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ABSTRACT
At the blood-brain barrier, P-glycoprotein, an ATP-driven drug
efflux pump, selectively limits drug access to the brain paren-
chyma, impeding pharmacotherapy of a number of central ner-
vous system (CNS) disorders. We previously used confocal
imaging to demonstrate in isolated rat brain capillaries that
endothelin-1 (ET-1), acting through an ETB receptor, NO syn-
thase, and protein kinase C, rapidly and reversibly reduces
P-glycoprotein transport function. In this study, we define a link
between the brain’s innate immune response and functional
regulation of P-glycoprotein. We show that exposing brain cap-
illaries to the inflammatory cytokine tumor necrosis factor-�
(TNF-�), activated a TNF-R1 receptor, released ET-1, activated

ETB receptor signaling, and essentially abolished P-glycopro-
tein-mediated transport. Bacterial lipopolysaccharide, a potent
activator of the brain’s innate immune response, reduced P-
glycoprotein activity through TNF-� release, ET-1 release, and
ETB receptor signaling. TNF-� and LPS effects had a rapid
onset (minutes), were reversible, and did not involve changes in
tight junctional permeability. These findings define a signaling
pathway through which P-glycoprotein activity is acutely mod-
ulated. They show that this key component of the selective/
active blood-brain barrier is an early target of cytokine signaling
during the innate immune response and suggest ways to ma-
nipulate the barrier for improved CNS pharmacotherapy.

One primary function of capillaries within the brain paren-
chyma is to provide the blood-brain barrier, which restricts
and regulates movements of water and solutes into and out of
the CNS. This highly effective barrier contributes to CNS
homeostasis and protects against neurotoxins but also
greatly limits entry of drugs used to treat CNS disorders
(Konsman et al., 2004). Barrier function reflects two proper-
ties of the nonfenestrated, brain capillary endothelium: 1)
extremely low paracellular permeability and low rate of
transcytosis (physical barrier), and 2) expression of ATP-
driven drug efflux pumps (active/selective barrier). These

pumps limit uptake of lipophilic xenobiotics that would oth-
erwise cross the physical barrier and penetrate into the brain
parenchyma (Begley, 2004; Fricker and Miller, 2004).

Because of its luminal membrane location, high expression
level, potency, and ability to transport therapeutics, P-glyco-
protein is considered a primary obstacle to drug penetration
of the blood-brain barrier. Mice in which the P-glycoprotein
gene has been disrupted exhibit substantially increased
brain levels of administered chemotherapeutics, HIV pro-
tease inhibitors, anticonvulsants, antipsychotics, and glu-
cocorticoids, all of which are P-glycoprotein substrates
(Schinkel et al., 1996; Goralski et al., 2003). Thus, altering
P-glycoprotein activity has the potential to selectively open
the barrier to many CNS-active drugs. Indeed, inhibiting
P-glycoprotein dramatically increases both brain levels of the
chemotherapeutic agent paclitaxel (Taxol) and the drug’s
effectiveness against an intracerebrally implanted human
glioblastoma (Fellner et al., 2002).

This research was supported in part by the Intramural Research Program
of the National Institutes of Health, National Institute of Environmental
Health Sciences and by Deutsche Forschungsgemeinschaft grant FR1211/8-1
(to G.F.).

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.

doi:10.1124/mol.105.017954.

ABBREVIATIONS: CNS, central nervous system; ET-1, endothelin-1; PKC, protein kinase C; NOS, nitric-oxide synthase; TNF, tumor necrosis
factor; IL, interleukin; LPS, lipopolysaccharide; TLR, toll-like receptor; BIM, bisindolylmaleimide I; PBS, phosphate-buffered saline; BSA, bovine
serum albumin; NBD-CSA, N-�-(4-nitrobenzofurazan-7-yl)-D-Lys8-cyclosporin A; RT, reverse transcription; PCR, polymerase chain reaction;
BCRP, breast cancer resistance protein; ECE, endothelin-converting enzyme; TACE, TNF-�–converting enzyme; PAM, pathogen-associated
molecular patterns; JKC-301, cyclo(D-Asp-Pro-D-Ile-Leu-D-Trp); RES-701-1, Gly-Asn-Trp-His-Gly-Thr-Ala-Pro-Asp-Trp-Phe-Phe-Asn-Tyr-Tyr-
Trp-OH; L-NMMA, L-NG-monomethyl-arginine.

0026-895X/06/6902-462–470
MOLECULAR PHARMACOLOGY Vol. 69, No. 2
U.S. Government work not protected by U.S. copyright 17954/3079931
Mol Pharmacol 69:462–470, 2006 Printed in U.S.A.

462



An understanding of how blood-brain barrier P-glycopro-
tein is modulated would undoubtedly aid in devising strate-
gies to treat CNS disorders. We recently demonstrated rapid
and transient down-regulation of P-glycoprotein activity in
rat brain capillaries signaled by endothelin-1 (ET-1) acting
through ETB receptor, nitric-oxide synthase (NOS), and pro-
tein kinase C (PKC) (Hartz et al., 2004). The low concentra-
tions of ET-1 used did not affect capillary junctional perme-
ability or specific transport mediated by multidrug
resistance-associated proteins (Mrps, also drug efflux
pumps). Because activation of the brain’s innate immune
response is known to cause ET release (Nie and Olsson, 1996;
Schinelli, 2002), our results suggested that transiently re-
duced P-glycoprotein function might be an early consequence
of mild inflammation (Hartz et al., 2004). The present report
is concerned with the relationship between activation of the
innate immune response of the brain and modulation of brain
capillary P-glycoprotein activity.

