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BACKGROUND AND PURPOSE
The blood-brain barrier (BBB) restricts drug penetration to the brain preventing effective treatment of patients suffering from
brain tumours. Intra-arterial injection of short-chain alkylglycerols (AGs) opens the BBB and increases delivery of molecules to
rodent brain parenchyma in vivo. The mechanism underlying AG-mediated modification of BBB permeability is still unknown.
Here, we have tested the effects of AGs on barrier properties of cultured brain microvascular endothelial cells.

EXPERIMENTAL APPROACH
The effects of two AGs, 1-O-pentylglycerol and 2-O-hexyldiglycerol were examined using an in vitro BBB model consisting of
primary cultures of rat brain endothelial cells, co-cultured with rat cerebral glial cells. Integrity of the paracellular, tight
junction-based, permeation route was analysed by functional assays, immunostaining for junctional proteins, freeze-fracture
electron microscopy, and analysis of claudin-claudin trans-interactions.

KEY RESULTS
AG treatment (5 min) reversibly reduced transendothelial electrical resistance and increased BBB permeability for fluorescein
accompanied by changes in cell morphology and immunostaining for claudin-5 and β-catenin. These short-term changes
were not accompanied by alterations of inter-endothelial tight junction strand complexity or the trans-interaction of claudin-5.

CONCLUSION AND IMPLICATIONS
AG-mediated increase in brain endothelial paracellular permeability was short, reversible and did not affect tight junction
strand complexity. Redistribution of junctional proteins and alterations in the cell shape indicate the involvement of the
cytoskeleton in the action of AGs. These data confirm the results from in vivo studies in rodents characterizing AGs as
adjuvants that transiently open the BBB.

Abbreviations
AG, alkylglycerol; BBB, blood-brain barrier; BECs, brain endothelial cells; CPT-cAMP, 8-(4-chlorophenylthio)adenosine-
3',5‰-cyclic monophosphate; EBA, Evans blue-labelled albumin; HG, 2-O-hexyldiglycerol; MTX, methotrexate; Pe,
transendothelial permeability coefficient; PG, 1-O-pentylglycerol; PSe, permeability surface area for endothelial
monolayers; Ro 20-1724, 4-(3-butoxy-4-methoxyphenyl)methyl-2-imidazolidone; SF, sodium fluorescein; TEER,
transendothelial electrical resistance; Tx-100, Triton X-100 detergent; YFP, yellow fluorescent protein; ZO-1, zonula
occludens protein-1
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Introduction
The blood-brain barrier (BBB) selectively regulates both trans-
cellular and paracellular passage of molecules and cells
between the blood and the CNS, thus impeding the treat-
ment of brain disorders such as malignant brain tumours. In
these closely associated areas between brain endothelial cells
(BECs), specific structures called zonulae occludentes or tight
junctions are expressed, whose membranes attach each other
to form a virtually impermeable barrier, thus greatly hinder-
ing paracellular diffusion of hydrophilic substances through
the vessel wall (Reese and Karnovsky, 1967).

Tight junctions are transmembrane complexes composed
of protein polymers which form a branching network of
sealing strands. Each strand is formed by a row of transmem-
brane proteins embedded in both plasma membranes, with
extracellular domains interacting with tight junction pro-
teins of the neighbouring cell by claudin-claudin trans-
interactions (Blasig et al., 2006). Claudin-claudin interactions
are responsible for strand building of the tight junction com-
plexes (Furuse et al., 1998) and paracellular tightening (Piehl
et al., 2010). Zonulae adhaerentes or adherens junctions form a
weaker barrier (Rubin and Staddon, 1999). The primary com-
ponent of adherens junctions is the Ca2+-regulated vascular
endothelial protein, cadherin, which mediates cell-cell
adhesion (Dejana et al., 2008). Another set of proteins, the
catenins, link the cadherins to the cytoskeleton. Proper estab-
lishment of adherens junctions is required for the expression
of claudin-5 and thus they may be regulators of vascular
permeability (Taddei et al., 2008).

In addition to the restricted paracellular transport, tran-
scellular transport of substances and cells into and out of the
brain compartment is also very limited at the BBB because
there are only a few pinocytic vesicles. The barrier functions
lead to a very high transendothelial electrical resistance
(TEER). In general, passage across the BBB is inversely related
to the size, i.e., molecular weight, and the aqueous solubility
of the compound (Pardridge, 2002). Therefore, increasing
the lipophilicity of drugs has been used as one way of
improving transcellular passage through the endothelial
cells (Reardon et al., 2006). However, many compounds that
are able to penetrate the BEC membrane are very effectively
transported back into the capillary lumen by efflux trans-
porters, such as P-glycoprotein and multidrug resistance pro-
teins, that are localized primarily at the luminal side of BECs
(Golden and Pollack, 2003; Kemper et al., 2004). This efflux
system has generated another possibility of increasing the
passage of drugs into to the brain, by inhibiting the efflux
transporters. Thus, inhibition of P-glycoprotein results in
increased brain penetration and slower brain elimination of
those drugs which are substrates for P-glycoprotein (Fellner
et al., 2002; van Vliet et al., 2010; O’Brien et al., 2012). Other
options for improved drug delivery to the CNS are to couple
drugs to endogenous ligands of receptor- and carrier-
mediated transport pathways, such as angiopep-2 (Demeule
et al., 2008) or glucosamine (Dhanikula et al., 2008; see Deli,
2011). Despite intensive research, no optimal solution has
yet been found for the treatment of CNS cancers, either
primary tumours or metastases. The currently available
cytostatic drugs are either too large (high MW) or too water-
soluble to enter the brain through the blood vessel wall in

