nervous system:
it is predominantly concentrated in Purkinje cells and the CA1 region of hippocampus, with
low expression in granular cells of the cerebellum (Aoki et al. 2003;Choi et al.
2004;Hisatsune et al. 2006).

Human OSTa and OSTR and mouse Osta and Ostf proteins are selectively localized to
steroidogenic cells in the brain

Antibodies to Osta and Ostf localized these proteins to specific cells within the cerebellar
cortex and hippocampus of wild type male mice, whereas relatively little staining was noted
in Osta-deficient mice (Fig. 4). As previously reported, Osta-deficient mice lack Osta
protein and have very low Ostp protein expression (Li et al. 2007). In the cerebellar cortex,
intense immunoreactivity was noted in large cell bodies lying at a narrow zone between the
granular and molecular layers, which is coincident with the location of Purkinje cells (Fig. 4,
Al1-A6 and B1-B6). Osta and Ostp proteins co-localized with the IP3R1 protein, which is a
Purkinje cell marker. In the hippocampus, these proteins appeared to be localized to the
neurons of CA1, CA2, CA3, and dentate gyrus regions (Fig. 4, D1-D6 and E1-E6). These
are the same regions that have previously been shown to express steroidogenic enzymes
(Mellon and Deschepper 1993;Kimoto et al. 2001;Ukena et al. 1998;Zwain and Yen 1999).
In the human brain, antibodies to OSTa and OSTP localized these proteins to similar regions
as in the mouse brain (Fig. 5A-L).

OSTa and OSTP proteins are most abundant in the zona reticularis of the human adrenal

gland

In the human adrenal gland, OSTa and OST immunoreactivity was noted largely in the
zona reticularis (Fig. 5SM-P), the region that is primarily responsible for the secretion of
DHEAS from the adrenal gland (Rainey et al. 2002). Staining was weak in the zona
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glomerulosa and zona fasciculata (Fig. 5M and O). At higher magnification (Fig. 5N and P),
staining was clearly noted in cells within these regions.

Serum DHEA and DHEAS levels are altered in Osta™/~ mice

As an indirect test of the hypothesis that Osta-Ostp contributes to neurosteroid disposition,
serum levels of DHEA and DHEAS were measured in Osta*/* and Osta ™/~ mice (Fig. 6).
Serum DHEA levels were higher in both male and female Osto ™/~ mice (8% in male, 12%
in female), whereas serum DHEAS levels were lower (16% in male, 18% in female), such
that the DHEA/DHEAS ratio was substantially higher in Osta™'~ mice (Fig. 6C).

Altered tissue distribution of [3H]DHEAS in Osta~/~ mice

To further characterize the role of Osta-Ostp in the in vivo disposition of DHEA or DHEAS,
the tissue distribution of [BH]DHEA and [3H]DHEAS was measured at 2 h after their
intraperitoneal administration in Osta-deficient and wild type mice (Fig. 7). For DHEA there
were no significant differences in tissue distribution of radioactivity between Osta-deficient
and wild type mice (data not shown), whereas tissue [H]DHEAS distribution was different
(Fig. 7). In particular, note that more radioactivity was found in the liver and adrenal gland
of both male and female Osta ™/~ mice, although these differences were statistically
significant only in the male mice (Fig. 7).

To identify possible mechanisms for the changes in serum DHEA/DHEAS levels in the
Osta-deficient mice, the expression of some of the key genes involved in their homeostasis
were measured in liver. In rodents, DHEA and DHEAS are synthesized mainly in the liver
and gonads (Brock and Waterman 1999; Katagiri et al. 1998; Kobayashi et al. 2003).
Although expression of Osta-Ostf is low in the whole mouse liver, these proteins may
nevertheless contribute to hepatobiliary disposition of bile acids and related molecules in the
mouse (Ballatori et al. 2005). As previously reported (Ballatori et al., 2008; Rao et al. 2008),
hepatic expression of Cyp7al, a key enzyme in the conversion of cholesterol to bile acids
was markedly reduced in Osta-deficient mice (Fig. 8); however, there were no major
changes in the expression of some of the key genes involved in steroid biosynthesis,
including Cypllal, Cypl7al, and Sul2al, indicating that the altered serum DHEA and
DHEAS levels in the Osta-deficient mice cannot be readily explained by changes in the
expression of these steroid biosynthesis genes.