The innate immune response is triggered by a variety of
stimuli, including infection, trauma, disease, and cell stress
and is characterized by the release of proinflammatory cyto-
kines (Nguyen et al., 2002; Rivest, 2003). Blood vessels
within the brain are directly exposed to mediators of inflam-
mation released during peripheral inflammation and during
the brain’s innate immune response. Brain capillary endo-
thelial cells, like endothelial cells throughout the body, ex-
press receptors for cytokines [e.g., tumor necrosis factor-�
(TNF-�) (Nadeau and Rivest, 1999) and interleukin-1 (IL-1)
(Konsman et al., 2004)] and inflammogens [e.g., lipopolysac-
charide (LPS) (Chakravarty and Herkenham, 2005)] and are
capable of responding to inflammatory stimuli and of ampli-
fying inflammatory signals by producing additional media-
tors of inflammation (Nguyen et al., 2002; Rivest, 2003).
Thus, brain capillaries are both a target for and an active
participant in the innate immune response. Indeed, severe
inflammation profoundly affects the blood-brain barrier (Hu-
ber et al., 2001). Inflammatory mediators, such as TNF-�,
IL-1�, and interferon-�, can increase junctional permeability
and cause leakage of plasma constituents into the CNS.
Moreover, recent evidence also shows that inflammation can
alter P-glycoprotein expression in several tissues (including
brain) and in brain capillary endothelial cells in particular
(Tan et al., 2002; Goralski et al., 2003; Theron et al., 2003).
These studies have focused on changes taking place over
periods of hours to days, and it is not clear whether P-
glycoprotein activity is also altered in the short term.

The present experiments link the brain’s innate immune
response to rapid changes in blood-brain barrier P-glycopro-
tein activity. We show that low levels of the cytokine TNF-�
released ET-1, activated ETB signaling, and rapidly reduced
P-glycoprotein-mediated transport in rat brain capillaries.
We also demonstrate that the potent inflammogen LPS acted
through toll-like receptor 4 (TLR4) and TNF-� release to
elicit the same response. As with ET-1 (Hartz et al., 2004),
the present experiments show that capillary tight junctional
permeability was not affected and that the effects of TNF-�
and LPS were rapidly reversed when the compounds were
removed. These findings demonstrate for the first time that
P-glycoprotein, a critical component of the selective/active
blood-brain barrier, is an early target of cytokine signaling
during the innate immune response. Moreover, they define
an intracellular signaling pathway through which inflammo-

gens and mediators of inflammation acutely modulate P-
glycoprotein activity.

Materials and Methods
Chemicals. Endothelin-1, RES-701-1, JKC-301, and anti-TNF-�

antibody were purchased from Calbiochem-Novabiochem (La Jolla,
CA). Bisindolylmaleimide I (BIM) was from Invitrogen (Carlsbad,
CA) and phosphoramidon was from A.G. Scientific (San Diego, CA).
The TLR4 blocker (receptor antagonist derived from a mutant
Escherichia coli strain) was obtained from Sigma (St. Louis, MO).
Monoclonal antibodies to ET-1, H398, and HM102 were from
Alexis Biochemicals (San Diego, CA). The antibody for TNF-R1
immunostaining was from Stressgen Biotechnologies Corp. (Vic-
toria, BC, Canada), the antibody for TNF-R1 Western blotting was
from United States Biological (Swampscott, MA). C219 antibody
was purchased from Signet Laboratories (Dedham, MA), and iso-
type control mouse IgG1 was from Abcam (Cambridge, MA). NBD-
CSA was custom-synthesized by R. Wenger (Basel, Switzerland)
(Schramm et al., 1995). PSC833 (valspodar; Amdray) was a kind
gift from Novartis (Basel, Switzerland). All other chemicals were
obtained from Sigma (St. Louis, MO).

Isolation of Brain Capillaries. Rat brain capillaries were iso-
lated as described previously (Miller et al., 2000; Hartz et al., 2004).
For each preparation, 3 to 10 male Sprague-Dawley rats (retired
breeders; Taconic Farms, Germantown, NY) were euthanized by CO2

inhalation and decapitated. Brains were taken immediately and kept
at 4°C in PBS buffer (2.7 mM KCl, 1.46 mM KH2PO4, 136.9 mM
NaCl, and 8.1 mM Na2HPO4 supplemented with 5 mM D-glucose and
1 mM sodium pyruvate, pH 7.4). Rat brains were dissected and
homogenized in PBS. After addition of Ficoll (final concentration,
15%; Sigma), the homogenate was centrifuged at 5800g for 20 min at
4°C. The pellet was resuspended in PBS containing 1% BSA and
passed over a glass bead column. Capillaries adhering to the glass
beads were collected by gentle agitation in PBS (1% BSA). Capillar-
ies were washed three times in BSA-free PBS buffer and immedi-
ately used for transport experiments, RNA isolation, immunostain-
ing or plasma membrane isolation.

Transport. Freshly isolated capillaries were transferred to glass
coverslips, preincubated for 30 min with the effectors, and then
incubated for 1 h at room temperature with a fluorescence-labeled
cyclosporine A derivative [2 �M; NBD-CSA (Miller et al., 2000; Hartz
et al., 2004)]. In some experiments, capillaries were first loaded with
NBD-CSA to steady state, and then modulators were added. In other
experiments, capillaries were incubated with 2 �M Texas Red (sul-
forhodamine 101 free acid), a fluorescent organic anion and Mrp
substrate. The aim of these latter experiments was to monitor tight
junctional permeability (for rationale, see Results).

For each treatment, confocal fluorescence images of 7 to 15 capil-
laries were acquired [510 meta laser scanning confocal microscope
(Zeiss, Jena, Germany); 40� water immersion objective; numerical
aperture, 1.2] and luminal fluorescence intensity was measured us-
ing Zeiss Image Examiner software as described previously (Miller et
al., 2000; Hartz et al., 2004). Each experiment was carried out two to
four times. Results of representative transport experiments are
shown; data are presented as mean � S.E.M. Differences between
means were considered statistically significant at P � 0.05, using an
unpaired t test.