sufficient concentrations or they are substrates for P-
glycoprotein (Deli, 2011).

Thus, a potential approach to enhance drug delivery
across biological barriers is the use of tight junction modula-
tors to open the epithelial or endothelial paracellular route
(see Deli, 2009). One previously described method of increas-
ing the paracellular diffusion rates of molecules across brain
capillaries into the brain parenchyma is the i.a. infusion of a
hyperosmolar (1.37 M) mannitol solution (Neuwelt et al.,
1985) which opens the inter-endothelial tight junctions, via
Src kinase-mediated phosphorylation of the adherens junc-
tion protein, β-catenin (Rapoport, 2000; Farkas et al., 2005).
Osmotic BBB disruption has already been employed in
animal models and in patients with malignant brain
tumours, in order to improve the effectiveness of chemo-
therapy (Doolittle et al., 2000). However, in clinical practice,
osmotic BBB opening was poorly reproducible, as it required
a mannitol threshold concentration with a low therapeutic
window and the opening persisted for about 6 h (Siegal et al.,
2000). This duration of effect may induce toxic effects of the
increased BBB permeability. Moreover, this method needs
interventional radiology and, up to now, its application has
been restricted to a few clinics.

The ability of short-chain alkylglycerols (AGs) to increase
BBB permeability have been known for more than 25 years
(Unger et al., 1985). In rodents, i.a. injection of AGs led to a
concentration-dependent enrichment of co-administered
cytostatic drugs and antibiotics in the ipsilateral hemisphere
(Erdlenbruch et al., 2000). In glioma-bearing rats, AGs
opened the BBB in the tumour tissue and the surrounding
brain (Erdlenbruch et al., 2003a). Two AG derivatives, 1-O-
pentylglycerol (PG) and 2-O-hexyldiglycerol (HG), have dem-
onstrated good therapeutic range and effectiveness. After a
bolus injection of PG (800 μL, 50 mM) simultaneously given
with 5 mg·kg−1 methotrexate (MTX) into the right internal
carotid artery of rats about 1.2 pmol MTX per mg brain was
found in the ipsilateral hemisphere. In the contralateral, i.e.,
untreated hemisphere, with normal BBB, only 0.3 pmol MTX
per mg brain was detected (Erdlenbruch et al., 2003b). Even
the penetration of high MW materials, such as albumin and
antibodies, into the brain could be significantly increased
(Erdlenbruch et al., 2003a; Hülper et al., 2011). The opening
of the BBB in vivo was reversible and lasted for only a few
minutes to about 1 h, depending on the AG concentration
used (Erdlenbruch et al., 2000; 2002). These properties would
be advantageous in a clinical setting.

Results from in vitro and in vivo assays showed that AGs
were non-toxic and that they were eliminated from the body
through the kidneys (Erdlenbruch et al., 2003b). Studies with
radioactively labelled PG showed no enrichment in the brain
or other organs (Erdlenbruch et al., 2005). In freshly isolated
brain capillaries, the marker dye fluorescein could diffuse into
the capillary lumen after addition of AG. Using confocal
microscopy, fluorescein could be found in the paracellular
cleft, indicating an opening of the paracellular diffusion
barrier (Erdlenbruch et al., 2003a). However, the mode of
action of AGs and their influence on BECs have not yet been
elucidated.

The aim of the present work was to examine the direct
short-term effects of AGs on cell viability and barrier proper-
ties in an in vitro model of the BBB, using cultures of BECs.
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The integrity of the paracellular barrier of BECs was moni-
tored following an acute treatment by AGs by the measure-
ment of TEER and permeability for marker molecules
(fluorescein and albumin), immunostaining for claudin-5
and β-catenin junctional proteins, and by the analysis of
inter-endothelial tight junction strand complexity using
freeze-fracture electron microscopy. The trans-interaction of
claudin-5 was also examined to reveal the possible mode of
action of AGs. Our in vitro data show for the first time that
AGs reversibly enhanced the flux of molecules through brain
endothelial cell monolayers, without causing fundamental
alterations of the tight junction structure.

