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ABSTRACT
Central nervous system (CNS) drug delivery can be achieved by
targeting drug uptake transporters such as Oatp1a4. In fact,
many drugs that can improve neurologic outcomes in CNS
diseases [3-hydroxy-3-methylglutaryl-CoA reductase inhibitors
(i.e., statins)] are organic anion transporting polypeptide (OATP)
transport substrates. To date, transport properties and regula-
tory mechanisms of Oatp1a4 at the blood-brain barrier (BBB)
have not been rigorously studied. Such knowledge is critical
to develop Oatp1a4 for optimization of CNS drug delivery and
for improved treatment of neurological diseases. Our labora-
tory has demonstrated that the transforming growth factor-b
(TGF-b)/activin receptor-like kinase 1 (ALK1) signaling agonist
bone morphogenetic protein 9 (BMP-9) increases functional
expression of Oatp1a4 in rat brain microvessels. Here, we
expand on this work and show that BMP-9 treatment increases

blood-to-brain transport and brain exposure of established
OATP transport substrates (i.e., taurocholate, atorvastatin, and
pravastatin). We also demonstrate that BMP-9 activates the
TGF-b/ALK1 pathway in brain microvessels as indicated by
increased nuclear translocation of specific Smad proteins
associated with signaling mediated by the ALK1 receptor
(i.e., pSmad1/5/8). Furthermore, we report that an acti-
vated Smad protein complex comprised of phosphorylated
Smad1/5/8 and Smad4 is formed following BMP-9 treatment
and binds to the promoter of the Slco1a4 gene (i.e., the gene that
encodes Oatp1a4). This signaling mechanism causes increased
expression of Slco1a4 mRNA. Overall, this study provides
evidence that Oatp1a4 transport activity at the BBB is directly
regulated by TGF-b/ALK1 signaling and indicates that this pathway
can be targeted for control of CNS delivery of OATP substrate drugs.

Introduction
To achieve neuroprotection, drugsmust accumulate to effective

concentrations in the brain. This objective is a considerable
challenge due to the blood-brain barrier (BBB), which has evolved
to restrict central nervous system (CNS) uptake of xenobiotics
(Pardridge, 2012). Tight junction protein complexes form the
physical “seal” of the BBB and limit paracellular diffusion.
Additionally, efflux transporters such as P-glycoprotein are bio-
chemical BBB features that impair CNS drug delivery
(Ronaldson and Davis, 2013; Abdullahi et al., 2017b). Blood-to-
brain transport can be achieved via sodium-independent uptake

transporters such as organic anion transporting polypeptides
(OATPs). At the human BBB, the principal OATP isoform that is
involved in drug transport is OATP1A2 (Hagenbuch and Meier,
2004; Ronaldson and Davis, 2013). Previous studies have con-
firmed OATP1A2 localization to brain microvascular endothelial
cells (Bronger et al., 2005; Lee et al., 2005). Oatp1a4, the rodent
ortholog of OATP1A2, is also expressed in microvascular endo-
thelial cells in rat brain (Ronaldson et al., 2011; Thompson et al.,
2014; Abdullahi et al., 2017a; Brzica et al., 2017, 2018b). Previous
studies in rodents have shown that Oatp1a4 can transport
prototypical OATP substrates [taurocholate and 3-hydroxy-3-
methylglutaryl-CoA reductase inhibitors (i.e., statins)] (Ose
et al., 2010; Ronaldson et al., 2011; Thompson et al., 2014;
Abdullahi et al., 2017a; Brzica et al., 2018b). Statins are
particularly intriguing transport substrates because they possess
neuroprotective properties that can improve functional outcomes
in CNS diseases (Barone et al., 2012; Montecucco et al., 2012;
Sutherland et al., 2012).
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Development of OATPs as molecular CNS drug delivery
targets requires characterization of their regulatory mecha-
nisms at the BBB. One such mechanism is transforming
growth factor-b (TGF-b) signaling, which can modulate
Oatp1a4 functional expression in rat brain microvessels
(Ronaldson et al., 2011; Thompson et al., 2014; Abdullahi
et al., 2017a). TGF-b signaling at the BBB is facilitated by
transmembrane serine-threonine kinase receptors [i.e., acti-
vin receptor-like kinase (ALK)-1 and ALK5]. ALK1 and ALK5
constitute the primary TGF-b receptors that mediate vascular
remodeling and angiogenesis (Oh et al., 2000) and have been
shown to induce opposite effects at the BBB (Lebrin et al.,
2005; Ronaldson et al., 2009; Curado et al., 2014; Wei et al.,
2014; Li et al., 2016). Effects of TGF-b/ALK1 signaling at the
BBB can be studied using the well-characterized ALK1
receptor agonist bone morphogenetic protein 9 (BMP-9)
(Brown et al., 2005; Herrera et al., 2014). Upon ligand binding
at ALK1, the corresponding type II receptor is recruited to
form a heterotetrameric complex. Subsequently, the activated
ALK1 receptor intracellularly phosphorylates specific ALK1
receptor Smads (i.e., Smad1/5/8) and proceeds to form a
heterotrimeric complex with the common Smad (i.e., Smad4)
(Wang et al., 2014). This Smad complex is capable of nuclear
translocation and binding to transcription coactivators
p300/CBP at the Smad binding element (SBE) composed of
the sequence CAGAC (Massagué and Wotton, 2000; Puente
et al., 2001; López-Rovira et al., 2002; Suzuki et al., 2010;
Morikawa et al., 2013). It has also been reported that these
CAGA boxes are flanked with GC-rich regions termed
GC-rich Smad1/5 binding element (GC-SBE) (Morikawa
et al., 2011, 2013).
We have recently shown that activation of ALK1 signaling

with BMP-9 increases Oatp1a4 functional expression at the
BBB (Abdullahi et al., 2017a). In this study, BMP-9 effects
on Oatp1a4 protein expression and transport activity were
attenuated by 4-[6-[4-(1-piperazinyl)phenyl]pyrazolo[1,5-
a]pyrimidin-3-yl]quinoline dihydrochloride (LDN193189)
(Abdullahi et al., 2017a). Since LDN193189 is a pharmacolog-
ical ALK1 receptor antagonist (Mayeur et al., 2015), our
results implicate the TGF-b/ALK1 pathway in mediating this
response (Abdullahi et al., 2017a). To date, the ability of BMP-
9 to directly modulate Oatp1a4 functional expression has not
been studied. Here, we address this critical issue by rigorously
characterizing the TGF-b/ALK1 signaling pathway and its
role in controlling expression and activity of Oatp1a4 at the
BBB. We show that activation of ALK1 by BMP-9 increases
Slco1a4 gene transcript andOatp1a4 protein expression in rat
brain microvessels in a time-dependent manner. This en-
hancement in transporter expression correlated with in-
creased brain uptake of Oatp1a4 transport substrates. We
demonstrate that Oatp1a4 functional expression is directly
regulated by TGF-b/ALK1 signaling as indicated by an
increased nuclear-to-cytoplasmic ratio of phosphorylated
Smad1/5/8 and increased binding of Smad4-phosphorylated-
Smad1/5/8 protein complexes to specific binding sites localized
to the Slco1a4 gene promoter. Taken together, our novel data
provide evidence that the TGF-b/ALK1 pathway is a critical
regulator of Oatp1a4 functional expression at the BBB. This
work is of paramount importance for CNS drug delivery
because it characterizes, in detail, an intracellular signaling
pathway that can be targeted to control blood-to-brain trans-
port of Oatp1a4 substrate drugs (i.e., statins).

Materials and Methods
Animals and Drug Treatments. Animal experiments were

approved by the University of Arizona Institutional Animal Care
and Use Committee and were designed in accordance with the Guide
for the Care and Use of Laboratory Animals (https://grants.nih.gov/
grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf)
as adopted by the National Institutes of Health. Female Sprague-
Dawley rats (200–250 g; 3 months old; Envigo, Denver, CO) were
intentionally selected for these studies to enable comparison with
our previous work on Oatp1a4 functional expression at the BBB
(Ronaldson et al., 2011; Thompson et al., 2014; Abdullahi et al.,
2017a). Time-matched rats were randomized into treatment groups
and injectedwith either BMP-9 [1 mg/kg (1.0ml/kg) in 0.9% saline, i.p.;
R&D Systems, Minneapolis, MN] or vehicle (0.9% saline, i.p.). In-
hibition experiments were performed using the established ALK1
antagonist LDN193189 [10 mg/kg (1.0 ml/kg)] in 0.9% saline i.p.
(Sigma-Aldrich, St. Louis, MO), which was administered 1 hour prior
to injection with BMP-9. Following 2–6 hours of BMP-9 treatment,
animals were anesthetized (100 mg/kg ketamine and 20 mg/kg
xylazine, i.p.) and prepared for brain microvessel isolation.