Discussion

The present results provide support for the hypothesis that OSTo—OSTp contributes the
transport of conjugated steroids in steroidogenic cells by demonstrating that OSTa and
OSTp are expressed in the specific brain and adrenal gland cells that are involved in
steroidogenesis, that PREGS and DHEAS, two important steroid hormone precursors in the
periphery and potent neurosteroids in the central nervous system, are relatively high-affinity
substrates for OSTa—OSTf, and that Osta-deficient mice exhibit altered serum DHEA and
DHEAS levels, and [3H]DHEAS distribution.

OSTa-OSTp is a recently identified organic solute and steroid carrier that plays a central
role in the transport of bile acids in the intestine, liver, and kidney, and in regulating the
enterohepatic circulation (Ballatori et al. 2009). Mice that are deficient in Osta exhibit a
defect in intestinal bile acid absorption, a markedly diminished bile acid pool size, intestinal
hypertrophy, growth retardation, a decrease in serum cholesterol and triglyceride levels, and
an increase in fecal excretion of neutral sterols (Ballatori et al. 2008; Rao et al. 2008).
Although these previous studies indicate that Osta-Ost is critical for bile acid homeostasis,
they also demonstrate that alternate or compensatory mechanisms are present in the Osta ™/~
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mice that allow bile acids to still be absorbed, albeit less efficiently than in wild type
animals (Ballatori et al. 2008; Rao et al. 2008).

Because of the major role of OSTa-OST in bile acid homeostasis, most studies to date have
focused on its functions in the gastrointestinal tract (Ballatori et al. 2005, 2008, 2009; Rao et
al. 2008). However, OSTa and OSTp are also expressed in many tissues that do not
normally handle bile acids (Seward et al. 2003), indicating that these proteins are likely
serving some other roles in these tissues. In particular, OSTa and OSTB mMRNA is also
expressed in the brain, the adrenal gland, and all major steroidogenic tissues (Seward et al.
2003; and Fig. 3), suggesting a potential role in steroid transport in these tissues. The present
findings provide support for this hypothesis.

The present results also provide additional insight into the substrate specificity of OSTa-
OST. Previous studies demonstrated that a number of bile acids are substrates, and that
sulfated bile salts are among the powerful inhibitors of transport (Ballatori et al. 2005;
Seward et al. 2003; Wang et al. 2001). The present results demonstrate that sulfated steroids
exhibit the strongest inhibitory effect on both mouse Osta-Ostp and human OSTa-OSTf
mediated estrone 3-sulfate transport (Fig. 1A, B). Glucuronidated steroids also inhibited
transport, although they appeared to be weaker inhibitors. In contrast, the parent steroids and
exogenous steroid conjugates with no net charge showed no significant inhibition of OSTa-
OSTp mediated transport, indicating that charge distribution and molecular structure of the
molecule may determine its affinity for OSTa-OSTp.

By direct measurement of transport, the present results also demonstrate that PREGS and
DHEAS are substrates for OSTa-OST, but that the parent compounds (PREG and DHEA)
do not appear to be substrates. The kinetics of OSTa-OSTp mediated DHEAS and PREGS
transport indicate both high-affinity and low-affinity components for these compounds. The
apparent Km value for the high affinity component of DHEAS transport was 1.5+0.4 pM,
which is within the range of human blood plasma DHEAS levels (1-5 pM). Plasma levels of
PREGS are generally in the nM range, but nanomolar to micromolar concentrations of
PREGS have been shown to alter presynaptic or postsynaptic actions in the brain (Gibbs et
al. 2006; Meyer et al. 2002; Monnet et al. 1995), and thus the high-affinity component of
PREGS transport (apparent Km of 6.9+2.1 uM) may also be physiologically relevant.
However, as noted earlier, because OSTa—OST} is expected to mediate primarily sterol
export from cells, the intracellular concentration is the more meaningful parameter in
defining the kinetics, but unfortunately intracellular concentrations of sterols are difficult to
assess.

