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Abstract
The ATP binding cassette (ABC) transporter P-glycoprotein (P-gp; ABCB1) is highly expressed 

at the blood-brain barrier (BBB). P-gp actively secretes and keeps the central nervous 

system (CNS) safe from body-born metabolites, but also from drugs and food components, 

emphasising the importance of its optimal function to maintain brain homeostasis. Here 

we demonstrate that vascular P-gp expression and function are strongly decreased 

during neuroinflammation. In vivo, the expression and function of brain endothelial P-gp 

in experimental allergic encephalomyelitis (EAE), an animal model for multiple sclerosis 

(MS), were signifi cantly impaired. Strikingly, vascular P-gp expression was decreased in 

both MS and EAE lesions and its disappearance coincided with the presence of perivascular 

infi ltrates consisting of lymphocytes. Our data strongly suggest that activated CD4+ T 

cells induce impaired function of brain endothelial P-gp. Notably, lymphocyte interaction 

through endothelial intracellular adhesion molecule -1 (ICAM-1) resulted in activation 

of a nuclear factor kappa B (NF-κB) signaling pathway, which resulted in endothelial 

P-gp malfunction. Our study provides fi rst evidence that CD4+ T cells are able to aff ect 

endogenous molecular protection mechanisms of brain endothelium. Loss of vascular P-gp 

function during neuroinflammation may disturb brain homeostasis and thereby aggravate 

disease progression via exposure of vulnerable CNS cells to detrimental compounds.
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Introduction
The vasculature of the brain is committed to protect and feed the central nervous system 

(CNS). The specialized endothelial cells that line the lumen of the brain capillaries are 

equipped to halt entry of unwanted compounds by forming a barrier and actively supply 

the brain with essential nutrients. Disruption of the blood-brain barrier (BBB) is suggested 

to underlie a variety of brain disorders, including multiple sclerosis (MS) [1], a chronic 

inflammatory demyelinating disease of the CNS [2]. So far, most studies on the role of 

the BBB in MS have focused on loss of its integrity, such as enhanced permeability, tight 

junction disruption and structural alterations of the surrounding basement membrane, 

which facilitates immune cell influx into the brain [3-7]. Importantly, the BBB has a key 

role in protecting the brain from unwanted compounds by the superfamily of ATP-binding 

cassette (ABC) transporters. P-glycoprotein (P-gp) is a key member of this family of eff lux 

transporters and eff ectively drives cellular exclusion of a remarkably wide variety of 

substrates out of the brain [8,9], including inflammatory agents [10-13] into the circulation. 

P-gp is known as the gatekeeper of the brain [14], and optimal P-gp function is critical in the 

maintenance of brain homeostasis. In neurological disorders, such as Alzheimer’s disease 

[15] and HIV encephalitis [16] a loss of vascular P-gp expression was reported, however 

data regarding the regulation of its function are lacking. P-gp functionality depends not 

only on variation in the level of expression, but also varies due to polymorphisms, post-

translational modifi cations, and a number of signal transduction pathways [17]. Previous 

in vitro and ex vivo studies have addressed the eff ect of the inflammatory cytokine TNF-� 

on P-gp expression and function [18,19], but data on the regulation of brain specifi c P-gp 

during chronic inflammatory disorders are lacking. Since recent evidence suggests that 

P-gp is involved in the exclusion of detrimental pro-inflammatory mediators from cells, 

the aim of current study was to investigate whether expression and function of P-gp 

was aff ected during MS and in vivo during the animal model of MS, experimental allergic 

encephalomyelitis (EAE) and to identify underlying mechanisms. We here demonstrate that 

activated CD4+ T cells can induce P-gp malfunction at the level of the BBB endothelium 

and identifi ed a crucial role for ICAM-1 and downstream NF-κB signaling in this process. 

Overall, our results implicate that selective protection mechanisms of the BBB are strikingly 

impaired during chronic inflammatory disorders of the CNS. 
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Materials and Methods

Brain tissue

Brain tissue from 10 patients with clinically diagnosed and neuropathologically confi rmed 

MS was obtained at rapid autopsy and immediately frozen in liquid nitrogen (in collaboration 

with The Netherlands Brain Bank, coordinator Dr. Huitinga). The Netherlands Brain Bank 

received permission to perform autopsies, for the use of tissue and for access to medical 

records for research purposes from the Ethical Committee of the VU University Medical 

Center, Amsterdam, The Netherlands. Tissue samples from 4 control cases without 

neurological disease were taken from the subcortical white matter and corpus callosum. 

White matter MS tissue samples were selected on the basis of post-mortem MRI. All 

patients and controls, or their next of kin, had given informed consent for autopsy and use 

of their brain tissue for research purposes. Relevant clinical information was retrieved from 

the medical records and is summarized in Table 1. 