Microvessel Isolation. Microvessel isolation was performed using
a protocol developed in our laboratory (Abdullahi et al., 2017a; Brzica
et al., 2018a,b). All steps were performed on ice at 4°C to minimize
degradation of mRNA and proteins during tissue processing. Following
euthanasia by decapitation, brains were harvested and meninges and
choroid plexuswere removed. Cerebral hemispheres were homogenized
at 3700g in 5 ml brain microvessel buffer (300 mM mannitol, 5 mM
EGTA, 12 mM Tris HCl, pH 7.4) containing 0.1% protease inhibitor
cocktail (Sigma-Aldrich). At this time, 8 ml 26% (w/v) dextran solution
(MW 75,000; Spectrum Chemical Manufacturing Corporation, Gar-
dena, CA) was added to each homogenate sample. Samples were then
thoroughly vortexed and centrifugedat 5000g for 15minutesat 4°C. The
supernatantwas then aspirated and capillary pellets were resuspended
in 5 ml of brain microvessel buffer. Dextran homogenization and
centrifugation steps were repeated an additional three times to ensure
appropriate quality of microvessels as demonstrated in our recent
publication (Abdullahi et al., 2017a). Following completion of dextran
homogenization and centrifugation, the supernatant was aspirated
and themicrovessel pellet was resuspended in 5ml of brainmicrovessel
buffer. At this time, samples consisting of enriched whole microvessels
were either processed for RNA extraction or subjected to total
membrane isolation. For total membrane isolation, samples were
homogenized at 3700g, placed into ultracentrifuge tubes, and centri-
fuged at 150,000g for 60minutes at 4°C. Pellets containing total cellular
membranes (Brzica et al., 2009) were resuspended in 500 ml of storage
buffer (50% brain microvessel isolation buffer; 50% diH2O, v/v) contain-
ing 0.1%protease inhibitor cocktail. Sampleswere storedat280°Cuntil
further use, except for samples that were used immediately for RNA
extraction. We have previously confirmed the purity of our microvessel
preparations by demonstrating enrichment in platelet endothelial cell
adhesion molecule-1 compared with expression of astrocyte marker
proteins (i.e., glial fibrillary acidic protein) or neuronal marker proteins
(i.e., synaptophysin) (Abdullahi et al., 2017a; Brzica et al., 2018a,b).

Nuclear and Cytoplasmic Extraction. Isolated microvessel
samples were fractionated using the NE-PER Nuclear and Cytoplas-
mic Extraction Kit (Thermo Fisher Scientific, Waltham, MA) accord-
ing to the manufacturer’s instructions. Using the volume ratio for
cytoplasmic extraction reagent (CER) I and CERII and nuclear
extraction reagent of 200:11:100 ml, respectively, pelleted capillary
microvessel samples were resuspended with CERI containing 0.1%
protease inhibitor cocktail (Sigma-Aldrich) and 5 mM sodium ortho-
vanadate (Sigma-Aldrich), and then incubated on ice for 10 minutes.
Ice-cold CERII was then added to each sample, vortexed vigorously,
and incubated on ice for 1 minute. Samples were then centrifuged at
16,000g for 5 minutes at 4°C and the supernatant, which represents
the cytoplasmic fraction, was immediately collected and stored at280°C
until required for analysis. The insoluble pellet, which represents the
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nuclear fraction, was resuspended with nuclear extraction reagent
containing 0.1% protease inhibitor cocktail and 5 mM sodium orthova-
nadate and incubated on ice for 40 minutes while being vortexed
vigorously every 10 minutes. Samples were then centrifuged at 16,000g
for 10 minutes at 4°C and the supernatant, which represents the
nuclear fraction, was immediately collected and stored at 280°C.

Quantitative Real-Time Polymerase Chain Reaction Analy-
sis. All buffers used during microvessel isolation for samples that
were processed for total RNA extraction were treated with diethyl
pyrocarbonate to limit RNA degradation by RNases during tissue
processing. Total RNAwas extracted from brain microvessels isolated
from control, BMP-9-treated, and LDN193189/BMP-9-treated rats
using the Aurum Total RNA Extraction Kit (Bio-Rad, Hercules, CA).
The concentration of extracted RNA in each sample was quantified
spectrophotometrically bymeasuring UV absorbance at 260 nm. Extract-
ed RNA (1.0 mg) was treated with amplification grade DNaseI (Bio-Rad)
to remove contaminating genomic DNA. The iScript Reverse Transcrip-
tase Kit (Bio-Rad) was used to synthesize first-strand cDNA. Primer
pairs were prepared by Integrated DNA Technologies (Coralville, IA).
Primer sequences for amplification of Slco1a4 mRNA were as follows:
forward primer 59-GCTTCTTCATAAAAACAGCAGTAA-39; reverse
primer 59-TGCACATGTTAATGCCAACAG-39. Primers were designed
to be complementary to sequences located on two different exons
separated by an intron to avoid amplification of genomic DNA. Quanti-
tative polymerase chain reaction (PCR) was performed using SYBR
Green Master Mix (Bio-Rad) on a CFX96 Touch Real-Time PCR
DetectionSystem (Bio-Rad). The quantity of the target gene (i.e.,Slco1a4)
was normalized to GAPDH using the D-D Cq method. Primer sequences
for amplification of GAPDH mRNA were previously published by our
laboratory (Ibbotson et al., 2017).

Western Blot Analysis. Western blotting was performed as pre-
viously described (Abdullahi et al., 2017a). Isolated microvessel and
fractionated samples were quantified for total protein using Bradford
reagent (Sigma-Aldrich), and heated at 37°C for 30 minutes under
reducing conditions [i.e., 2.5% (v/v) 2-mercaptoethanol (Sigma-Aldrich) in
1X Laemmli sample buffer (Bio-Rad) for Oatp1a4 and phosphorylated
extracellular signal-regulated kinase 1/2 (pERK1/2) detection]. For
pSmad1/5/8 and phosphorylated Jun N-terminal kinase (JNK) de-
tection, samples were heated at 95°C for 5 minutes under reducing
conditions [i.e., 2.5% (v/v) 2-mercaptoethanol in 1X Laemmli sample
buffer]. Following SDS-PAGE and transfer, polyvinylidene difluoride
membranes were incubated overnight at 4°C with primary antibodies
against Oatp1a4 (anti-Oatp2, sc-33610; 0.2 mg/ml at 1:1000 dilution;
Santa Cruz Biotechnology, Dallas, TX), pERK1/2 (anti-pERK1/2, 9101;
1.0 mg/ml at 1:1000 dilution; Cell Signaling Technology, Danvers, MA),
pSmad1/5/8 (anti-pSmad1/5/8, sc-12353; 200 mg/ml at 1:1000 dilution;
Santa Cruz Biotechnology), phosphorylated JNK (anti-phosphorylated
JNK, ab124956; 1.594mg/ml at 1:2000 dilution; Abcam), lamin B (anti-
lamin B, sc-6217, 100 mg/ml at 1:16,000; Santa Cruz Biotechnology),
and tubulin (anti-a tubulin, ab7291, 1 mg/ml at 1:20,000 dilution;
Abcam, Cambridge, MA). Membranes were washed and incubated with
horseradish peroxidase–conjugated anti-rabbit IgG (1:40,000 dilution;
Jackson ImmunoResearch Laboratories, Inc.,West Grove, PA), anti-mouse
IgG (1:50,000 dilution; Jackson ImmunoResearch Laboratories, Inc.), or
anti-goat IgG (1:40,000; Santa Cruz Biotechnology) for 60 minutes at
room temperature. Protein bands were visualized using enhanced
chemiluminesence (Super Signal West Pico; Thermo Fisher Scien-
tific), where horseradish peroxidase catalyzes the oxidation of luminol
to 3-aminophthalate, leading to emission of low-intensity light that
was detected via autoradiography film. Bands were quantitated using
ImageJ software (Wayne Rasband, Research Services Branch, Na-
tional Institute of Mental Health, Bethesda, MD), normalized to
tubulin or lamin B and reported as relative values.