Our observation that OSTa-OST exhibits both low- and high-affinity transport components
also provides insight into the molecular mechanisms of transport. Multiple transport
components transport may occur when a transporter has more than one substrate binding
sites, or when the transporter has a substrate binding site that assumes different
conformations depending, for example, on the type and extent of post-translational
modifications or on the presence of accessory proteins or other factors (Eisenhaber and
Eisenhaber 2007; Malo and Fliegel 2006; Putman et al. 2000; Sauna et al. 2001; van den
Berghe and Klomp 2010; van der Heide and Poolman 2002). Additional studies are needed
to define whether OSTa-OSTp contains more than one substrate binding site or whether it
exists in different conformations, and to define the physiological relevance of the low
affinity transport component.

In addition to OSTa-OST substrate specificity and transport kinetics, the selective
localization of these proteins to steroidogenic cells in the brain and adrenal gland provides
additional evidence for the hypothesis that OSTa-OSTf contributes to the disposition of

J Neurochem. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fang et al.

Page 10

sulfated steroids in these tissues. Previous studies have demonstrated that both the mouse
and human brain contain the enzymes needed for synthesizing DHEAS and PREGS,
including the steroid sulfotransferase SULT2A1/Sult2al (Kimoto et al. 2001; Maninger et
al. 2009; Mellon and Deschepper 1993; Ukena et al. 1998; Zwain and Yen 1999). In
particular, Purkinje cells and hippocampal neurons have been shown to possess
steroidogenic enzymes and to produce DHEA, PREG and their sulfated esters. Both of these
brain regions are well known for their function in the process of learning and memory, and
several studies have suggested that the hippocampus is a site for PREGS action (Akwa et al.
2001; Flood et al. 1995). The present results demonstrate these same brain regions are
recognized by the OSTa/Osto and OST[/Ostp antibodies in both human and mouse brain,
indicating co-localization of the transporter with the steroid biosynthetic enzymes.

Interestingly, in a recent study designed to gain insight into the function of proteins involved
in Purkinje cells degeneration, Lim and coworkers (2006) used a yeast two-hybrid screen to
identify OSTa as one of the proteins that can interact with ataxin-1, a polyglutamine protein
of unknown function, whose mutant form causes type 1 spinocerebellar ataxia (SCA1) in
humans. Cerebellar Purkinje cells appear to be the major cell type affected in this inherited
neurodegenerative disease, and targeted expression of mutant ataxin-1 in Purkinje cells of
transgenic mice produces an ataxic phenotype with pathological similarities to the human
disease (Clark and Orr 2000). The significance of the ataxin-1-OSTa protein-protein
interaction is presently unknown, but it does provide clues into both the function of ataxin-1
and into the pathogenesis of SCAL.

Although mouse and human brain are both capable of synthesizing DHEA and DHEAS,
mice and humans differ markedly in the major site of DHEA and DHEAS synthesis in the
periphery and in concentrations of these steroids in blood. In humans, the adrenal gland cells
within the zona reticularis of the cortex serve as the major site of synthesis of circulating
DHEA and DHEAS, and serum concentrations of these steroids are quite high, 1-5 uM
(Rainey et al. 2002; Rainey and Nakamura 2008). In contrast, in the mouse, DHEA and
DHEAS are synthesized mainly in the gonads and liver, and mouse blood concentrations are
much lower than in humans, 0.01-0.05 uM (Brock and Waterman 1999; Katagiri et al.
1998; Kobayashi et al. 2003). The present results demonstrate that the zona reticularis of the
human adrenal gland cortex is relatively selectively stained by the OSTa and OSTf
antibodies, whereas the expression of Osta and Ostp mRNA in mouse adrenal gland was
quite low and Osta and Ostp proteins could not be detected in this tissue. Thus, both the
strong expression of OSTa-OSTp in human adrenal gland cells that synthesize DHEA and
DHEAS, and conversely, the low expression of these synthetic and putative transport genes
in the mouse adrenal gland, are consistent with the hypothesis that this transporter is
involved in DHEAS disposition.