Immunohistochemistry

For immunohistochemical stainings, 5 μm cryosections were air-dried and fi xed in acetone 

for 10 minutes. Sections were incubated overnight at 4˚C with primary antibodies (Table 2) 

or with isotype controls. For the detection of PLP, MHC class II and P-gp (15D3) on human 

material and T cells (R7.3), macrophages (ED1) and P-gp (C219) on rat material, slides were 

incubated with EnVision Kit rabbit/mouse-labeled horseradish peroxidase (DAKO, Glostrup, 

Denmark) for 30 minutes at room temperature. Peroxidase activity was demonstrated 

with 0.5 mg/ml 3,3’-diaminobenzidine tetrachloride (DAB; Sigma, St Louis, MO, USA) in PBS 

containing 0.02% H2O2. Between incubation steps, sections were thoroughly washed with 

phosphate-buff ered saline (PBS). After a short rinse in tap water sections were incubated 

with haematoxylin for 1 minute and extensively washed with tap water for 10 minutes. 

Finally, sections were dehydrated with ethanol followed by xylol and mounted with Entellan 

(Merck, Darmstadt, Germany). All antibodies were diluted in PBS containing 0.1% bovine 

serum albumin (BSA, Boehringer-Mannheim, Germany), which also served as a negative 

control. 

Immunofluorescence

For colocalisation studies, sections were incubated for 30 minutes with 20% normal goat 

serum. Then, sections were incubated overnight at 4˚C with primary antibodies (Table 2) 

and subsequently with biotin-labeled goat anti-mouse (1:300; Jackson Immunoresearch 

Laboratories Inc. Westgrove, USA). Streptavidin-labeled Alexa-488 (1:400; Molecular 

Probes, Leiden, The Netherlands) was used as a fluorochrome. To visualize endothelial 
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Table 1. Clinical information of MS patient material  

 Age 
(years) 

 Sex Post-mortem 
delay (h:min) 

Disease duration (years) 

Patient 1 79  Female 14:00 39 

Patient 2 81  Male 8:50 59 

Patient 3 72  Female 6:25 12 

Patient 4 61  Female 9:55 29 

Patient 5 77  Male 4:15 26 

Patient 6 48  Female 4:50 25 

Patient 7 44  Female 10:15 8 

Patient 8 77  Female 5:43 unknown 

Patient 9 56  Male 8:00 27 

Patient 10 

Control 1 

Control 2 

Control 3 

Control 4 

 

66

57 

84 

72 

77 

 

 Male

Male 

Female 

Male 

Female 

7:45

6:00 

5:00 

10:00 

8:00 

unknown 

- 

- 

- 

- 

 
 

 

Table 2. Primary antibodies  

Primary antibody 
 

Dilution Company 

  

PLP (clone plpc1) 1:500 Serotec Ltd, Oxford, UK

MHC class II 

CD3 

1:100 

1:500 

DAKO, Glostrup, Denmark

DAKO, Glostrup, Denmark 

P-gp (15D3) 

 

p65 

P-gp (C219) 

R7.3 

 

ED1 

 

GLUT-1 

1:20 

 

1:100 

1:20 

1:50 

 

1:100 

 

1:10000 

Department of Pathology (VU University Medical Center, 

Amsterdam) 

Cell Signaling, Danvers, USA 

Alexis Biochemicals, Lausen, Switzerland 

Department of Molecular Cell Biology and Immunology 

(VU University Medical Center, Amsterdam) 

Department of Molecular Cell Biology and Immunology 

(VU University Medical Center, Amsterdam) 

Abcam, Cambridge, UK 
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cells, T cells or NF-κB activation, sections were incubated with a polyclonal antibody 

directed against glucose transporter–1, CD3 or P65 (kind gift from Sonja Gringhuis, dept. of 

Molecular Cell Biology and Immunology, VU medical center, Amsterdam, the Netherlands) 

respectively, for 1hr at room temperature. Biotin-labeled goat anti-rabbit (1:300) was 

used as secondary antibody and streptavidin-labeled Alexa-594 (1:400: Molecular Probes, 

Leiden, The Netherlands) was used as fluorescent probe. After washing, slides were covered 

with Vectashield (Vector laboratories, Burlington, CA, USA) supplemented with 0.4% DAPI 

to stain nuclei. Fluorescence analysis was performed with a Leica TCS SP2 AOBS confocal 

laser-scanning microscope (Leica Microsystems, Heidelberg, Germany).