Coimmunoprecipitation. Fractionated nuclear and cytoplasmic
samples were subjected to coimmunoprecipitation (Co-IP) using the
Dynabeads Co-Immunoprecipitation Kit and DynaMag-2 Magnet
(Life Technologies, Carlsbad, CA) adhering to the manufacturer’s
instructions. Briefly, primary antibodies (i.e., Smad 4, pSmad1/5/8;

Santa Cruz Biotechnology) were covalently coupled to the Dynabead
M-270 epoxy-coated magnetic beads (5 mg antibody per 1 mg beads)
and allowed to incubate on a roller at room temperature for 36–48 hours.
In parallel, Dynabeads were incubated with buffer in the absence of
primary antibody (i.e., negative control), while brain microvessel cell
lysate derived from control (i.e., saline-treated) animals that were not
subjected to immunoprecipitation (i.e., input sample) was used as a
positive control. Antibody-coupled beads were subsequently washed
with wash buffers and resuspended in storage buffer to attain a
final antibody-coupled bead concentration of 10 mg/ml. At this point,
0.5 mg of antibody-coupled beads were transferred to new 1.5 ml
microcentrifuge tubes and 0.1 mg of corresponding nuclear and
cytoplasmic samples were introduced into the tube to initiate Co-IP.
This mixture was incubated on the roller for 45 minutes at 4°C. The
captured protein complex waswashed and eluted using the DynaMag-2
Magnet following themanufacturer’s instructions. Samples were stored
at 280°C at a final sample concentration of 2 mg/ml until analysis by
SDS-PAGE.

Chromatin Immunoprecipitation. Chromatin immunoprecipi-
tation (ChIP) was performed using the Imprint Chromatin Immuno-
precipitation Kit (Sigma-Aldrich) according to the manufacturer’s
instructions. Briefly, microvessels were isolated from control, BMP-9-
treated, and LDN193189/BMP-9-treated rats and subsequently cross-
linked in buffer containing 1% formaldehyde for 10 minutes at room
temperature. Crosslinkingwas stopped by addition of glycine to a final
concentration of 125 mM, followed by centrifugation at 180g for
5 minutes at room temperature. At this time, the microvessel pellet
was resuspended in 50 ml of nuclei preparation buffer and incubated
on ice for 10 minutes. Following centrifugation at 180g for 10 minutes
at 4°C, the nuclear pellet was resuspended in shearing buffer
and incubated on ice for 10 minutes. Chromatin was sheared to
200–1000 base pairs by sonication on ice. Sonicated chromatin was
diluted 2-fold in lysis buffer and 100 ml of diluted sample per
immunoprecipitation reaction was used. Each sample was added to
individual wells of a 96-well assay plate, where each well contained
1 mg of specific mouse monoclonal Smad4 antibody (B-8; Santa Cruz
Biotechnology) that has been tested for use in ChIP assays. Assay
plates were incubated for 90 minutes at room temperature on an
orbital shaker at 75 rpm. In parallel, a no-antibody sample was run as
a negative control. At this time, 40ml of DNA release buffer was added
to each well and samples were incubated in a water bath at 65°C for
15 minutes. Following this step, 40 ml of reversing solution was added
to each well and samples were incubated in a water bath at 65°C for
90 minutes. Washes and elutions were performed in accordance with
themanufacturer’s instructions for the Imprint ChIP assay kit. Eluted
and input DNA samples were purified using a spin column to a final
volume of 50 ml. Quantitative real-time PCRwas performed using 2 ml
of template DNA per 25 ml of PCR amplification scale as described by
Hoque et al. (2012). Quantification of Smad4 complex binding to
specific Smad1/5/8 binding sites (i.e., CAGAGsites) within theSlco1a4
gene promoter by SYBR green real-time PCR was performed using
forward primer 59-CCCCAAGTCCTTTCTTGGCA-39 and reverse primer
59-CAGCCTCTTGGGTGCCT-39. Primers for ChIP assays were pre-
pared by Integrated DNA Technologies.

In Situ Brain Perfusion. In situ brain perfusion was performed
as described previously by our laboratory (Ronaldson et al., 2011;
Thompson et al., 2014; Abdullahi et al., 2017a; Brzica et al., 2018b).
Following treatment with BMP-9 (1.0 mg/kg) or LDN193189 (10 mg/kg)/
BMP-9 (1.0 mg/kg), animals were anesthetized and heparinized
(10,000 U/kg, i.p.). The common carotid arteries were cannulated with
silicone tubing connected to a perfusion circuit. Perfusion pressure
and flow rate were maintained at 95–105 mm Hg and 3.1 ml/min,
respectively. Both jugular veins were severed to allow for perfusate
drainage. The perfusatewas an erythrocyte-freemodifiedmammalian
Ringer’s solution consisting of 117 mM NaCl, 4.7 mM KCl, 0.8 mM
MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 10 mM d-glucose, 3.9% (w/v)
dextran (molecular weight 60,000), and 1.0 g/l bovine serum albumin
(type IV), pH 7.4, warmed to 37°C and continuously oxygenated with
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95% O2/5% CO2. Evan’s blue dye (55 mg/l) was added to the perfusate
to serve as a visual marker of BBB integrity. Using a slow-drive syringe
pump (Harvard Apparatus Inc., Holliston, MA), [3H]taurocholic acid
(1 mCi/ml; 10 mM total concentration; PerkinElmer, Boston, MA),
[3H]atorvastatin (0.5 mCi/ml; 0.013 mM total concentration; American
Radiolabeled Chemicals, Inc., St. Louis, MO), or [3H]pravastatin
(0.2 mCi/ml; 0.013 mM total concentration; American Radiolabeled
Chemicals, Inc.) was added to the inflowing perfusion solution at a
rate of 0.5 ml/min per cerebral hemisphere, which resulted in a total
flow rate of 3.6 ml/min. For inhibition studies, animals were perfused
with Ringer’s solution containing transport inhibitor [i.e., 100 mM
estrone-3-sulfate (E3S), 100 mM fexofenadine (FEX), or 1.0 mM
bromosulfophthalein (BSP)] for 10 minutes prior to perfusion with
[3H]taurocholic acid, [3H]atorvastatin, or [3H]pravastatin. We have
previously confirmed the stability of OATP transport substrates in
both perfusion medium and jugular vein venous outflow and have
shown that they remain intact in our in situ perfusion experiments
(Ronaldson et al., 2011; Thompson et al., 2014).

Immediately following perfusion for the desired time (i.e., 2.5, 5, 10,
or 20 minutes), rats were decapitated and brains were removed. The
meninges and choroid plexus were excised and cerebral hemispheres
were sectioned. TS2 tissue solubilizer (1.0 ml; Research Products
International, Mt. Prospect, IL) was added to the tissue samples,
which were allowed to solubilize for 2 days at room temperature. To
eliminate chemiluminescence, 100 ml of 30% glacial acetic acid was
added, along with 2.0 ml of Optiphase SuperMix liquid scintillation
cocktail (PerkinElmer Life and Analytical Sciences, Boston, MA).
Radioactivity was measured using a model 1450 Liquid Scintillation
and Luminescence Counter (PerkinElmer Life and Analytical Sci-
ences). Results are reported as picomoles of radiolabeled transport
substrate (i.e., taurocholate, atorvastatin, or pravastatin) per milli-
gram of brain tissue (C; pmol/mg tissue), which is equal to the total
amount of radioisotope in the brain [CBrain; dpm/mg tissue] divided by
the amount of radioisotope in the perfusate [CPerfusate; dpm/pmol]:

C5CBrain
�
CPerfusate (1)

The brain vascular volume in rats has been previously shown to range
between 6 and 9 ml/g of brain tissue in perfusion studies utilizing a
saline-based bicarbonate buffer (Takasato et al., 1984). Since brain
tissue was processed immediately after perfusion with radiolabeled
substrate, all uptake values required correction for brain vascular
volume [i.e., 8.0 ml/g brain tissue as calculated from data reported by
Takasato et al. (1984)] from whole-brain uptake data obtained using
[3H]taurocholic acid.