It is now well established that Osta and Ostp mRNA expression is regulated by bile acids
via the farnesoid X receptor (FXR; Boyer et al. 2006; Frankenberg et al. 2006; Landrier et
al. 2006; Lee et al. 2006). Interestingly, CYP17 and dehydroepiandrosterone sulfotransferase
Sult2al, which encode for two key enzymes for DHEAS production, are also positively
regulated by FXR (Song et al. 2001). These similar regulatory mechanisms further support
the hypothesis that Osta-Ostp is responsible for transporting DHEAS. Given that this
transporter is also expressed in other steroidogenic tissues, it will be interesting to examine
the localization and function of Osta-Ostp in these tissues. In particular, previous studies
have demonstrated that estrone 3-sulfate and DHEAS, known substrates for Osta-Ostp, can
be taken up by the testis, ovary, and mammary gland and converted back to active steroid
hormones within these tissues, and it is tempting to speculate that Osta-Ostf may be
involved in these processes. Steroid uptake by these tissues has also been associated with the
induction and maintenance of endocrine-dependent cancers, namely prostate cancer and
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breast cancer (Billich et al. 2000; Falany and Falany 1997; Purohit et al. 1999), and it will be
of interest to examine whether this transporter may be involved.

Of significance, although direct quantitative comparisons of mRNA levels between human
and mouse tissues are not possible from the present data, OSTa and OST3 mMRNA expression
in human brain and steroidogenic tissues appears to be much higher than that in the
corresponding mouse tissues (Fig. 3), and these species differences parallel the differences
in serum DHEAS levels. As noted above, human serum DHEAS concentrations are in the
range of 1-5 uM (Dharia and Parker 2004;Rainey and Nakamura 2008), whereas mouse
serum DHEAS levels are about 2 orders of magnitude lower, or 0.01-0.05 uM (Kobayashi
et al. 2003; and Fig. 6). In Osta ™'~ mice, serum DHEA and DHEAS levels and the
distribution of administered [3H]DHEAS were altered, providing indirect evidence for a role
of the transporter in neurosteroid disposition.

Although the mechanism for the altered DHEA/DHEAS levels in Osto/~ mice is presently
undefined, some factors that may be involved include: a) diminished efflux of DHEAS from
steroidogenic cells, as supported by the present findings showing that DHEAS is a relatively
high affinity substrate for Osta-Ostp and that this transporter is localized to these cells; b)
impaired biosynthesis of DHEA due to an imbalance of cholesterol and bile acid
homeostasis, as previously reported in Osta ™~ mice (Ballatori et al. 2008; Rao et al. 2008);
c) decreased elimination of DHEA from the serum compartment; or d) decreased activity of
the enzyme(s) that convert DHEA to DHEAS. However, the present findings demonstrate
that hepatic expression of Sult2al, an important enzyme for the conversion of DHEA to
DHEAS, was similar in both genotypes.

In summary, the present findings demonstrate that OSTo and OSTf are expressed in
steroidogenic cells in the brain and adrenal gland, and that this transporter can transport
DHEAS and PREGS with high affinity. Thus, OSTa-OSTf may contribute to neurosteroid
transport in the brain and sterol conjugate transport in the adrenal gland and other
steroidogenic tissues.

Abbreviations used

CA cornu ammonis

DBA 3,3’-diaminobenzidine

DHEA dehydroepiandrosterone

DHEAS dehydroepiandrosterone sulfate
estradiol-2S B-estradiol 3,17-disulfate

estradiol-S-G B-estradiol 3-(B-D-glucuronide) 17-sulfate
OST/Ost organic solute transporter

PREG pregnenolone

PREGS pregnenolone sulfate
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Figure 1. Cis-inhibition of Osta-Ostp- and OSTa-OSTg-mediated [3H]estrone 3-sulfate uptake
by conjugated steroids
Effects of different steroids on mouse Osta-Ostp (A) and human OSTa-OSTp (B) mediated

transport of [3H]estrone 3-sulfate. Uptake of 50 nM [3H]estrone 3-sulfate was measured for
5 min in the absence (control) and presence of 12.5% ethanol and/or 500 uM of the
indicated compounds. Data are expressed as a percent of the control values + S.E. (n = 3-6
different oocyte preparations, each performed in triplicate), * P<0.05. (-S= sulfated; -G=
glucuronidated; -2S= 2 sulfate groups; -S-G= sulfated and glucuronidated)
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Figure 2. Human OSTa-OSTp-mediated transport of [BH]DHEAS and [*H]PREGS