Quantifi cation of microvascular P-gp expression in MS lesions

Active MS lesions from 5 diff erent MS patients were double stained for the endothelial 

marker GLUT-1 and P-gp and counterstained for nuclei as described above. Vessels with 

abundant perivascular infi ltrates (n=200) in these lesions were scored as being either P-gp 

positive or P-gp negative compared to microvascular P-gp staining in control white matter 

by two independent researchers (GK; JvH). No marked diff erences in P-gp immunostaining 

were observed comparing the diff erent MS lesions.

Induction of acute EAE in Lewis rats

Acute EAE was induced in 8- to 11-wk-old male Lewis rats (200–250 g; Harlan), which were 

kept under standard laboratory conditions. Acute EAE was induced according to [20]. 

In short, at day 0, rats were injected subcutaneously in one hind footpad with 20 μg of 

guinea pig myelin basic protein in PBS mixed with complete Freund’s adjuvant (CFA; Difco) 

and Mycobacterium tuberculosis strain H37Ra (MBT; Difco). EAE induction was performed 

under isoflurane anesthesia. Control animals were injected with PBS mixed with CFA and 

MBT. Neurological aberrations were scored daily and graded from 1 to 5: 0, no clinical signs; 

0.5 partial loss of tail tonus; 1, complete loss of tail tonus; 1.5, unsteady gait; 2, partial hind 

limb paralysis; 2.5 complete hind limb paralysis; 3, paralysis of the complete lower part of 

the body up to the diaphragm; 4, paraplegia; and 5, death due to EAE. All experimental 

procedures were reviewed and approved by the Ethical Committee for Animal Experiments 

of the VU University Medical Center (Amsterdam, The Netherlands).

P-gp function in EAE animals

12 EAE and 12 CFA rats were anesthetized with 2% isoflurane, after which 6 animals of each 

group were i.v. injected via the tail vein with the P-gp inhibitor cyclosporin A (25 mg/kg). 

After 10 minutes, Rho123 (1 mg/kg) was i.v. injected together with sodium fluorescein (1 

mg/kg) in all animals and blood samples were collected at diff erent time points (60, 120, 

180 en 240 minutes). Then, the animals were sacrifi ced and brains were quickly isolated 
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and snap frozen in liquid nitrogen for HPLC analysis. Blood and brain samples were prepared 

and analysis of Rho123 and fluorescein uptake in the brains by HPLC was performed as 

described before [21], with small modifi cations. See Supplementary materials and methods 

for a detailed HPLC analysis description. Data were corrected for Rho 123 plasma input and 

for BBB leakage as determined by brain fluorescein levels. P-gp function was expressed as 

ratios of relative Rho 123 fluorescence with cyclosporin A divided by fluorescence without 

cyclosporin A in CFA and EAE animals.

Cell culture and anti-ICAM beads

The human brain endothelial cell line hCMEC/D3 was cultured as described previously [22]. 

Primary human CD4+ T cells were isolated and cultured as described [23] and subsequently 

activated with 1 μg/mL phytohaemagglutinin (PHA: Sigma-Aldrich, Zwijndrecht, the 

Netherlands) and 10 ng/ml IL-2 (MACS Miltenyi Biotech, Germany) for 48 hr. Primary rat 

brain endothelial cells were isolated and cultured as described previously [24]. Anti-ICAM 

beads or BSA coated control beads were generated as described previously [25], using an 

anti-human antibody (sc-7891, Santa Cruz Biotechnology) for human cells and an anti-rat 

antibody (1A29, produced at the Department of Molecular Cell Biology, VUMC) for primary 

rat cells.

Cell treatments and in vitro functional P-gp assay

Endothelial cells were cultured to confluence in chamber slides, 24-well plates or 96-well 

plates. Subsequently, cells were incubated with naïve or activated CD4+ T cells (200.000 

cells/cm2), anti-ICAM-1 coated beads or control beads (300.000/cm2) in endothelial 

cell medium for diff erent time points (2 or 6 hr). Cell treatments were performed in the 

presence or absence of various inhibitors, including anti-ICAM-1 (rek-1; 10 μg/ml; produced 

at the Department of Molecular Cell Biology, VUMC), anti-LFA-1 (L15; 10 μg/ml; produced at 

the Department of Molecular Cell Biology, VUMC) or the NF-κB inhibitor Bay11-7082 (2 μM; 

Calbiochem). Cells were then washed three times with PBS and incubated for 45 minutes at 

37°C with 2 uM Rho123 (Sigma) with or without a specifi c P-gp inhibitor reversin 121 (10 

uM; Alexis). After 45 minutes of incubation, cells were washed three times and fluorescence 

intensity was measured using a FLUOstar Galaxy microplate reader (BMG Labtechnologies, 

Off enburg, Germany), excitation 485 nm and emission 520 nm. P-gp activity is expressed as 

ratios of fluorescence with reversin 121 divided by fluorescence without reversin 121 after 

subtraction of the fluorescence of the control.