RT-PCR. Total capillary RNA was isolated using TRIzol reagent
(Invitrogen) and purified using the RNeasy mini kit (QIAGEN, Va-
lencia, CA). Reverse transcription was performed using the Gene-
Amp RNA PCR kit (Applied Biosystems, Foster City, CA). PCR of RT
product was done with Taq DNA Polymerase from Promega (Madi-
son, WI) using primers for rat TNF-R1 (forward, 5�-CTGCCACGC-
AGGATTCTTTCTAAGC-3�; reverse, 5�-GGATATCGGCA CAGTAG-
ACTGATGC-3�), rat TLR4 (forward, 5�-CATGTCCATCGGTTGATC-
TTGGGAG-3�; reverse, 5�-ACTTGGCAGAGCCAACTGACCAAAG-
3�), and rat TACE (forward, 5�-GAGCCATCTGAAGAGTTTGTCCG-
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TC-3�; reverse, 5�-CCACGAGGTGTTCCGGTATATGTCA-3�). All
primers were custom-synthesized by QIAGEN Operon (Alameda,
CA).

Immunohistochemistry. Freshly isolated rat brain capillaries
adhering to glass cover slips were fixed for 15 min with 3% parafor-
maldehyde/0.2% glutaraldehyde at room temperature. After washing
with PBS, capillaries were permeabilized for 30 min with 0.1% (v/v)
Triton X-100 in PBS and subsequently blocked with 1% BSA in PBS.
Then, capillaries were incubated for 1 h at 37°C with polyclonal
primary anti-TNF-R1 rabbit antibody (1:100, 9 �g/ml). After wash-
ing (PBS, 1% BSA), capillaries were incubated with anti-rabbit Alexa
Fluor 488-conjugated secondary IgG (1:1000, 2 �g/ml; Invitrogen,
Eugene, OR) for 1 h at 37°C. Negative controls were incubated with
secondary antibody only; nuclei were counterstained with 5 �g/ml
propidium iodide for 15 min. TNF-R1 was visualized using a Zeiss
510 meta laser scanning confocal microscope.

Western Blot Analysis. Freshly isolated rat brain capillaries
were homogenized and lysed in mammalian tissue lysis buffer
(Sigma) containing protease inhibitor cocktail (Roche, Mannheim,
Germany). Samples were centrifuged at 10,000g for 30 min. Denu-
cleated supernatants were centrifuged at 100,000g for 90 min. Pel-
lets were resuspended in PBS containing protease inhibitor cocktail
and protein concentrations were determined. Western blots were
performed using the Invitrogen NuPage Bis-Tris electrophoresis sys-
tem and conducted according to the manufacturer’s protocol. To
detect P-glycoprotein, membranes were incubated overnight with a
1:100 dilution (1 �g/ml) of monoclonal C219 primary antibody (Sig-
net Laboratories). TNF-R1 was detected by incubating membranes
with a 1:500 dilution (1 �g/ml) of primary antibody against TNF-R1
(Unites States Biological). Membranes were washed and incubated
for 1 h with the corresponding horseradish peroxidase-conjugated
ImmunoPure secondary IgG (1:15,000; Pierce, Rockford, IL). Mem-
branes were again washed and P-glycoprotein was detected using
SuperSignal West Pico Chemoluminescent Substrate (Pierce). Pro-
tein bands were visualized and recorded using a gel documentation
system (Gel Doc 2000; BioRad, Hercules, CA).

Results
We have developed a simple but powerful method to assess

P-glycoprotein transport activity in intact brain capillaries.
It is based on measuring the accumulation of a fluorescent
cyclosporine A derivative (NBD-CSA) in capillary lumens
using confocal microscopy and quantitative image analysis
(Miller et al., 2000; Hartz et al., 2004). NBD-CSA accumula-
tion in brain capillary lumens is concentrative, specific, and
reduced by inhibitors of metabolism, by P-glycoprotein sub-
strates, and by the P-glycoprotein-specific inhibitor PSC833;
cellular accumulation is not affected. We previously showed
that NBD-CSA accumulation is not altered by inhibitors of
multidrug resistance protein (Bauer et al., 2004). However,
brain capillary endothelial cells express another multispe-
cific, drug efflux pump at the luminal plasma membrane,
breast cancer resistance protein (BCRP) (Cooray et al., 2002;
Eisenblatter et al., 2003). BCRP and P-glycoprotein have
several substrates in common, but PCS833 is at best a low
affinity inhibitor of BCRP (Chen et al., 2000), and it does not
affect the blood- to-brain transport of BCRP substrates (Cis-
ternino et al., 2004). In preliminary experiments with rat
brain capillaries, the BCRP inhibitor fumitremorgin C did
not reduce the luminal accumulation of NBD-CSA (data not
shown).

At steady state, P-glycoprotein-mediated and metabolism-
dependent transport accounts for 50 to 60% of luminal NBD-
CSA accumulation; the remainder is not affected by PSC833,

cyclosporine A, or NaCN, seemingly because of passive dif-
fusion and nonspecific binding (Miller et al., 2000; Bauer et
al., 2004; Hartz et al., 2004). It is noteworthy that steady
state luminal accumulation of NBD-CSA increases when P-
glycoprotein expression is up-regulated by activation of the
nuclear receptor pregnane X receptor and decreases when
P-glycoprotein activity is reduced by ET-1 (Bauer et al., 2004;
Hartz et al., 2004). Thus, measurement of luminal accumu-
lation of NBD-CSA provides a means to assess P-glycoprotein
function in intact brain capillaries.

Exposing capillaries to TNF-� reduced steady state lumi-
nal NBD-CSA accumulation in a concentration-dependent
manner (Fig. 1, A–C). Significant effects were found with
TNF-� concentrations as low as 0.01 ng/ml, and the maximal
effect was found with 1 ng/ml. The effects of 1 to 10 ng/ml
TNF-� were comparable with those seen with a blocking
concentration of the specific P-glycoprotein inhibitor PSC833
(data not shown), suggesting near-complete inhibition of
transporter function. As with ET-1 (Hartz et al., 2004),
TNF-� effects on transport had a rapid onset and were re-
versible. Figure 1D shows the results of an experiment in
which capillaries were first incubated to steady state in me-
dium with 2 �M NBD-CSA and then exposed to 1 ng/ml
TNF-�. Within 30 min, TNF-� significantly reduced luminal
NBD-CSA. After removal of TNF-� from the medium, lumi-
nal NBD-CSA increased, returning to control levels within
approximately 90 min. In contrast, capillaries that were not
exposed to TNF-� (controls) showed no change in luminal
fluorescence over the 5-h time course of the experiment.