Multiple-times uptake data were best fit to a nonlinear least-
squares regression model using the following equation, as described
previously (Ronaldson et al., 2011):

C5 ðKin=koutÞ �
�
12 e2koutt

�
(2)

where C is the concentration of drug per gram of brain tissue; t is time
(in minutes);Kin is the calculated uptake transfer constant; and kout is
the brain efflux rate coefficient estimated. Here, Kin is determined
from the slope of the linear portion of the uptake curve according to the
following equation:

C5Kin×t (3)

The estimated brain volume of distribution was calculated using the
following equation as described previously (Ronaldson et al., 2011):

VBr 5Kin=kout (4)

Area under the curve (AUC) analysis was conducted on multiple-times
uptake data over the 0–20-minute perfusion interval (i.e., AUC0–20)
using the trapezoidal method as an indicator of CNS drug exposure. All
kinetic parameters and AUC0–20 values were calculated using Prism
7 graphical and statistical software (GraphPad Software, La Jolla, CA).

Statistical Analysis. Quantitative PCR, western blot, and ChIP
data are presented as mean 6 S.D. of three independent experi-
ments, where each treatment group consisted of three to four
individual animals (n 5 3 to 4). In situ brain perfusion data are
reported as mean 6 S.D. of six individual animals per treatment
group. These sample sizes were based on the ability to detect a 35%
difference between treatment with 20% variability. Statistical
significance was determined using one-way analysis of variance
followed by post hoc Dunnett’s multiple comparisons test. A value
of P , 0.05 was accepted as statistically significant.

Results
Oatp1a4 Expression at the BBB Is Increased Starting

4 Hours Post BMP-9 Administration. Previously, we
showed that treatment with BMP-9 increases Oatp1a4 protein
expression at the rat BBB (Abdullahi et al., 2017a); however,
this enhancement was studied at a single time point. To assess
the temporal relationship between BMP-9 administration and
changes in microvascular expression of Oatp1a4, we conducted
a time course study. Ratswere treatedwith 1mg/kg, i.p., BMP-9
for 2, 4, and 6 hours and microvessels were isolated and
evaluated for Oatp1a4 protein expression. Densitometric west-
ern blot analysis showed Oatp1a4 protein expression (normal-
ized to tubulin) in control (i.e., saline-treated) animals of
0.419 6 0.129 [95% confidence interval (CI): 0.320, 0.518].
This changed to 0.5916 0.198 (95% CI: 0.438, 0.743; P, 0.05)
at 4 hours following administration of a single dose of BMP-9,
an increase of 41% (Fig. 1; Supplemental Fig. 1). This
enhancement in Oatp1a4 protein expression was maintained
at the 6-hour time point (P , 0.01) (Fig. 1; Supplemental
Fig. 1). Taken together, these data suggest that a single dose
of BMP-9 can increase Oatp1a4 protein expression at the
BBB at 4–6 hours following its administration.
Increased Oatp1a4 Protein Expression at the BBB

Correlates with Enhanced Brain Uptake of [3H]
Taurocholate. To determine whether increased Oatp1a4
expression following BMP-9 treatment correlates with
enhanced blood-to-brain transport, we measured brain
uptake of [3H]taurocholate, a well-known and selective OATP
substrate (Ronaldson et al., 2011; Thompson et al., 2014;
Abdullahi et al., 2017a; Brzica et al., 2018b). In fact, several
rodent OATP isoforms are known to be involved in taurocho-
late transport includingOatp1a1, Oatp1a4,Oatp1a5,Oatp3a1,
and Oatp4a1 (Hagenbuch and Meier, 2004). We have reported
that brain microvessels isolated from female Sprague-Dawley
rats do not express Oatp1a1, Oatp1a5, Oatp3a1, or Oatp4a1
(Ronaldson et al., 2011); however, an additional OATP isoform
(i.e., Oatp1c1) was detected. Transport substrates for Oatp1c1
include thyroxine and conjugated sterols (Westholm et al.,
2009a,b), which suggests that this OATP isoform is unlikely to
be involved in transport of taurocholate at the BBB (Ronaldson
et al., 2011; Ronaldson and Davis, 2013). Therefore, uptake of
taurocholate at the BBB is determined by transport activity
associated with Oatp1a4. We performed a multiple-time
uptake study where animals were perfused with radiola-
beled substrate (i.e., [3H]taurocholate) at various time points
(i.e., 2.5, 5, 10, or 20 minutes). The time course of [3H]-
taurocholate brain uptake (10 mM) in saline-treated animals
showed increasing accumulation over the entire 20-minute
duration of the experiment (Fig. 2A). In animals dosed with
BMP-9 (i.e., 1mg/kg, i.p.; 6-hour treatment prior to perfusion),
an increase (P, 0.01) in [3H]taurocholate uptakewas observed
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compared with the uptake time course in saline control (Fig. 2A).
These increases were up to 93% greater than controls at each
respective time point. For example, [3H]taurocholate uptake at
10 minutes was 65.31 6 8.19 pmol/mg brain tissue in control

animals (95% CI: 49.26, 81.36) and was 125.98 6 7.83 pmol/mg
brain tissue in animals treated with BMP-9 (95% CI: 110.63,
141.33). In contrast, treatment with LDN193189 (10 mg/kg, i.p.)
1 hour prior to dosing with BMP-9 completely attenuated
increases in brain [3H]taurocholate uptake observed in animals
treated with BMP-9 only (Fig. 2A).
Changes in brain exposure to [3H]taurocholate that resulted

from altered OATP-mediated transport at the BBB were
assessed via AUC0–20 analysis of multiple-times uptake data
(Fig. 2B). Following BMP-9 treatment, calculated AUC0–20

values were increased by 79% [1143.60 6 57.92 pmol×min/mg
brain tissue for control (95% CI: 1030.08, 1257.12), 2054.83 6
66.13 pmol×min/mg brain tissue for BMP-9 (95% CI: 1925.22,
2184.44; P , 0.01] compared with saline controls, which
suggests that triggering of the ALK1 receptor leads to a
measurable increase in [3H]taurocholate brain exposure. In
contrast, no statistically significant change in AUC0–20 was
observed in animals administered LDN193189 and BMP-9
[1086.11 6 49.92 pmol×min/mg brain tissue (95% CI: 988.27,
1183.95]. Kinetic analysis of multiple-time uptake data showed
increases in both Kin and VBr in BMP-9-treated animals
compared with saline controls (Table 1). The change in VBr

was particularly critical because this increase following BMP-9
treatment indicates enhanced distribution of taurocholate to
the brain. We have previously shown via high-performance
liquid chromatography analysis with radiomatic detection that
[3H]taurocholate remains metabolically intact throughout the
procedures used to obtain these data (Ronaldson et al., 2011).
Brain Accumulation of [3H]taurocholate Is Mediated

by Oatp1a4 at the BBB. To confirm that taurocholate
brain uptake is controlled via OATP-mediated transport,
we performed in situ brain perfusion studies in saline-
treated rats, BMP-9-treated animals, and animals adminis-
tered LDN193189 and BMP-9 in the presence and absence of
OATP inhibitors (i.e., E3S, FEX, or BSP). Statistical analysis
of this experiment was conducted using three separate one-
way analyses of variance, where control, BMP-9, and
LDN193189 1 BMP-9 treatments were compared indepen-
dently. Brain uptake of [3H]taurocholate in saline-treated

Fig. 2. Brain uptake of [3H]taurocholate
following 6-hour treatment with BMP-9.
(A) Effect of BMP-9 treatment on OATP-
mediated uptake of [3H]taurocholate was
measured via a multiple-times uptake
in situ brain perfusion study. Animals
were treated with BMP-9 (1 mg/kg, i.p.;
6 hours) in the presence and absence of
LDN193189 (10 mg/kg, i.p.; 1-hour pre-
treatment) and perfused with [3H]-
taurocholic acid (1.0 mCi/ml) for 2.5, 5,
10, and 20 minutes. (B) AUC analysis
was conducted on multiple-times uptake
data using the trapezoidal method to
obtain an indicator of CNS total drug
exposure. Results are expressed as mean
6 S.D. of six animals per time point.
Asterisks represent data points that
were significantly different from control
(saline-treated) animals (*P , 0.05;
**P , 0.01).