Statistical analysis

Data were analyzed statistically by means of ANOVA and Student’s t test. Statistical 

signifi cance was defi ned as * p < 0.05, ** p< 0.01, ***p< 0.001.
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Results
Loss of endothelial P-gp expression in active and inactive MS lesions

Active MS lesions contain high numbers of inflammatory cells, mainly T cells and monocyte-

derived macrophages [2,26], that contribute to tissue damage, demyelination and 

axonal dysfunction. In well-characterized human MS brain material (for classifi cation see 

Supplementary fi gure 1, Table 1 and [27]), P-gp expression is associated with the cerebral 

microvasculature in normal appearing white matter (NAWM) (arrow, Fig. 1A), and white 

matter from non-neurological control brain tissue (data not shown). Notably, a decreased 

vascular P-gp immunoreactivity or even a complete loss was consistently observed in active 

inflammatory MS lesions (arrows, Fig. 1B) and chronic inactive lesions (arrow, Fig. 1C). In 

contrast, glial fi brillary acidic protein (GFAP) positive hypertrophic astrocytes, which are 

abundantly present in MS lesions, have increased expression levels of P-gp in both types 

of MS lesions (arrowheads, Fig. 1B,C; insert Fig 1C). Double immunolabelling with the 

endothelial specifi c marker glucose transporter-1 (GLUT-1) confi rmed the endothelial 

localization of P-gp in NAWM and its loss in active and chronic inactive MS lesions (Fig 1D-L). 

GLUT-1 expression remained unaff ected, suggesting that P-gp expression is selectively 

impaired in MS pathogenesis. Interestingly, in active MS lesions we observed a decreased 

expression of P-gp predominantly in vessels containing large perivascular infi ltrates (Fig. 

1I). Quantifi cation indicated that 66 ± 7.1% of vessels with perivascular infi ltrates showed 

reduced levels of P-gp expression (Fig. 1M), demonstrating a striking loss of BBB P-gp 

expression in MS lesions, which is associated with lymphocyte infi ltrates.

Decreased P-gp expression and function in vivo during EAE

To identify whether P-gp function is impaired during neuroinflammation, we used the 

acute EAE model in Lewis rats, the animal model for MS, to mimic the inflammatory phase 

of the disease (clinical scores and animal weights are summarized in Fig 2A). In line with 

human control brain tissue (Fig. 1A) P-gp expression in rat NAWM is exclusively localized 

to the microvasculature (arrows, Fig. 2B). Notably, like in human MS lesions, a decreased 

endothelial P-gp immunoreactivity is observed in EAE animals in the lesion sites (day 14 

of the disease; Fig. 2C). Moreover, decreased P-gp expression coincided with numerous 

infi ltrated T cells (Fig. 2D) and monocyte-derived macrophages (Fig. 2E), similar as observed 

in human inflammatory MS lesions. To investigate whether P-gp is malfunctioning in 

inflammatory lesions, in vivo BBB P-gp function was established by brain uptake of a P-gp 

specifi c substrate Rhodamine 123 (Rho 123) in control animals (CFA) and EAE animals by 

means of HPLC analysis. Brain specifi c Rho 123 levels were corrected for BBB leakage of 

injected fluorescein and for Rho 123 plasma input. In line with previous results from our 

group [20] BBB leakage is increased during EAE, whereas plasma fluorescein levels are 

unaff ected in CFA and EAE animals (Supplementary fi gure 2A). In contrast, plasma Rho 123 
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Figure 1. Loss of vascular P-gp expression in MS lesions
P-gp immunoreactivity was localized to the vasculature (arrows) in normal-appearing white matter (NAWM, 1A). 

Reduced vascular expression of P-gp in active MS lesions (arrows, 1B) and chronic inactive MS lesions (arrow, 1C). 

Increased expression of P-gp in hypertrophic GFAP-positive astrocytes in MS lesions (arrowheads, 1B,C; insert 1C). 

Double immunofluorescence analysis confi rmed colocalization of the endothelial cell marker glucose transporter-1 

(GLUT-1, in red) with P-gp (in green) in NAWM (1D-F). Loss of endothelial P-gp immunostaining was observed in both 

active (1G-I) and chronic inactive MS lesions (1J-L). Quantifi cation of loss of P-gp expression in highly inflammatory 

active MS lesions (1m). Scale bar: 10 μm or as described (1A-C).
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levels are signifi cantly increased during EAE (Supplementary fi gure 2B), which may indicate 

a systemic elevation of P-gp function during CNS inflammation as previously suggested [28]. 