The decrease in luminal NBD-CSA accumulation caused
by TNF-� could have resulted from reduced P-glycoprotein
function or from opening of tight junctions followed by leak-
age of pumped dye out of the lumen. Indeed, we recently
showed that mannitol and sucrose (100 mM), used to osmot-
ically open tight junctions at the blood-brain barrier (Kroll
and Neuwelt, 1998), rapidly and reversibly reduce steady-
state, luminal NBD-CSA fluorescence to approximately 50%
of control levels, an effect comparable with that seen with
PSC833 and ET-1 (Hartz et al., 2004). Thus, osmotic opening
of the tight junctions can elicit the same pattern of effects as
seen with TNF-�.

In isolated brain capillaries, opening of the tight junctions
would clearly reduce accumulation of all substrates pumped
into the lumen. We previously used altered luminal uptake
and efflux of Texas Red (sulforhodamine 101 free acid), a
rhodamine-based, fluorescent organic anion, to experimen-
tally distinguish between opening of tight junctions and re-
duced pumping by P-glycoprotein (Hartz et al., 2004). Texas
Red is a substrate for Mrp2 (and possibly other multidrug
resistance proteins), another xenobiotic efflux pump located
in the luminal membrane of the rat brain capillary endothe-
lium (Miller et al., 2000). Consistent with this, steady state,
concentrative, luminal accumulation of Texas Red in rat
brain capillaries is reduced by the Mrp inhibitor LTC4 but is
not affected by the P-glycoprotein inhibitor PSC833 (Miller et
al., 2000; Hartz et al., 2004). Although osmotic opening of
capillary tight junctions with mannitol and sucrose reduces
steady-state luminal accumulation of Texas Red and acceler-
ates efflux of Texas Red from the lumens of preloaded capil-
laries (Hartz et al., 2004), ET-1 at 100 nM alters neither
uptake nor efflux of Texas Red (Hartz et al., 2004). Figure 2,
A and B, shows that steady-state Texas Red accumulation in
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capillary lumens was reduced to the same extent by 0.3 �M
LTC4 (inhibits Mrps) and by 100 mM mannitol (opens tight
junctions), but it was not affected by 1 to 10 ng/ml TNF-�.
This range of TNF-� concentrations caused maximal reduc-
tion in NBD-CSA accumulation in capillary lumens (Fig. 1C).
The absence of effect of TNF-� on concentrative Texas Red
accumulation (Fig. 2B) indicates that TNF-�, like ET-1
(Hartz et al., 2004), neither affected transport of the organic
anion into the capillary lumen nor increased tight junctional
permeability.

TNF-� signals through type 1 (TNF-R1, p55) and type 2
(TNF-R2, p75) receptors and both are expressed in the brain

vasculature (Nadeau and Rivest, 1999). RT-PCR detected a
signal for TNF-R1 mRNA in our rat brain capillary extracts
(Fig. 3A). Western blots of capillaries and capillary mem-
branes showed two bands, one at the correct molecular
weight for TNF-R1 and the second at the correct molecular
weight for the TNF-R1 precursor protein (Fig. 3B). Immuno-
staining capillaries with the antibody to TNF-R1 showed
immunoreactivity on both the luminal and abluminal sur-
faces (Fig. 3C). Thus, the capillaries were probably sensitive
to TNF-� exposure from both the brain and blood sides.
Consistent with TNF-� acting through a TNF-R1 receptor,
H398, a monclonal antibody that acts as a specific TNF-R1
antagonist, blocked the effects of TNF-� on NBD-CSA accu-
mulation (Fig. 3D). In contrast, HM102, a specific TNF-R2
agonist, was without effect (data not shown).

To determine whether TNF-� activated ETB receptor sig-
naling, we exposed capillaries to TNF-� without (control) and
with JKC-301 (ETA receptor antagonist), RES-701-1 (ETB

receptor antagonist), L-NMMA (NOS inhibitor), or BIM (PKC
inhibitor) and measured steady state luminal NBD-CSA ac-
cumulation. In agreement with previous experiments (Hartz
et al., 2004), at the concentrations used here, none of these
drugs by themselves affected NBD-CSA transport (data not
shown). However, the ETB receptor antagonist and the NOS
and PKC inhibitors blocked the effects of TNF-�; the ETA

receptor antagonist was without effect (Fig. 4A).
Having the ETB receptor antagonist block the effects of

TNF-� strongly suggests that TNF-� caused release of ET

Fig. 1. TNF-� reduces P-glycoprotein-mediated transport in isolated rat
brain capillaries. A, representative confocal image showing steady-state
(60 min) NBD-CSA (2 �M) accumulation in a rat brain capillary. B,
corresponding image for capillary exposed to 1 ng/ml TNF-�. C, concen-
tration-dependent decrease of steady-state luminal NBD-CSA fluores-
cence in capillaries exposed to TNF-�. D, time course of TNF-� effects on
steady-state luminal NBD-CSA accumulation. Capillaries were first
loaded to steady state (60 min) in medium with 2 �M NBD-CSA. Then
(time 0 on graph), 1 ng/ml TNF-� was added to the medium; 150 min
later, TNF-� was removed. In both control and TNF-�-treated capillaries,
NBD-CSA was present in the medium throughout the experiment. From
30 to 210 min, mean luminal fluorescence in TNF-�-treated capillaries
was significantly lower than in time-paired controls (P � 0.001). Each
point represents the mean value for 10 to 15 capillaries from a single
preparation; variability is given by S.E.M. bars. Units are arbitrary
fluorescence units (scale 0–255). Statistical comparisons: ��, significantly
lower than controls, P � 0.01; ���, significantly lower than controls, P �
0.001.