Uptake of 1 pM of either [*BH]DHEAS and [3H]DHEA (A), or of [3H]PREGS and
[3H]PREG (B) was measured for 5 min at 25°C. To define transport kinetics, oocytes were
incubated with [BH]PREGS (C) or [3H]DHEAS (D) concentrations of 0.1, 0.33, 1, 3.3, 10,
50, 100, 200, 400, and 800 UM, and uptake was measured for 5 min at 25°C. Values are
means + S.E. of 4 experiments in distinct oocyte preparations, each performed in triplicate.
For DHEAS, the Km (uM), Vmax (fmol/oocyte.5min), and Vmax/Km (nL/oocyte.5min)
values of the high-affinity component were 1.5+0.4, 0.8+0.2, and 0.6+0.2, whereas for the
low-affinity component they were 532+58, 101+17, and 0.19+0.03, respectively. For
PREGS, the Km (uM), Vmax (fmol/oocyte.5min), and Vmax/Km (nL/oocyte.5min) values
of the high-affinity component were 6.9+2.1, 9.4+1.5, and 1.5+0.2, whereas for the low-
affinity component they were 909+72, 643134, and 0.71+0.04, respectively.
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Figure 3. Human OSTe and OSTP and mouse Osta and Ostp mMRNA expression in brain and
steroidogenic tissues

Total RNA isolated from different human (A,B) or mouse tissues (C) were subjected to
quantitative real time RT-PCR analysis. Osto, and Ostf (C) and IP3R1 (E) MRNA levels
were also measured in specific mouse cells captured by laser capture microdissection. Data
are reported relative to GAPDH expression for each tissue and cell. Values are means + S.E.,
n=4 separate experiments.
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Figure 4. Immunolocalization of Osta and Ostf in mouse brain

Brain sections from Osta™* and Osta '~ mice were labeled with anti-Osta. (panels 1-3 in
rows A-F) or anti-Ostp antibodies (panels 4-6 in rows A—F), along with antibodies to either
IP3R1, a Purkinje cell marker (panels 2, 3, 5, and 6 in rows A-C), or NeuN, a neuronal
marker (panels 2, 3, 5, and 6 in rows D-F).
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Figure 5. Immunolocalization of OSTa and OSTp in human brain and adrenal gland

Human tissues were labeled with anti-OSTa (A-C, G-I, M, N) or anti-OSTp (D-F, J-L, O,
P) antibodies. In the adrenal gland, signals for OSTa and OSTp were relatively strong in the
zona reticularis (ZR) of the adrenal cortex, whereas the zona glomerulosa (ZG) and zona
fasciculata (ZF) had weaker staining (M, O). Higher magnification showed that OSTa and
OSTp are expressed in cells of the zona reticularis (N, P). Mu = medulla; scale bar
represents 100 pum.
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Figure 6. Serum DHEA and DHEAS levels are altered in Osta-deficient mice

Serum DHEA (A) and DHEAS (B) levels were measured in male and female mice. DHEA/
DHEAS ratios were also calculated (C). Values are means = SE, n = 5-6 mice in each
group; *Significantly different from Osto*/* animals, P < 0.05.
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Figure 7. Altered distribution of [3H]DHEAS in Osta-deficient mice

Tissue distribution of radioactivity after administration of [BH]DHEAS in male (A, B) and
female (C, D). Mice were injected intraperitoneally with 0.4 pmol in 400 pl, and tissues
collected after 2 h. Values are means + SE, n = 3-4; *Significantly different from Osto™/*
animals, P < 0.05.
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Figure 8. Hepatic expression of some of the key genes involved in cholesterol and steroid
homeostasis in wild type and Osta-deficient mice

Total RNA isolated from male (A) and female (B) mouse livers was subjected to
quantitative real time RT-PCR analysis. Data were assessed relative to Gapdh expression,
and are reported as a percent of the value in the Osta*/* mice. Values are means + S.E.,
n=4-5 mice per group. *Significantly different from Osto*/* animals, P < 0.05.
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