Importantly, brain specifi c Rho 123 levels are highly elevated in CFA animals after cyclosporin 

A treatment, indicating a functional BBB specifi c P-gp in CFA animals. In contrast, brain Rho 

123 levels are not aff ected by cyclosporin A during EAE (Fig. 3A), indicating a strikingly 

decreased P-gp function in EAE animals compared to CFA animals (Fig. 3B), which coincided 

with a reduced P-gp expression. These results strongly suggest that P-gp is impaired in its 

function in an in vivo model for MS.  

Figure 2. Reduced P-gp expression in vivo during EAE.
EAE was induced as described in materials and methods. Clinical signs (black lines) and animal weights (gray lines) 

from 12 EAE or CFA animals of were daily scored (2A). P-gp immunoreactivity was localized to the vasculature (arrows) 

in normal-appearing white matter  (NAWM, 2B). Vascular P-gp immunoreactivity (arrows) was decreased in highly 

inflammatory EAE lesions (2C-E), where inflammation was determined by R7.3 (T cells, 2D) and ED1 (macrophages, 2E) 

staining in serial sections. Scale bar: 20 μm.



81

Loss of P-gp function during neuroinflammation

Figure 3. Reduced BBB P-gp function in EAE animals compared to CFA animals.
(3A) 12 Control (CFA) and 12 EAE animals (day 14 after immunization) were injected with Rho123 (1 mg/kg) in the 

presence or absence of cyclosporine A (25 mg/kg). After 240 minutes the animals were sacrifi ced and the brains were 

isolated for HPLC analysis of Rho 123 and fluorescein. Rho 123 uptake was corrected for Rho 123 plasma input and 

fluorescein leakage and was presented as percentage of control, where 100% corresponds to 4.9 +/- 0.9 ng/ml Rho123 

(n=7). (3B) Quantifi cation of P-gp function in CFA and EAE animals * p< 0.05, by Students t test

Figure 4. Loss of P-gp expression is associated with perivascular CD3+ infi ltrates.
Immunostaining for P-gp (in green) and CD3+ T cells (in red) in NAWM (4A-C) or active human MS lesion (4D-F). Nuclei 

are indicated in blue and asterisks indicate the lumen of the vessel. Scale bar: 10 μm.
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Activated CD4+ T cells aff ect endothelial P-gp function via ICAM-1 and NF-κB signaling

In highly inflammatory MS and EAE lesions, we observed a reduced vascular P-gp expression 

and a loss of P-gp functionality was measured in the in vivo model (Fig. 1 and 2). Vascular 

P-gp expression in NAWM (Fig. 4A-C) is severely decreased in active MS lesions containing 

numerous CD3+ T cell infi ltrates (Fig. 4D-F). To study the eff ect of immune cells on endothelial 

P-gp function in vitro, we used human brain endothelial cells (ECs; hCMEC/D3 cells) that 

display BBB specifi c endothelial properties, including functional expression of P-gp [22,29]. 

Activated CD4+ T cells signifi cantly decreased endothelial P-gp function (Fig. 5A), whereas 

naïve CD4+ T cells did not aff ected P-gp function (Fig. 5A). Activated CD8+ T cells and 

monocytes were also able to reduce P-gp function, albeit to a lesser extent than CD4+ T cells 

(data not shown). We observed that the CD4+ T cells interact with brain EC predominantly 

through interactions of the adhesion molecules LFA-1/ICAM-1 (Supplementary fi gure 3). 

ICAM-1 is upregulated in inflamed MS vasculature and is capable of activating signaling 

pathways in brain EC, resulting in a re-arrangement of the endothelial cytoskeleton and 

tight junctions, allowing leukocyte migration [30]. Notably, blocking ICAM-1/LFA-1 

interactions prevented CD4+ T cell-induced loss of endothelial P-gp function (Fig. 5B). Next, 

Figure 5. Regulation of P-gp function by CD4+ T cells via ICAM-1 and NF-κB signaling.
Activated CD4+ T cells (6 hr co-culture) decrease endothelial P-gp function (5A); 100% corresponds to a ratio of 1.54 

+/- 0.04. CD4+ T cell-induced reduction of endothelial P-gp function was rescued by blocking NF-κB (Bay11-7082; 2 

μM) or ICAM-1/LFA-1 (rac-1/L15; 10 μg/ml) interactions (5B); 100% corresponds to a ratio of 1.54 +/- 0.06. Anti-ICAM-1 

coated beads decrease endothelial P-gp function (2 hr), which was rescued by NF-κB (2 μM) inhibition on hCMEC/D3 

cells (5C) and primary endothelial cells (5D); 100% corresponds to a ratio of 1.48 +/- 0.05 or 1.64 +/- 0.14 respectively. 