Fig. 1. Activation of ALK1 receptor increases expression of Oatp1a4 at the
BBB starting at 4 hours post-BMP-9 treatment. (A) Animals were adminis-
tereda single dose of BMP-9 (1mg/kg, i.p.) or 0.9% saline (indicatedas 0 hour).
Following the time course of 2–6 hours, animals were sacrificed and brain
microvessels were isolated and prepared for western blot analysis. Isolated
microvessels (10 mg) were resolved on a 4%–12% SDS-polyacrylamide gel,
transferred to polyvinylidene difluoride membrane and analyzed for expres-
sion of Oatp1a4. (B) Relative levels of Oatp1a4 protein expression were
determined by densitometric analysis and normalized to a-tubulin. Drug-
treated groups were compared with control groups (i.e., 0 hour group treated
with 0.9% saline only).Western blot data are reported asmean6S.D. from at
least three independent experiments, where each treatment group consisted
of three individual animals (n = 3). Asterisks represent data points that were
significantly different from control (*P , 0.05; **P , 0.01).
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animals (65.31 6 8.19 pmol/mg brain tissue; 95% CI: 49.26,
81.36) was reduced by 59% in the presence of 100 mM
E3S (27.02 6 7.56 pmol/mg brain tissue; 95% CI: 12.20,
41.84; P , 0.01) and by 61% via pretreatment with 100 mM
FEX (25.61 6 7.44 pmol/mg brain tissue; 95% CI: 11.02,
40.20; P, 0.01) (Fig. 3). No effect on taurocholate uptake was
observed in the presence of BSP (66.816 7.13 pmol/mg brain
tissue; 95% CI: 52.84, 80.78), which does not block Oatp1a4-
mediated transport (Noé et al., 1997; Ronaldson et al., 2011).
A similar response was observed in BMP-9-treated animals,
where treatment with these same inhibitors resulted in a
reduction in brain [3H]taurocholate accumulation of up to
69% [125.98 6 7.83 pmol/mg brain tissue in control (95% CI:
110.63, 141.33); 43.54 6 8.55 pmol/mg brain tissue in
animals administered E3S (95% CI: 26.78, 60.30); 38.78 6
8.51 pmol/mg brain tissue in animals administered FEX
(95% CI: 22.08, 55.48); and 128.06 6 8.00 pmol/mg brain
tissue in animals administered BSP (95% CI: 112.38, 143.74)]
(Fig. 3). [3H]Taurocholate accumulation (60.846 6.20 pmol/mg

brain tissue; 95%CI: 48.69, 72.99)was also decreased (P, 0.01)
in LDN193189-treated animals in the presence of these same
OATP inhibitors [i.e., 28.44 6 7.43 pmol/mg brain tissue; 95%
CI: 13.88, 43.00 (a 53%reduction byE3S); 27.8167.52 pmol/mg
brain tissue; 95% CI: 13.07, 42.55 (a 54% decrease by FEX)]
(Fig. 3). BSP had no effect on taurocholate brain uptake in rats
administered both LDN193189 and BMP-9 (60.90 6 7.51
pmol/mg brain tissue; 95% CI: 46.18, 75.62). There were no
statistically significant differences in [3H]taurocholate uptake
between treatments following use of E3S or FEX as a pharma-
cological OATP transport inhibitor. Taken together, these data
confirm that blood-to-brain transport of taurocholate at the
BBB is meditated by Oatp1a4.
Brain Accumulation of [3H]Atorvastatin and [3H]

Pravastatin Is Mediated by Oap1a4 at the BBB. To
study brain uptake of pharmacologically relevant substrates
via OATP-mediated transport, we measured [3H]atorvastatin
and [3H]pravastatin uptake by in situ perfusion. Brain
accumulation of equimolar concentrations of these two
statins was studied in saline-treated rats, BMP-9-treated
animals, and animals administered LDN193189 1 BMP-9
in the presence and absence of OATP inhibitors (i.e., E3S).
Brain uptake of [3H]atorvastatin in saline-treated animals was
34.07 6 5.67 pmol/mg brain tissue (95% CI: 22.96, 45.18)
following 5-minute perfusion (Fig. 4). CNS accumulation of
[3H]pravastatin was lower than that of [3H]atorvastatin in
control animals (22.0166.27 pmol/mgbrain tissue; 95%CI: 9.91,
34.11; P , 0.01). BMP-9 treatment increased brain uptake of
both [3H]atorvastatin (66.41 6 6.01 pmol/mg brain tissue;
95% CI: 54.63, 75.19; P , 0.01) and [3H]pravastatin (60.50 6
6.05 pmol/mg brain tissue; 95% CI: 48.64, 72.36; P , 0.01).
Pretreatment with LDN193189 in BMP-9-treated animals

TABLE 1
Kinetic analysis of multiple-times uptake data of Oatp1a4-mediated
[3H]taurocholate transport in rat brain
Animals were treated with BMP-9 (1 mg/kg, i.p.) in the presence and absence of
LDN193189 (10 mg/kg, i.p.; 1-hour pretreatment) and perfused with [3H]taurocholic
acid (1.0mCi/ml) for 2.5, 5, 10, and 20 minutes. Results are expressed as mean6 S.D.
of six animals per treatment group. Asterisks represent data points that were
significantly different from control (saline-treated) animals (**P , 0.01).

Parameter Control BMP-9 LDN193189 +
BMP-9

VBR (pmol/g) 89.89 6 3.69 172.20 6 7.19** 82.85 6 3.16
KIN (pmol/g×min) 9.37 6 1.15 14.34 6 1.66** 9.18 6 0.77
Kout (min21) 0.104 6 0.031 0.083 6 0.023 0.111 6 0.024

Fig. 3. Brain accumulation of [3H]taurocholate is determined by OATP-
mediated transport at the BBB. Effect of established OATP transport
inhibitors (i.e., E3S and FEX) on the uptake of [3H]taurocholate into rat
brain post-treatment was assessed by in situ brain perfusion studies.
[3H]taurocholate accumulation was measured in animals injected with
BMP-9 (1 mg/kg, i.p.) in the presence and absence of LDN193189
(10 mg/kg, i.p.; 1 hour pretreatment) where animals were perfused for
10 minutes with E3S (100 mM) or FEX (100 mM) or BSP (1 mM) prior
to perfusion with [3H]taurocholic acid. Results are expressed as mean 6
S.D. of six animals per treatment group. Data points that are signifi-
cantly different are indicated as follows: **P , 0.01.

Fig. 4. Brain accumulation of [3H]atorvastatin and [3H]pravastatin is
determined by OATP-mediated transport at the BBB. Effect of an
established OATP transport inhibitor (i.e., E3S on the uptake of [3H]-
atorvastatin and [3H]pravastatin into rat brain post-treatment was
assessed by in situ brain perfusion studies). Accumulation of these drugs
was measured in animals injected with BMP-9 (1 mg/kg, i.p.) in the
presence and absence of LDN193189 (10 mg/kg, i.p.; 1-hour pretreat-
ment), where animals were perfused for 5 minutes with E3S (100 mM)
prior to perfusion with [3H]atorvastatin or [3H]pravastatin. Results
are expressed as mean 6 S.D. of six animals per treatment group.
Data points that are significantly different are indicated as follows:
**P , 0.01, relative to atorvastatin control; FFP , 0.01, relative to
pravastatin control; vvP , 0.01, relative to atorvastatin uptake in BMP-9-
treated animals; DDP , 0.01, relative to pravastatin uptake in BMP-9-
treated animals; ffP , 0.01, relative to atorvastatin uptake in
LDN193189 + BMP-9-treated animals; xxP , 0.01, relative to prava-
statin uptake in LDN193189 + BMP-9-treated animals; and uP , 0.05;
uuP , 0.01, specific comparisons indicated by black lines.
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attenuated brain uptake of both statin drugs (for [3H]-
atorvastatin, 36.78 6 6.11 pmol/mg brain tissue; 95% CI:
24.80, 48.76; for [3H]pravastatin, 23.78 6 5.95 pmol/mg brain
tissue; 95% CI: 12.12, 35.44). In the presence of E3S, brain
uptake of [3H]atorvastatin was reduced in control rats (17.676
5.22 pmol/mg brain tissue; 95%CI: 7.44, 27.90;P, 0.01), BMP-
9-treated animals (20.91 6 5.62 pmol/mg brain tissue; 95% CI:
9.89, 31.93; P , 0.01), and animals administered LDN193189
prior to BMP-9 treatment (20.32 6 5.49 pmol/mg brain tissue;
95% CI: 9.56, 31.08; P , 0.01). Similarly, E3S blocked CNS
accumulation of pravastatin in control animals (9.006 4.98
pmol/mg brain tissue; 95% CI: 20.76, 18.76; P , 0.01),
BMP-9-treated rats (11.45 6 5.00 pmol/mg brain tissue; 95%
CI: 1.65, 21.25; P , 0.01), and rats pretreated with LDN193189
prior to BMP-9 treatment (10.78 6 4.89 pmol/mg brain tissue;
95% CI: 1.20, 20.36; P , 0.01). Taken together, these data
provide evidence in support of OATP-mediated transport of
atorvastatin and pravastatin at the BBB.
BMP-9 Treatment Increases pSmad1/5/8 Expression