Fig. 2. TNF-� and LPS do not alter tight junctional permeability in
isolated rat brain capillaries A, effects of 0.3 �M LTC4 (blocks Mrp-
mediated transport) and 100 mM mannitol (opens tight junctions) on
steady-state (60 min) luminal accumulation of 2 �M Texas Red. Each
point represents the mean value for 10 to 15 capillaries from a single
preparation; variability is given by S.E.M. bars. Units are arbitrary
fluorescence units (scale 0–255). B, lack of effect of TNF-� and LPS on
steady-state (60 min) luminal accumulation of 2 �M Texas Red. Pooled
data from nine experiments (3–10 rats per preparation). Each point
represents the mean value in � S.E.M. for 40 to 90 capillaries. Statistical
comparisons: ���, significantly lower than controls, P � 0.001.
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from the capillaries. Two experiments were carried out to
verify this supposition. First, we exposed capillaries to
TNF-� in the absence and presence of an antibody to ET-1
and measured steady-state luminal NBD-CSA accumulation.
In preliminary experiments, we determined that the concen-
tration of antibody used was sufficient to block the effects of
1 nM ET-1 on NBD-CSA transport (data not shown) and that
immunoglobulins that were not specific for ET-1 did not alter
the response to TNF-�. As shown in Fig. 4B, the anti-ET-1

antibody by itself did not affect NBD-CSA transport. In con-
trast, pretreating capillaries with the antibody abolished the
effects of 1 ng/ml TNF-�. Second, ET-1 is released from cells
as a prohormone that is rapidly converted to the active hor-
mone by an ET-converting enzyme (ECE) (Schiffrin and
Touyz, 1998). We pretreated capillaries with phosphorami-
don, a specific inhibitor of ECE, and found that the effects of
1 ng/ml TNF-� on luminal NBD-CSA accumulation were
abolished (Fig. 4C). Thus, TNF-� stimulated ET-1 release
from the capillaries and ET-1 then reduced P-glycoprotein-
mediated transport by signaling through the ETB receptor,
NOS, and PKC.

The reaction to LPS, a cell-wall component of Gram-nega-
tive bacteria, is probably the best characterized example of
innate recognition that leads to a comprehensive inflamma-
tory response, and one consequence of the brain’s innate
immune response to LPS is release of TNF-� (Hawiger,

Fig. 3. TNF-� signals through a TNF-R1 receptor to reduce P-glycopro-
tein activity. A, RT-PCR showing presence of mRNA for TNF-R1 in
various rat tissues, including brain capillaries. B, Western blot demon-
strating signal for TNF-R1 and its precursor. C, TNF-R1 immunostaining
showing immunoreactive product (green) on both the luminal and ablu-
minal plasma membranes of a rat brain capillary. Capillaries not exposed
to primary antibody showed no staining. The nucleus is stained with
propidium iodide (red). The scale bar indicates 5 �m. D, H398 (10 �g/ml),
a TNF-R1 antagonist, abolishes TNF-� effects. Each point represents the
mean value for 10 to 15 capillaries from a single preparation; variability
is given by S.E.M. bars. Units are arbitrary fluorescence units (scale
0–255). Statistical comparisons: ���, significantly lower than controls,
P � 0.001.

Fig. 4. TNF-� signals through the ETB receptor, NOS, and PKC to reduce
P-glycoprotein activity. A, RES-701-1 (10 nM; an ETB receptor antago-
nist), L-NMMA (10 �M; an NOS inhibitor), and BIM (10 nM; a PKC
inhibitor) blocked TNF-� signaling; JKC-301 (10 nM; an ETA receptor
antagonist) had no effect. B, an anti-ET-1 antibody (0.25 �g/ml) abolishes
TNF-� effects. C, phosphoramidon (PA; 2.5 �M), an inhibitor of ECE,
abolishes TNF-� effects. Each point represents the mean value for 10 to
15 capillaries from a single preparation; variability is given by S.E.M.
bars. Units are arbitrary fluorescence units (scale 0–255). Statistical
comparisons: ���, significantly lower than controls, P � 0.001.
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2001). RT-PCR revealed a signal for TLR4 mRNA in isolated
rat brain capillaries (Fig. 5A). Exposing isolated brain capil-
laries to LPS caused a concentration-dependent decrease in
steady state luminal accumulation of NBD-CSA (Fig. 5B).
LPS concentrations as low as 0.01 ng/ml significantly re-
duced accumulation, and maximal effects were found with 1
ng/ml. The effects of 1 ng/ml LPS were comparable with those
seen with a blocking concentration of the specific P-glycop-
rotein inhibitor PSC833 (data not shown). As with TNF-�, 10
to 100 ng/ml LPS had no effect on Texas Red uptake by the
capillaries (Fig. 2B), indicating that in this concentration
range, LPS did not reduce luminal NBD-CSA accumulation
through increased tight junctional permeability. LPS did
seem to reduce NBD-CSA transport by acting through a
TLR4 receptor. Exposing capillaries to a TLR4 receptor an-
tagonist abolished the LPS effect (Fig. 5C).

We next determined whether LPS signaled the change in
P-glycoprotein-mediated transport by acting through TNF-�
and ET-1. Blocking TNF-R1 with H398 (Fig. 6A) or pretreat-
ing capillaries with the antibody to TNF-� (Fig. 6B) signifi-
cantly attenuated the effects of 1 ng/ml LPS. TNF-�, like ET,
is released from cells in an inactive proform and converted
extracellularly to the active peptide. RT-PCR showed that
isolated capillaries expressed mRNA for TNF-�–converting
enzyme (TACE, not shown). Blocking TACE with TIMP3

significantly reduced the effects of LPS on luminal NBD-CSA
accumulation (Fig. 6C). Consistent with LPS acting through
ET-1 signaling, blocking the ETB receptor, NOS or PKC
substantially reduced the effects of LPS (Fig. 7A). As with
TNF-�, LPS effects on transport were also significantly re-
duced when ECE was inhibited with phosphoramidon
(Fig. 7B).