Results represent three independent experiments performed in triplicate. * p< 0.05, ** p< 0.01, *** p< 0.001, by 

Students t test. 
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we investigated the signaling pathway involved in ICAM-1-induced P-gp inhibition. Selective 

inhibitors of signal transduction pathways reported to be involved in ICAM-1 signaling in 

brain EC like protein kinase C (PKC) or nitric oxide (NO) [30] did not prevent CD4+ T cell-

induced reduction of endothelial P-gp function (data not shown). However, the CD4+ T cell-

induced P-gp malfunction is restored by inhibition of nuclear factor kappaB (NF-κB) (Fig. 

5B). These data strongly indicate that endothelial ICAM-1 activation, by interaction with 

CD4+ T-cells, induces activation of NF-κB, which subsequently results in P-gp malfunction. 

To unravel whether triggering of ICAM-1 induces activation of NF-κB and loss of P-gp 

function, we used beads coated with anti-ICAM-1 antibodies to crosslink and activate 

ICAM-1 molecules [25]. These beads signifi cantly decrease P-gp function on human brain 

ECs (Fig. 5C) and primary rat brain ECs (Fig. 5D), which is restored by inhibition of NF-κB 

activation. Importantly, administration of anti-ICAM-1 coated beads or CD4+ T cells to brain 

EC induced translocation of the NF-κB subunit p65 to the nucleus, which is indicative for 

its activation (Fig. 6A-D). These results strongly demonstrate that NF-κB is a downstream 

signaling molecule of the ICAM-1 signaling cascade that suppresses brain endothelial P-gp 

function. 

Figure 6. Increased endothelial NF-κB activation 
by CD4+ T cells and ICAM-1 activation
NF-κB activation in hCMEC/D3 cells was determined 

by translocation of p65 (green) to the nucleus 

(blue) under control conditions (6A), or after 

diff erent stimulations for 1 hr with control beads 

(6B), anti-ICAM-1 beads (6C) or CD4+ T cells (6D). 

Scale bar 10 μm.
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Discussion 

P-glycoprotein is a key ABC transporter located at the BBB, which eff ectively removes a 

remarkably wide variety of substrates out of the brain, and its optimal P-gp function is 

therefore critical in the maintenance of brain homeostasis. Results from our study indicate 

for the fi rst time that lack of P-glycoprotein at the BBB endothelium is evident during 

chronic inflammatory conditions of the CNS and that loss of its function is induced by 

interaction of activated CD4+ T cells and brain endothelial cells.

So far, studies on the BBB under pathological conditions have focussed on alterations 

of the tight junction complexes and pathways of cellular migration. However, our novel 

data presented here demonstrate that impaired P-gp activity at the brain endothelium 

may be a crucial event in neuropathology. In vivo P-gp function at the BBB was strikingly 

decreased in EAE, a commonly used animal model for MS to mimic the inflammatory 

phase of the disease. Loss of P-gp activity correlated with a decreased vascular expression 

pattern of P-gp in inflammatory brain lesions in EAE animals. Importantly, in post-mortem 

material from MS patients a strikingly decreased expression of cerebrovascular P-gp was 

detected in active inflammatory MS lesions. Moreover, in chronic inactive lesions, P-gp 

expression was absent from the brain vasculature. In both types of MS lesions we observed 

an increased P-gp expression on hypertrophic astrocytes, which has previously been 

suggested to represent a second line defense mechanism as a result of BBB dysfunction 

[31]. The expression of GLUT-1 remained unaff ected in various MS lesions indicating that 

there is a selective loss of endothelial P-gp during MS pathology. Since P-gp is suggested to 

be involved in cellular exclusion of inflammatory mediators from antigen presenting cells 

[10-13], loss of expression and function may result in the entry of detrimental compounds 

like prostaglandins and cytokines into the CNS, thereby enhancing neuroinflammation. 

Interestingly, humans with P-gp polymorphisms exhibit neurotoxicity in response to the 

administration of antidepressants (substrates for P-gp) [32], highlighting the protective 

function of P-gp at the BBB. In view of these fi ndings, restoring endothelial P-gp expression 

and function during neuroinflammation may be considered as a novel neuroprotective 

strategy. At the transcriptional level P-gp is under control of the orphan nuclear receptors 

such as steroid and xenobiotic receptor (SXR in human; or pregnane X receptor (PXR) in 

rodents) [17]. Interestingly, in vivo activation of PXR in mice increased P-gp activity at the 

BBB [33]. Moreover, corticosteroids, such as dexamethasone, are widely used to reduce 

inflammation, and are an accepted treatment for MS [34]. It is known that dexamethasone 

can improve the barrier function not only by increasing the tightness of brain endothelial 

cell tight junctions [35], but also by increasing BBB P-gp expression levels [8], thereby 

restoring specifi c protection mechanisms of the brain endothelium. 