in Nuclear Extracts Derived from Rat Brain Micro-
vessels. Since our previous studies had shown increased
Oatp1a4 functional expression at the BBB following treat-
ment with the ALK1 agonist BMP-9, we needed to design
detailed molecular experiments to study signaling mediated

by the TGF-b/ALK1 pathway. The goal of this work was to
show that TGF-b/ALK1 signaling can directly target the
Slco1a4 gene and induce its transcription. Activation of the
ALK1 receptor transduces intracellular signaling by trigger-
ing phosphorylation of specific receptor-regulated Smad pro-
teins (i.e., Smad1/5/8) (Abdullahi et al., 2017b). Following
phosphorylation, pSmad1/5/8 forms a complex with the com-
mon Smad protein (i.e., Smad4), which leads to nuclear
translocation and subsequent transcriptional activation of
target genes. To study this mechanism of intracellular
signaling, brain microvessels were isolated from animals
treated with BMP-9 or vehicle and were subjected to cyto-
plasmic and nuclear extraction. Each fraction was ana-
lyzed for protein expression of pSmad1/5/8 via western blot
(Fig. 5A; Supplemental Fig. 2, A–D). Densitometric data from
these western blots enabled us to calculate the nuclear-to-
cytoplasmic expression ratio, an indicator of activation of the
TGF-b/ALK1 pathway. That is, a nuclear-to-cytoplasmic ratio
of less than 1 indicates a greater degree of pSmad1/5/8
expression in the cytoplasm and a lack of pathway activation.
In contrast, a nuclear-to-cytoplasmic ratio that is greater
than 1 suggests increased pSmad1/5/8 protein expression in
the nucleus, an indicator that the TGF-b/ALK1 pathway has
been activated in response to a specific treatment. Our data

Fig. 5. BMP-9 treatment increases expression of nuclear pSmad1/5/8 in rat brain microvessels. (A) Animals were administered a single dose of BMP-9
(1 mg/kg, i.p.) or 0.9% saline and treated for 2–6 hours. Animals were sacrificed and brain microvessels were isolated and subjected to nuclear
and cytoplasmic fractionation, which was then prepared for western blot analysis. Fractionated samples (10 mg) were resolved on a 4%–12%
SDS-polyacrylamide gel, transferred to polyvinylidene difluoridemembrane and analyzed for expression of pSmad1/5/8. (B) Relative levels of pSmad1/5/8
expression were determined by densitometric analysis and normalized to a-tubulin for cytoplasmic fraction and lamin B for nuclear fraction as loading
controls. Nuclear-to-cytoplasmic ratio was then determined. (C) Quality of fractionated samples derived from rat brain microvessels was assessed.
Western blot analysis was performed where the cytoplasmic fraction was analyzed for expression of lamin B, a nuclear marker protein. Similarly, the
nuclear fraction was examined for expression of tubulin, a cytoplasmicmarker protein. Drug-treated groupswere comparedwith control groups, i.e., 0.9%
saline-injected animals. Western blot data are reported as mean 6 S.D. from at least three independent experiments, where each treatment
group consisted of three individual animals (n = 3). Asterisks represent data points that were significantly different from control (saline-treated) animals
(**P , 0.01; ***P , 0.001).
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show that the nuclear-to-cytoplasmic ratio for pSmad1/5/8
was increased (P , 0.01) following 4-hour BMP-9 treatment
and increased (P , 0.001) following 6-hour BMP-9 treatment
(Fig. 5B; Supplemental Fig. 2E).
In these studies, it is essential to demonstrate the integrity

of these nuclear extracts and cytoplasmic samples derived
from our fractionation method. Specifically, rigorous interpre-
tation of these data requires detection of specific biomarkers
associated with the nucleus and the cytoplasm to show that
minimal crosscontamination occurs during the extraction
process (i.e., the cytoplasmic fraction should contain negligible
nuclear material and vice versa). Therefore, we performed
western blot analysis, where the cytoplasmic fraction was
analyzed for expression of lamin B, a nuclear marker protein.
Similarly, the nuclear fraction was examined for expression of
tubulin, a cytoplasmic marker protein. We were not able to
detect lamin B in the cytoplasmic fraction and observed
minimal tubulin expression in the nuclear fraction (Fig. 5C).
Taken together, these results indicate that our isolation and
subsequent fractionation process yielded nuclear and cyto-
plasmic samples of sufficient purity for our studies on nuclear
translocation of pSmad1/5/8.
Nuclear translocation of pSmad1/5/8 requires protein-

protein interactions with Smad4. Therefore, we performed
Co-IP experiments on nuclear and cytoplasmic fractions to
demonstrate that treatment with exogenous BMP-9 promotes
nuclear expression of protein complexes containing both
pSmad1/5/8 and Smad4. Our studies showed expression of

pSmad1/5/8 within protein complexes containing Smad4 at all
time points (Fig. 6A). In this experiment, we immunoprecipi-
tated these protein complexes with a specific antibody against
Smad4 and measured pSmad1/5/8 expression by western blot
analysis. We performed a similar experiment, where protein
complexes were immunoprecipitated using a specific antibody
directed against pSmad1/5/8 and Smad4 expression was
assessed by western blot analysis. Here, we observed expres-
sion of Smad4 in protein complexes containing pSmad1/5/8
following exogenous BMP-9 treatment, suggesting activation
of TGF-b/ALK1 signaling in rat brain microvessels (Fig. 6B).
Control experiments, where both Co-IP and western blotting
were performed with the same pSmad1/5/8 antibody and the
same Smad4 antibody, showed expression of the immunopre-
cipitated protein in all samples (data not shown). Overall,
our Co-IP studies provide evidence for activation of TGF-b/ALK1
signaling at the BBB following administration of an established
ALK1 receptor agonist.
BMP-9 Treatment Increases Expression of Slco1a4

mRNA Transcript in Rat Brain Microvessels. To evalu-
ate and quantitate mRNA expression of Slco1a4 mRNA
transcripts at the BBB, we performed quantitative PCR and
subsequent D-D Cq analysis. For these experiments, rats were
treatedwith saline, BMP-9 alone, andBMP-9 in the presence of
LDN193189. We observed an 83% increase (relative Slco1a4
expression was 1.83 6 0.39 in BMP-9-treated animals relative
to control;P, 0.01) in expression ofSlco1a4mRNA in rat brain
microvessels following 6-hour BMP-9 treatment compared with
saline-treated animals (Fig. 7). Pretreatment with the ALK1
inhibitor (LDN193189) for 1 hour prior to BMP-9 adminis-
tration attenuated the enhancement in Slco1a4 mRNA
observed following treatment with BMP-9 only (Fig. 7).

Fig. 6. pSmad1/5/8 complexes with Smad4 following BMP-9 treatment.
(A) BMP-9 dosed (1 mg/kg, i.p.; 2–6 hours) or 0.9% saline-treated animals
were sacrificed and brain microvessels were isolated and subjected to
nuclear and cytoplasmic fractionation followed by Co-IP. Fractionated
nuclear and cytoplasmic samples were immunoprecipitated using
Smad4 antibody and immunoblotted using pSmad1/5/8 antibody. Each
treatment group consisted of four individual animals (n = 4) and western
blotting was performed in at least three independent experiments. (B)
Fractionated nuclear and cytoplasmic samples were immunoprecipitated
using pSmad1/5/8 antibody and immunoblotted using Smad4 antibody.
Each treatment group consisted of four individual animals (n = 4) and
western blottingwas performed in at least three independent experiments;
(+) indicates positive control (i.e., brain microvessel cell lysate derived
from saline-treated control animals not subjected to immunoprecipita-
tion); (2) indicates negative control (i.e., Dynabeads incubated with buffer
in the absence of primary antibody).