It is interesting that when capillaries were exposed to
antibodies to TNF-� or ET-1 or to inhibitors of TNF-R1,
TACE, the ETB receptor, ECE, or PKC, a small but signifi-
cant effect of LPS on luminal NBD-CSA accumulation was
still evident (Figs. 6 and 7). In contrast, transport was com-
pletely restored when NOS was inhibited (Fig. 7A). Thus, the
TLR4 receptor seemed to activate two signaling pathways: a
major one that was shared with TNF-� and ET-1 and a minor
one that involved NOS activation but not the other elements
of TNF-� and ET-1 signaling.

To determine whether changes in transporter expression
contributed to the decrease in P-glycoprotein-mediated
transport found in brain capillaries exposed to LPS, TNF-�,
and ET-1, we measured immunoreactive protein in capillary
membranes using Western blots. Figure 8A shows no change
in P-glycoprotein signal from control levels in membranes
from capillaries exposed for 1 h to LPS, TNF-�, or ET-1.
Finally, inhibition of protein synthesis by cycloheximide did
not attenuate the effects of 1 ng/ml LPS or TNF-� (Fig. 8B).
Thus, the decrease in P-glycoprotein transport in response to
LPS, TNF-�, and ET-1 signaling seems to have neither
changed plasma membrane transporter levels nor required
synthesis of new protein.

Fig. 5. LPS activates TNF-� signaling to P-glycoprotein. A, RT-PCR
showing presence of mRNA for TLR4 in various rat tissues, including
brain capillaries. B, concentration-dependent decrease of luminal NBD-
CSA fluorescence with LPS. C, blocking TLR4 (receptor antagonist at 1
�g/ml) abolishes the LPS effect. Each point represents the mean value for
10 to 15 capillaries from a single preparation; variability is given by
S.E.M. bars. Units are arbitrary fluorescence units (scale 0–255). Statis-
tical comparisons: ���, significantly lower than controls, P � 0.001.

Fig. 6. LPS signals through the TNF-� to reduce P-glycoprotein activity.
A, blocking TNF-R1 with H398 (10 �g/ml) attenuates LPS signaling. B,
anti-TNF-� antibody reduces LPS effects. C, blocking TACE with TIMP3
(10 nM) reduces the effects of LPS on luminal NBD-CSA accumulation.
Each point represents the mean value for 10 to 15 capillaries from a
single preparation; variability is given by S.E.M. bars. Units are arbi-
trary fluorescence units (scale 0–255). Statistical comparisons: �, signif-
icantly lower than controls, P � 0.05; ���, significantly lower than con-
trols, P � 0.001.
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Discussion
We demonstrated previously that ET-1, signaling through

an ETB receptor, NOS, and PKC, rapidly and reversibly
reduces P-glycoprotein-mediated transport in isolated rat

brain capillaries (Hartz et al., 2004). The present results link
the innate immune response of the brain to ET-1 signaling
and to its effect on P-glycoprotein at the blood-brain barrier.
They define for the first time 1) an early response of the
selective blood-brain barrier to bacterial infection and to a
primary inflammatory cytokine and 2) a signaling system
that rapidly modulates P-glycoprotein activity in brain cap-
illary endothelial cells.

We found rapid (15–30 min) and reversible loss of P-glyco-
protein transport function in brain capillaries exposed to low
concentrations of the proinflammatory cytokine, TNF-�. As
with ET-1, the effect of TNF-� was specific in that neither
organic anion transport on Mrps (another family of drug
efflux pumps expressed on the luminal plasma membrane of
the endothelial cells) nor tight junctional permeability was
altered. TNF-� acted through a TNF-R1 receptor. TNF-�
signaling to P-glycoprotein was blocked when capillaries
were exposed to an antagonist of the ETB receptor, to an
antibody to ET-1 itself, or to a drug that inhibited the ECE.
Thus, TNF-� stimulated ET-1 release from the capillaries
and released hormone signaled through the ETB receptor,
NOS, and PKC to reduce P-glycoprotein activity. It is note-
worthy that low levels of LPS, a potent trigger for the innate
immune response, could also initiate signaling to P-glyco-
protein. LPS acted through two signaling pathways. With 1
ng/ml LPS, most of the signaling occurred via the TLR4
receptor, TNF-� release, TNF-R1, ET-1 release, the ETB re-
ceptor, NOS, and PKC. However, approximately 20% of the
total response bypassed TLR4 and activated NOS but not
PKC. This was a surprise, because we had found previously
that the NO generator sodium nitroprusside reduced P-gly-
coprotein-mediated transport but that its effects were
blocked when PKC was inhibited (Hartz et al., 2004). All of
these events occurred when protein synthesis was inhibited
by cycloheximide. Thus, all elements of the signaling path-
way were constitutively expressed in freshly isolated brain
capillaries. Figure 9A shows the full sequence of events.

Several aspects of LPS/ET-1/TNF-� signaling require fur-
ther comment. First, visual inspection of our isolated capil-
laries showed little contamination by other structures or
cells. We certainly recognize that contaminating microglia
could contribute to signaling but have drawn a detailed sig-
naling mechanism shown in Fig. 9B as capillary-based. In
this, we propose that signaling originated from the abluminal
(brain) surface of the capillaries. In our experiments, capil-
laries were exposed to LPS, ET-1, and TNF-� added to the
bath. Because the tight junctional barrier would limit access
of these compounds to the lumen, certainly over the short
term, signaling is most likely to originate from receptors
located at the abluminal surface of the vessels. Likewise, it is
unlikely that the antibodies used to block TLR4 during LPS
exposure and to bind released ET-1 during LPS and TNF-�
exposure could access capillary lumens. Thus, TNF-� and
ET-1 released from the capillaries must have acted at the
abluminal surface. Note that release of ET-1 or TNF-� from
the abluminal side of the endothelium implies local (auto-
crine or paracrine) action, because release is from a small
mass of capillaries into an essentially infinite bath. Note also
that immunostaining showed that the ETB receptor and
TNF-R1 were present on both sides of the capillary endothe-
lium (Hartz et al., 2004; present study), so it is possible that
signaling could also be initiated from the luminal surface in

Fig. 7. LPS signals through the ETB receptor, NOS, and PKC. A, blocking
ETB (10 nm RES-701-1) or PKC (10 nM BIM) significantly reduced the
effects of LPS; blocking NOS (10 �M L-NMMA) abolished LPS effects. B,
blocking ECE with phosphoramidon (PA; 2.5 �M) reduced LPS effects,
indicating release of ET-1. Each point represents the mean value for 10 to
15 capillaries from a single preparation; variability is given by S.E.M.
bars. Units are arbitrary fluorescence units (scale 0–255). Statistical
comparisons: �, significantly lower than controls, P � 0.05; ���, signifi-
cantly lower than controls, P � 0.001.