P-gp activity was demonstrated to be under the influence of T-cell mediated signal 
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transduction processes in the brain endothelium. Active MS lesions used in our study contain 

numerous inflammatory cells, predominantly CD3+ T cells. We are the fi rst to show that 

the interaction of activated CD4+ T-cells and endothelium resulted in reduced endothelial 

P-gp function. Previous in vitro studies have highlighted the potential regulation of P-gp 

expression and function on endothelial cells after exposure to pro-inflammatory cytokines 

(reviewed by [36]). Under pathological conditions, such as in active MS lesions, brain 

endothelial cells are exposed to activated immune cells. During MS, these immune cells gain 

access to the brain through various well-defi ned molecular interactions which for T cells 

has been shown to predominantly depend on LFA-1 / endothelial ICAM-1 interactions [30]. 

ICAM-1 is capable of activating signaling pathways in the brain endothelial cells, resulting 

in a re-arrangement of the endothelial cytoskeleton and tight junctions, allowing leukocyte 

migration. We here show for the fi rst time that signal transduction through ICAM-1 resulted 

in impaired endothelial P-gp function. Interestingly, this process was dependent on NF-κB 

activation, which is yet an unknown pathway to operate down-stream of ICAM-1. NF-κB has 

previously been linked to be involved in the regulation of P-gp expression and activity in 

brain ECs under inflammatory conditions, although there are some contradicting data. 

Blocking NF-κB translocation to the nucleus in primary rat brain EC increased endothelial 

P-gp expression [37], which is in line with our results. In contrast, inhibition of NF-κB in 

rat brain EC abolished the TNF-α-induced increase in P-gp activity and expression [19], 

although other mediators such as vasoactive mediators like endothelin may be responsible 

for this eff ect. Diff erences in P-gp regulation may be due to the use of diff erent cell 

types or treatments, which in turn may result in altered cellular signaling. Here we have 

identifi ed a novel molecular mechanism by which immune cells like CD4+ T cells directly 

decrease endothelial P-gp activity via ICAM-1 activation and subsequent downstream NF-

κB signaling. ICAM-1 activation and the NF-κB signaling cascade are associated with the 

pathogenesis of autoimmune demyelinating diseases and neurodegenerative disorders 

[30,38,39]. Therefore, inhibition of these pathways may be an attractive therapeutic 

approach to prevent neuroinflammation by enhancing BBB P-gp expression and function.

In conclusion, we here demonstrate that the eff lux properties of the BBB, as determined 

by P-gp expression are strikingly impaired during MS pathology, which coincides with 

decreased P-gp expression and function in vivo as determined during EAE. Furthermore, 

we provide evidence for the underlying mechanism in vitro by which T cells are capable to 

impair endothelial P-gp function upon binding to ICAM-1 and downstream signaling via NF-

κB. Blocking immune cell interactions with brain endothelial cells during neuroinflammation 

as reported for instance for Tysabri [40,41] or agents that directly restore P-gp function 

may provide new neuroprotective strategies at the level of the brain capillaries to maintain 

brain homeostasis and subsequently prevent neuroinflammation. 
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Supplementary data

Supplementary Figure Legend 1. MS lesion classifi cation
Classifi cation of MS lesions was based on immunohistochemical stainings for myelin (PLP) and inflammatory cells (MHC 

class II). Based on these fi ndings 12 lesions sampled in this study were classifi ed as active with myelin loss (1a) and 

abundant phagocytic perivascular and parenchymal macrophages containing myelin degradation products (1b). 7 

lesions were classifi ed as chronic inactive with demyelinated areas (1c) containing few MHC class II-positive cells (1d). 

Scale bar 250 μm.
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Supplementary Figure Legend 2. Increased BBB leakage and Rho 123 plasma levels during EAE
HPLC analysis of 12 Control (CFA) and 12 EAE animals (day 14 after immunization) injected with Rho123 (1 mg/kg) 

in the presence or absence of cyclosporine A (25 mg/kg). After 240 minutes the animals were sacrifi ced and the 

brains and plasma were isolated for HPLC analysis of Rho 123 and fluorescein. Fluorescein levels were increased in EAE 

animals compared to CFA animals, whereas plasma levels were unaltered (2A). 100% corresponds to 10.1 +/- 1.2 ng/ml 

fluorescein (plasma) or 0.38 +/- 0.02 ng/ml fluorescein (brain; both n=7). Enhanced Rho 123 in plasma from EAE animals 

compared to CFA animals (2B). 100% corresponds to 5.9 +/- 0.34 ng/ml Rho123 (n=7). * p< 0.05, by Students t test.