Fig. 7. BMP-9 treatment increases expression of Slco1a4 mRNA tran-
script in rat brain microvessels. Animals were treated with 0.9%
saline, BMP-9 alone (1 mg/kg, i.p.; 6 hours) or BMP-9 in the presence of
LDN193189 (10 mg/kg, i.p.; 1-hour pretreatment) and expression of
Slco1a4 mRNA in rat brain microvessels was evaluated. Results are
expressed asmean6 S.D. of three experiments, with each treatment group
consisting of three individual animals. Asterisks represent data points
that were significantly different from control (saline-treated) animals
(**P , 0.01).
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These studies demonstrate that treatment with BMP-9, and
subsequent activation of TGF-b/ALK1 signaling, can in-
crease expression of Slco1a4 at the BBB.
TGF-b/ALK1 Signaling Is Involved in Regulation of

Slco1a4 mRNA Transcripts in Rat Brain Microvessels
Following BMP-9 Treatment. Since our data demonstrated
increased pSmad1/5/8 nuclear translocation and enhanced
expression of Slco1a4 mRNA expression following BMP-9
treatment, we hypothesized that this pathwaymay be directly
involved in transcriptional regulation of the Slco1a4 gene.
To test this hypothesis, we used ChIP to study recruitment of
protein complexes containing Smad4 to promoter regions on
the Slco1a4 gene that contains the putative pSmad1/5/8
binding site. These binding sites are demarcated by CAGA
boxes flanked by GC-rich regions (Morikawa et al., 2011). Our
results show that BMP-9 treatment increased (P , 0.01)
Smad4 complex binding at pSmad1/5/8 binding sites con-
tained within the Slco1a4 promoter, as indicated by a 125%
increase (relative Slco1a4 enrichment was 2.256 0.46 in BMP-9-
treated animals relative to control) inSlco1a4 enrichment (Fig. 8).
The observed increase in Slco1a4 enrichment was completely
attenuated in animals pretreated with LDN193189 1 hour
prior to BMP-9 administration (Fig. 8). These data show that
the pSmad1/5/8-Smad4 complex can bind to the promoter of
the Slco1a4 gene in brain microvessels following BMP-9
treatment, thereby providing evidence for molecular regula-
tion of a solute carrier transporter family (i.e., Oatp1a4) at the
BBB by TGF-b/ALK1 signaling.

BMP-9 Treatment Does Not Activate Non-Smad
Signaling Pathways. To demonstrate specificity of the bone
morphogenetic protein–mediated response that achieved a
statistically significant increase in Oatp1a4 expression in rat
BBB via triggering TGF-b/ALK1 signaling, other serine-
threonine selective kinases from non-Smad signaling path-
ways such as extracellular signal-regulated kinase 1/2 (Fig. 9A;
Supplemental Fig. 3, A–C) and JNK (Fig. 9C; Supplemental
Fig. 3, E–G) were assessed. Western blot analysis showed no
change in the nuclear-to-cytoplasmic ratio for either pERK1/2
(Fig. 9B; Supplemental Fig. 3D) or phosphorylated JNK (Fig.
9D; Supplemental Fig. 3H) in BMP-9-treated rats compared
with saline-treated control animals. Taken together, these
data provide further evidence that BMP-9 selectively targets
TGF-b/ALK1 signaling at the BBB, an effect that leads to
increased functional expression of the drug uptake trans-
porter Oatp1a4.

Discussion
The BBB is a formidable obstacle to CNS drug delivery

that often renders treatment of brain diseases ineffective
(Qosa et al., 2016). One such example is ischemic stroke, which
is characterized by reduced oxygen and glucose supply to
ischemic brain tissue (Liu et al., 2010; Brzica et al., 2017).
Treatment of the ischemic core is impossible due to rapid
development of necrosis (i.e., within minutes). In contrast,
brain tissue that surrounds the core (i.e., the penumbra) is a
therapeutic target due to slower cell degradation (Arai et al.,
2011). Recent studies have shown that re-establishment of
perfusion poststroke may exacerbate neuronal damage and
lead to ischemic core enlargement or development of edema
(Pan et al., 2007; Nour et al., 2013). These points emphasize
the need to advance neuroprotective therapies in ischemic
stroke patients; however, many neuroprotectants have failed
in clinical trials, in part due to poor BBB penetration (Xu and
Pan, 2013). Interestingly, retrospective clinical studies have
revealed that patients who were treated with statins both
prior to onset of ischemic stroke or at the time of stroke onset
have better outcomes (Ni Chroinin et al., 2013; Carone et al.,
2015). While the benefits of statin therapy are generally
accepted, the mechanisms used by these compounds to
permeate the BBB are unclear. Indeed, a thorough under-
standing of BBB transport mechanisms will allow for devel-
opment of novel strategies for ischemic stroke treatment.
Considerable research has been conducted in investigating

BBB transporters that restrict CNS drug delivery (i.e., ATP-
binding cassette efflux transporters such as P-glycoprotein)
(Löscher and Potschka, 2002; Palmeira et al., 2012; Abdullahi
et al., 2017b). Clinical trials designed to target P-glycoprotein
have been unsuccessful due to inhibitor toxicity or enhanced
tissue penetration of xenobiotics (Potschka, 2010; Palmeira
et al., 2012). Our laboratory has proposed an alternative
strategy for CNS drug delivery via targeting of endogenous
BBB uptake transporters such as OATP1A2/Oatp1a4. We
have shown that atorvastatin exhibits neuroprotective prop-
erties using an in vivo model of cerebral hypoxia and
reoxygenation stress (i.e., a “component” of ischemic stroke)
(Thompson et al., 2014). Specifically, we reported reduced
expression of a biomarker for neuronal apoptosis [i.e., poly
(ADP-ribose) polymerase cleavage] in rats treated with a single
dose (20 mg/kg) of atorvastatin (Thompson et al., 2014).

Fig. 8. TGF-b/ALK1 signaling is involved in regulation of Slco1a4mRNA
transcripts in rat brain microvessels following BMP-9 treatment. ChIP
was performed on brain microvessels isolated from animals treated with
0.9% saline, BMP-9 alone (1 mg/kg, i.p.; 6 hours) or BMP-9 in the presence
of LDN193189 (10 mg/kg, i.p.; 1-hour pretreatment). Sheared chromatin
was immunoprecipitated using Smad4 antibody, and quantification of
Smad4 complex binding to specific Smad1/5/8 binding sites within the
Slco1a4 gene promoter was performed by real-time PCR. Results are
expressed asmean6 S.D. of three experiments, with each group consisting
of microvessels from three individual animals. Asterisks represent data
points that were significantly different from control (saline-treated)
animals (**P , 0.01).
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We demonstrated that the ability of atorvastatin to provide
neuroprotection is dependent upon effective blood-to-brain
transport mediated by Oatp1a4 (Thompson et al., 2014). Of
particular significance, TGF-b signaling mediated by the
ALK5 receptor was shown to be involved in regulation of
Oatp1a4 expression and activity (Thompson et al., 2014);
however, it was not known whether Oatp1a4 functional
expression could be controlled by targeting ALK1. Since
ALK5andALK1have opposing effects on themicrovasculature,
we hypothesized that activation of ALK1with a specific agonist
will result in increasedOatp1a4 functional expression at the rat
BBB. Our recent publication (Abdullahi et al., 2017a) provided
initial evidence in support of this hypothesis. The present study
is the logical continuation of this work because we have now
rigorously characterized the intracellular signalingmechanism
downstream from the ALK1 receptor and its role inmodulating
Oatp1a4 functional expression at the BBB.
BMP-9 is an endogenous cytokine that is produced by the