Fig. 8. A, Western blot showing that neither 1 ng/ml TNF-�, 100 nM
ET-1, nor 1 ng/ml LPS (1 h exposure) altered P-glycoprotein expression
level in capillary plasma membranes. The negative control (�) is whole
brain homogenate; the positive control (�) is rat renal brush-border
membrane. B, inhibition of protein synthesis by 100 �g/ml cycloheximide
does not attenuate the effects of LPS or TNF-� on P-glycoprotein-medi-
ated transport. Each point represents the mean value for 10 to 15 capil-
laries from a single preparation; variability is given by S.E.M. bars. Units
are arbitrary fluorescence units (scale 0–255). Statistical comparisons:
���, significantly lower than controls, P � 0.001.
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response to vascular ET-1, LPS, or TNF-�. If signaling from
the luminal membrane is wired similarly to that from the
abluminal membrane, systemic inflammation in its early
stages would be expected to affect blood-brain barrier P-
glycoprotein activity in a manner similar to CNS inflamma-
tion.

Second, several aspects of ETB receptor signaling remain
uncertain. We have yet to identify the NOS and PKC iso-
forms involved and the mechanism by which signaling mod-
ifies P-glycoprotein function. Concerning the latter, our ex-
periments show rapid onset and reversal of LPS, ET-1, and
TNF-� effects (Hartz et al., 2004; present study). Moreover,
these experiments were carried out at room temperature, so
we would expect to see even faster responses at 37°C. The
rapidity of response and the lack of change in transporter
expression levels suggest that transporter function may be
modified in situ. Thus, PKC may alter P-glycoprotein trans-
port activity by direct phosphorylation of the transporter or
through phosphorylation of an accessory protein that itself
modulates P-glycoprotein function in the membrane. On the
other hand, PKC may alter trafficking of the protein between
the luminal plasma membrane and intracellular compart-
ments (i.e., by increasing retrieval of transporter from the
membrane to a vesicular compartment). Regulated insertion/
retrieval has been proposed as a means of rapidly modulating
efflux pump activity in liver (Kipp and Arias, 2002) and renal
proximal tubule (Miller, 2002; Terlouw et al., 2003). As in
brain capillaries, protein kinase-based signaling (protein ki-
nases A and C) has been implicated in kidney and liver.

Experiments are currently underway to distinguish among
the possibilities.

Third, the innate immune response of the brain is trig-
gered by a variety of pathogen-associated molecular patterns
(PAMPs) acting through TLRs (e.g., LPS through TLR4, dou-
ble-stranded (viral) RNA through TLR3, Gram-positive cell
wall constituents through TLR2) and by a number of proin-
flammatory cytokines acting through their own receptors
[e.g., IL-1 and Il-6 (Nguyen et al., 2002; Rivest, 2003)]. Re-
lease of TNF-� is a common aspect of PAMP and cytokine
signaling. It is not yet clear whether PAMPs other than LPS
or cytokines other then TNF-� directly or indirectly (through
TNF-�) activate ETB receptor signaling and thereby rapidly
alter P-glycoprotein activity.

Finally, the present results demonstrate how the activity
of one of the blood-brain barrier’s drug efflux pumps, P-
glycoprotein, can be rapidly and specifically modulated. Be-
cause of the important role of P-glycoprotein in determining
the entry of therapeutic drugs into the CNS, reduced activity
could have profound consequences when P-glycoprotein pro-
tects against neurotoxicity [e.g., ivermectin treatment for
river blindness (Schinkel et al., 1996)] or impedes CNS phar-
macotherapy, [e.g., chemotherapy for glioblastoma (Fellner
et al., 2002)]. At present, the physiological/pathophysiologi-
cal role of reduced blood-brain barrier P-glycoprotein activity
in the innate immune response of the brain is unclear. With
regard to pharmacotherapy, we argued previously that ET-1
signaling, which caused rapid but fully reversible loss of
transport activity and no change in tight junctional perme-
ability, provided just the sequence of events needed to over-
come P-glycoprotein-based CNS drug resistance (Hartz et al.,
2004). However, we also pointed out that the use of ETs or
their agonists for this purpose would be impractical. It now
seems that the same rapid, reversible reduction in brain
capillary P-glycoprotein activity can be achieved through the
brain’s innate immune response. Current experiments are
focused on defining the conditions under which a similar
reduction can be induced in animal models in vivo. The
extent to which this response can be manipulated to be of
practical use in the clinic remains to be seen.

References
Bauer B, Hartz AM, Fricker G, and Miller DS (2004) Pregnane X receptor up-

regulation of P-glycoprotein expression and transport function at the blood-brain
barrier. Mol Pharmacol 66:413–419.

Begley DJ (2004) ABC transporters and the blood-brain barrier. Curr Pharm Des
10:1295–1312.

Chakravarty S and Herkenham M (2005) Toll-like receptor 4 on nonhematopoietic
cells sustains CNS inflammation during endotoxemia, independent of systemic
cytokines. J Neurosci 25:1788–1796.

Chen WS, Luker KE, Dahlheimer JL, Pica CM, Luker GD, and Piwnica-Worms D
(2000) Effects of MDR1 and MDR3 P-glycoproteins, MRP1 and BCRP/MXR/ABCP
on the transport of (99m)Tc-tetrofosmin. Biochem Pharmacol 60:413–426.

Cisternino S, Mercier C, Bourasset F, Roux F, and Scherrmann JM (2004) Expres-
sion, up-regulation and transport activity of the multidrug-resistance protein
abcg2 at the mouse blood-brain barrier. Cancer Res 64:3296–3301.