Supplementary Figure Legend 3. Reduced CD4+ T cell adhesion to brain EC during ICAM-1/LFA-1 inhibition
Blocking ICAM-1 (rac-1; 10 μg/ml), LFA-1 (L15; 10 μg/ml) or both prevented CD4+ T cell adhesion to brain endothelial 

cells compared to isotype controls; 100% values correspond with 32.0 +/- 2.4% adhered cells of total number of added 

CD4+ T cells. Results represent three independent experiments performed in triplicate. ** p< 0.01, *** p< 0.001, by 

Students t test.
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Supplementary Materials and Methods

HPLC analysis of Rho123 and fluorescein

Rhodamine 123 was analyzed with an Alltima C-18 column (150 mmx4.6mm, 5 μm) (Grace 

Davison Discovery Sciences, Breda, the Netherlands) with a mixture of 50 mM NaH2PO4 

and 10 mM TEA at pH 2.5 and Methanol (1:1 v/v). The flow was 1.0 ml/min. Brain tissue 

was homogenized in Tris-HCl buff er (pH 7.4) (30 – 60 seconds). Per gram tissue, 5 ml 

buff er was added. Plasma was diluted with Tris-HCl buff er at 4oC. Extraction of 0.3 ml brain 

homogenate was performed with 5 ml of a mixture of ethyl acetate and n-butyl alcohol 

(9:1 v/v). The tubes were shaken for 5 minutes at room temperature. To plasma, a 10 μl 

aliquot of Tris-HCl buff er was added. Extraction was performed with the same mixture 

as above. Calibration was performed by adding 15 μl of Rho 123 solution to 0.3 ml brain 

homogenate or 5 μl to 5 μl plasma (time points 0, 1, 3, 4). For some samples however, 10 

μl plasma was used (time points 1 and 2). Calibration was achieved by pipetting the same 

amount (either 5 μl or 10 μl calibrator). The calibration range was from 10 to 1000 ng/ml. 

After centrifugation at 4000 rpm during 10 minutes, the supernatant was evaporated, 

reconstituted in methanol and analyzed with HPLC. A fluorescence detector (FP-1520, Jasco 

Benelux, IJsselstein, the Netherlands) was employed with the emission wavelength set to 

498 nm and the excitation wavelength to 525 nm. Injection was performed with a Waters 

717 plus autosampler (Waters, Etten-Leur, the Netherlands). HPLC flow was achieved with 

a LC10-ACvp HPLC pump (Shimadzu Benelux, ‘s Hertogenbosch, the Netherlands). Data 

acquisition was performed with Empower Pro software (Waters Benelux, Etten-Leur, the 

Netherlands) with an Intell pentium4 computer.

Fluorescein was analyzed with a Platinum EPS C-18 column (Grace Davison Discovery 

Sciences, Breda, the Netherlands) (150x4.6 mm., 5 μm).  The Mobile Phase consisted of a 

20 mM NaH2PO4.H2O pH 7.0 and Acetonitril in a ratio of 7.3:1 (v/v) and was used at a flow 

of 1.0 ml/min. Brain homogenate was centrifuged at 4000 rpm during 10 minutes. The 

supernatant was injected into the HPLC system. Plasma was diluted 100 times in water 

and injected. Calibration was achieved by injecting 5 – 1000 ng/ml Fluorescein in water. 

Fluorescence detection occurred at an emission wavelength of 512 nm and an excitation 

wavelength of 488 nm (FP-1520, Jasco Benelux, IJsselstein, the Netherlands) Injection was 

performed with a Waters 717 plus autosampler (Waters, Etten-Leur, the Netherlands). HPLC 

flow was achieved with a LC10-ACvp HPLC pump (Shimadzu Benelux, ‘s Hertogenbosch, the 

Netherlands). Data acquisition was performed with Empower Pro software (Waters Benelux, 

Etten-Leur, the Netherlands) with an Intell pentium4 computer.
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CD4+ T cell adhesion

The adhesion assay was carried out as described [1], with small modifi cations. CD4+ T cells 

(2×106 cells/ml) were fluorescently labelled with 0.5 μM BCECF-AM (Molecular Probes) for 

15 min at 37 °C in RPMI/10% FCS. Subsequently, fluorescently labelled cells (1×106 cells/ml 

1% BSA/RPMI) were added to hCMEC/D3 monolayers and allowed to adhere for 1 h at 37 °C 

and 5% CO2 in the presence or absence of blocking mAb (rek1 or L15; 10 μg/ml) or isotype 

matched control mAb (mouse IgG1). After incubation, nonadherent cells were removed, 

adhered cells were lysed with 0.1 M NaOH and fluorescence intensity was determined 

(Fluostar 32, BMG; excitation 485 nm, emission 535 nm). A titration of fluorescently 

labelled CD4+ T cells was used as a calibration curve to calculate the number of adhered 

CD4+ T cells. Data are expressed as the mean ± SEM of six individual wells of three separate 

experiments. 
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