liver to yield a physiologic concentration range of 2–12 ng/ml
in plasma (Miller et al., 2000; David et al., 2008). It is a potent
activator of Smad1/5/8 phosphorylation with an EC50 of
50 pg/ml for the ALK1 receptor (David et al., 2008). There-
fore, we chose to administer a pharmacological dose of BMP-9
(i.e., 1 mg/kg) that can induce Oatp1a4 protein expression in
rat microvessels in vivo (Abdullahi et al., 2017a). In the

present study, time course experiments showed that an
increase in BBB Oatp1a4 expression can be achieved as
early as 4 hours post-treatment. Since we also observed an
increase in Slco1a4 gene transcript, the elevation in Oatp1a4
expression following exogenous BMP-9 treatment is likely
due to de novo protein synthesis. In fact, this time course of
increased Oatp1a4 protein expression (i.e., 4–6 hours) is
consistent with the temporal relationship between activation
of intracellular signaling and de novo synthesis of other
endogenous BBB transporters (Miller and Cannon, 2014).
Pretreatment (1 hour) with LDN193189 prior to BMP-9
administration reduced Oatp1a4 protein expression in iso-
lated microvessels (Abdullahi et al., 2017a) and greatly
reduced brain accumulation of taurocholate, observations
that point toward ALK1 signaling as a critical regulator of
Oatp1a4 functional expression. Of translational significance,
our study also showed enhanced brain delivery of atorvasta-
tin and pravastatin following BMP-9 treatment. Interest-
ingly, BMP-9 enhancement of Oatp1a4 protein expression
and OATP-mediated transport had a greater effect on prav-
astatin uptake compared with atorvastatin accumulation
(i.e., 175% increase for pravastatin vs. 95% increase for
atorvastatin). These differences in brain uptake were also
uncovered when OATP-mediated transport was blocked by
E3S, thereby causing brain uptake to be more dependent

Fig. 9. BMP-9 treatment does not activate mitogen-activated protein kinase signaling pathways. (A) Animals were administered a single dose of BMP-9
(1 mg/kg, i.p.) or 0.9% saline and treated for 2–6 hours. Following treatments, animals were sacrificed and brain microvessels were isolated and subjected
to nuclear and cytoplasmic fractionation. Nuclear and cytoplasmic extracts were then prepared for western blot analysis. Fractionated microvessels
(10 mg) were resolved on a 4%–12% SDS-polyacrylamide gel, transferred to polyvinylidene difluoride (PVDF) membrane and analyzed for expression of
pERK1/2. (B) Relative levels of pERK1/2 expression in samples from A were determined by densitometric analysis and normalized to a-tubulin for
cytoplasmic fraction and lamin B for nuclear fraction. (C) Fractionated microvessels (10 mg) were resolved on a 4%–12% SDS-polyacrylamide gel,
transferred to PVDF membrane and analyzed for expression of phosphorylated JNK (pJNK). (D) Relative levels of pJNK expression in samples from (C)
were determined by densitometric analysis and normalized to a-tubulin for cytoplasmic fraction and lamin B for nuclear fraction. Western blot data are
reported as mean 6 S.D. from at least three independent experiments, where each treatment group consisted of four individual animals (n = 4).
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upon transcellular diffusion. Indeed, pravastatin is more hydro-
philic than atorvastatin, which suggests that pravastatin is more
dependent on OATP-mediated transport to access a target
tissue such as the brain. These data are in agreement with a
previous study byHiggins et al. (2014), who showed that genetic
knockout of OATP isoforms in male FVB mice resulted in a
greater magnitude of effect on pravastatin pharmacokinetics
compared with atorvastatin. The knowledge that statin
uptake into the CNS is mediated via an OATP-dependent
transport mechanism indicates that the TGF-b/ALK1 path-
way can be targeted for development of novel strategies to
treat CNS diseases such as ischemic stroke.
Transcriptional regulation via TGF-b signaling has been

extensively studied. Activation of several genes has been
linked to direct binding of Smad proteins to a conserved
sequence (i.e., SBE composed of the sequence CAGAC), which
occurs every 1024 base pairs in the genome (Massagué and
Wotton, 2000). For example, it has been demonstrated that
bacterial-expressed Smad proteins bind directly to the SBE in
the promoter of the Jun B gene, an early response gene that is
potently activated by TGF-b, activin, and bone morphogenetic
proteins (Jonk et al., 1998). Furthermore, activation of the
enhancer in human Id1, a gene that encodes an inhibitor of
DNA binding proteins, has been shown following binding of
Smad proteins to the SBE, comprised of three repeats
of CAGAC boxes (López-Rovira et al., 2002). Using ChIP
followed by sequencing, a genome-wide map of Smad1/5
binding sites was generated in human umbilical vein endo-
thelial cells (Morikawa et al., 2011). The authors identified
that Smad1/5 preferentially bound to regions outside of the
promoter of known bone morphogenetic protein–responsive
genes with specific motif consisting of the canonical SBE
flanked by GC-rich regions known as GC-SBE (Morikawa
et al., 2011). We, therefore, hypothesized that in vivo BMP-9

treatment will induce phosphorylation of Smad1/5/8, which
can then complex with Smad4 and accumulate in the nucleus
of rat brain microvascular endothelial cells. These data were
well correlated with our western blot findings that showed an
increase in Oatp1a4 protein expression 4 hours post-treatment
with BMP-9. Furthermore, our ChIP data showed that the
active Smad complex comprised of phosphorylated Smad1/5/8
and Smad4 can directly bind to a Smad1/5/8 binding site in the
Slco1a4 gene. This is the first evidence in the scientific
literature that TGF-b/ALK1 signaling can directly regulate
the Slco1a4 gene, which encodes an endogenous BBB trans-
porter that can be targeted for CNS drug delivery.
Our data suggest that activation of ALK1 via treatment

with exogenous BMP-9 activates the canonical ALK1/BMP-9
pathway. We have shown that receptor substrates for ALK1
(i.e., Smad1/5/8) are phosphorylated following administration
of BMP-9, a biologic process that leads to nuclear translocation
upon formation of a protein complex with Smad4. Nonetheless,
crosstalk with other signaling pathways must be considered.
In fact, bone morphogenetic proteins have been shown to induce
gene transcription via effector molecules independent of Smad
proteins (Sieber et al., 2009). For example, BMP-9 has been
reported to activate the JNK/mitogen-activated protein ki-
nase pathway (Yamaguchi et al., 1999). Furthermore, bone
morphogenetic protein–dependent activation of extracellular
signal-regulated kinase has been shown to induce kinase
translocation into the nucleus and to activate target genes
such as osteopontin or collagen I (Lai and Cheng, 2002). In
our study, we have observed that BMP-9 treatment does not
activate extracellular signal-regulated kinase 1/2 signaling
or JNK signaling, data that emphasize the specificity of our
BMP-9 treatment on TGF-b/ALK1 signaling in rat brain
microvessels. Ultimately, characterization of the precise
regulatory mechanism involved in controlling functional

Fig. 10. TGF-b/ALK1 signaling at the BBB and regulation
of the Slco1a4 gene. Based on data presented in this study,
we propose that the ALK1 receptor is activated by BMP-9,
which proceeds to phosphorylate substrate signal trans-
ducing proteins in the cytoplasm (i.e., Smad1/5/8). Activated
Smad1/5/8 forms a heterotrimeric complex consisting of
two pSmad1/5/8 and the common Smad (i.e., Smad4) and
then translocates into the nucleus where it binds the SBE in
the Slco1a4 gene promoter to induce transcription. This
represents a novel mechanism that can be targeted phar-
macologically to control CNS drug delivery at the BBB.
Furthermore, this pathway can inform future studies aimed
at developing novel strategies for treatment of neurologic
diseases such as ischemic stroke.
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expression of Oatp1a4 at the BBB, as we have now shown for
the first time, will inform development of novel drug delivery
strategies for neurologic diseases.
Overall, this study describes increased functional expres-

sion of Oatp1a4 following dosing with the selective ALK1
agonist BMP-9. These data also demonstrate, for the first time,
direct activation of the Slco1a4 gene via the TGF-b/ALK1
signaling pathway (Fig. 10). These observations are critical
because they imply that the ALK1 receptor is a molecular
target that can control Oatp1a4 functional expression, and
subsequently brain delivery of neuroprotective drugs. Overall,
these results provide evidence that Oatp1a4 can be developed
as a transporter target that can be exploited to facilitate CNS
drug delivery.
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