Cooray HC, Blackmore CG, Maskell L, and Barrand MA (2002) Localisation of breast
cancer resistance protein in microvessel endothelium of human brain. Neuroreport
13:2059–2063.

Eisenblatter T, Huwel S, and Galla HJ (2003) Characterisation of the brain multi-
drug resistance protein (BMDP/ABCG2/BCRP) expressed at the blood-brain bar-
rier. Brain Res 971:221–231.

Fellner S, Bauer B, Miller DS, Schaffrik M, Fankhanel M, Spruss T, Bernhardt G,
Graeff C, Farber L, Gschaidmeier H, et al. (2002) Transport of paclitaxel (Taxol)
across the blood-brain barrier in vitro and in vivo. J Clin Investig 110:1309–1318.

Fricker G and Miller DS (2004) Modulation of drug transporters at the blood-brain
barrier. Pharmacology 70:169–176.

Goralski KB, Hartmann G, Piquette-Miller M, and Renton KW (2003) Down-
regulation of mdr1a expression in the brain and liver during CNS inflammation
alters the in vivo disposition of digoxin. Br J Pharmacol 139:35–48.

Hartz AM, Bauer B, Fricker G, and Miller DS (2004) Rapid regulation of P-

Fig. 9. Relationships between LPS, TNF-�, and ET-1 signaling and
reduced P-glycoprotein activity. A, signaling sequence as demonstrated in
Hartz et al. (2004) and present study. B, proposed capillary-based se-
quence. The primary LPS signaling pathway is through TLR4. It involves
release of TNF-�, which acts through TNF-R1 to release ET-1. ET-1 in
turn activates an ETB receptor, NOS, and PKC, causing rapid but revers-
ible loss of P-glycoprotein transport function. LPS also signals to P-
glycoprotein through NOS by a pathway (broken line) that does not
involve TLR4, TNF-R1, the ETB receptor, or PKC.

Modulation of P-Glycoprotein during Inflammation 469



glycoprotein at the blood-brain barrier by endothelin-1. Mol Pharmacol 66:387–
394.

Hawiger J (2001) Innate immunity and inflammation: a transcriptional paradigm.
Immunol Res 23:99–109.

Huber JD, Egleton RD, and Davis TP (2001) Molecular physiology and pathophysi-
ology of tight junctions in the blood-brain barrier. Trends Neurosci 24:719–725.

Kipp H and Arias IM (2002) Trafficking of canalicular ABC transporters in hepato-
cytes. Annu Rev Physiol 64:595–608.

Konsman JP, Vigues S, Mackerlova L, Bristow A, and Blomqvist A (2004) Rat brain
vascular distribution of interleukin-1 type-1 receptor immunoreactivity: relation-
ship to patterns of inducible cyclooxygenase expression by peripheral inflamma-
tory stimuli. J Comp Neurol 472:113–129.

Kroll RA and Neuwelt EA (1998) Outwitting the blood-brain barrier for therapeutic
purposes: osmotic opening and other means. Neurosurgery 42:1083–1099; discus-
sion 1099–1100.

Miller DS (2002) Xenobiotic export pumps, endothelin signaling and tubular neph-
rotoxicants–a case of molecular hijacking. J Biochem Mol Toxicol 16:121–127.

Miller DS, Nobmann SN, Gutmann H, Toeroek M, Drewe J, and Fricker G (2000)
Xenobiotic transport across isolated brain microvessels studied by confocal micros-
copy. Mol Pharmacol 58:1357–1367.

Nadeau S and Rivest S (1999) Effects of circulating tumor necrosis factor on the
neuronal activity and expression of the genes encoding the tumor necrosis factor
receptors (p55 and p75) in the rat brain: a view from the blood-brain barrier.
Neuroscience 93:1449–1464.

Nguyen MD, Julien JP, and Rivest S (2002) Innate immunity: the missing link in
neuroprotection and neurodegeneration? Nat Rev Neurosci 3:216–227.

Nie XJ and Olsson Y (1996) Endothelin peptides in brain diseases. Rev Neurosci
7:177–186.

Rivest S (2003) Molecular insights on the cerebral innate immune system. Brain
Behav Immun 17:13–19.

Schiffrin EL and Touyz RM (1998) Vascular biology of endothelin. J Cardiovasc
Pharmacol 32 (Suppl 3):S2–S13.

Schinelli S (2002) The brain endothelin system as potential target for brain-related
pathologies. Curr Drug Targets CNS Neurol Disord 1:543–553.

Schinkel AH, Wagenaar E, Mol CA, and van Deemter L (1996) P-glycoprotein in the
blood-brain barrier of mice influences the brain penetration and pharmacological
activity of many drugs. J Clin Investig 97:2517–2524.

Schramm U, Fricker G, Wenger R, and Miller DS (1995) P-glycoprotein-mediated
secretion of a fluorescent cyclosporin analogue by teleost renal proximal tubules.
Am J Physiol 268:F46–F52.

Tan KH, Purcell WM, Heales SJ, McLeod JD, and Hurst RD (2002) Evaluation of the
role of P-glycoprotein in inflammation induced blood-brain barrier damage. Neu-
roreport 13:2593–2597.

Terlouw SA, Masereeuw R, and Russel FG (2003) Modulatory effects of hormones,
drugs and toxic events on renal organic anion transport. Biochem Pharmacol
65:1393–1405.

Theron D, Barraud de Lagerie S, Tardivel S, Pelerin H, Demeuse P, Mercier C,
Mabondzo A, Farinotti R, Lacour B, Roux F, and Gimenez F (2003) Influence of
tumor necrosis factor-alpha on the expression and function of P-glycoprotein in an
immortalised rat brain capillary endothelial cell line, GPNT. Biochem Pharmacol
66:579–587.

Address correspondence to: Dr. David S. Miller, Laboratory of Pharmacol-
ogy and Chemistry, National Institute of Environmental Health Sciences,
National Institutes of Health, 111 TW Alexander Drive, Research Triangle
Park, NC 27709. E-mail: miller@niehs.nih.gov

470 Hartz et al.