Methods

Animals
All animal care and experimental procedures complied with
the recommendations of European Convention for the Pro-
tection of Vertebrate Animals Used for Experimental and
other Scientific Purposes (Council Directive 86/609/EEC) and
Hungarian National Law XXVIII./1998 and CLVIII./2011. on
the protection of animals or the German National Law on the
protection of animals (§ 4 Abs. 3) and were approved by
the Animal Experimentation Committee of the Biological
Research Centre, Hungarian Academy of Sciences (Hungary),
and from the local Hungarian authorities (Permit numbers:
XVI./03835/001/2006; XVI./834/2012) or the Animal Experi-
mentation Committee of the Georg-August University Göt-
tingen (reference no. T11/17). All studies involving animals
are reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 70 animals were used
in the experiments described here. Rats were kept in a con-
trolled environment (22°C, 55% humidity, 12 h day-night
rhythm) and had free access to standard diet and tap water.

Cell culture
Primary cultures of BECs were prepared from 2 week old
outbred Wistar rats (Harlan Laboratories, Indianapolis, IN,
USA) as described in detail by Veszelka et al., (2007). Fore-
brains were collected in ice-cold sterile PBS; meninges were
removed, grey matter was minced by scalpel into 1 mm3

pieces and digested with 1 mg·mL−1 collagenase CLS2 (Wor-
thington Biochem., Lakewood, NJ, USA) in DMEM for 1.5 h
at 37°C. Microvessels were separated by centrifugation
(1000× g, 20 min) in 20% BSA–DMEM from myelin con-
taining elements and further digested with 1 mg·mL−1

collagenase–dispase (Roche, Basel, Switzerland) in DMEM for
1 h. Microvascular endothelial cell clusters were separated on
a 33% continuous Percoll gradient (1000× g, 10 min), col-
lected, and washed twice in DMEM before plating on collagen
type IV and fibronectin-coated dishes, multiwell plates
(Falcon, Becton Dickinson; Invitrogen, Carlsbad, CA, USA) or
cell culture inserts (Transwell clear, 1 cm2; pore size of 0.4 μm;
Corning Costar Co., Lowell, MA, USA). Cultures were main-
tained in DMEM supplemented with 5 μg·mL−1 gentamicin,
20% plasma-derived bovine serum (First Link, Wolverhamp-
ton, UK), 1 ng·mL−1 basic fibroblast growth factor (Roche) and
100 μg·mL−1 heparin. During the first 2 days, culture medium

contained puromycin (4 μg·mL−1) to selectively remove
P-glycoprotein-negative contaminating cells (Perrière et al.,
2005). Cultures reached confluency within a week and were
used for experiments. To induce BBB characteristics, BECs
were co-cultured with rat cerebral glial cells (Deli et al., 2005;
Veszelka et al., 2007).

Primary cultures of glial cells were prepared from 14 day
old Wistar rats (Harlan Laboratories, Rossdorf, Germany or
Charles River, Sulzfeld, Germany). Meninges were removed,
and cortical pieces were mechanically dissociated in DMEM
containing 5 μg·mL−1 gentamicin and 10% FBS and plated in
poly-L-lysine-coated 12-well dishes and kept for a minimum
of 3 weeks before use. In confluent glia cultures, 90% of cells
were immunopositive for the astroglial cell marker glial fibril-
lary acidic protein, while the remaining 10% were immuno-
positive for CD11b, a marker of microglia.

For co-culture with BECs grown in cell culture, inserts
were placed into multiwells containing astroglia at the
bottom of the wells with endothelial culture medium in both
compartments. When BECs became almost confluent, 550
nM hydrocortisone was added to the culture medium (Deli
et al., 2005). Before starting experiments, cells were treated
with 8-(4-chlorophenylthio)-cAMP (CPT-cAMP; 250 μM) and
Ro 20-1724 (17.5 μM; Roche) for 24 h to tighten junctions
and elevate resistance (Deli et al., 2005; Perrière et al., 2005).
All the experiments were performed with primary rat BEC
cultures, except the claudin-claudin trans-interaction analy-
ses which used HEK293 cells, as described below.

Treatments
AGs were tested on BECs at concentrations of 0–100 mM,
with exposure for 5 min. The cells were incubated with AGs
dissolved in DMEM culture medium to provide physiological
conditions for the sensitive BEC monolayers. For viability
studies, isotonic NaCl was used as in previous in vivo studies
(Erdlenbruch et al., 2003a,b; 2005). In all experiments, treat-
ment solutions were added and removed from the cells very
slowly and carefully not to disturb cell monolayers by the
change of the medium.

Cell cytotoxicity assays for cell viability
and apoptosis
Cell viability was determined by the WST-1 test which is
based on the cleavage of a tetrazolium salt by mitochondrial
dehydrogenases. About 5 × 103 BECs were seeded in flat-
bottom, 96-well microtiter plates (100 μL per well), allowed
to adhere for 24 h and then treated with increasing amounts
of PG or HG for 5 min, then re-fed with culture medium. Cell
viability was measured by adding 10 μL WST-1 reagent per
well 45 min, 24 h, 48 h and 72 h after treatment. Two hours
after addition of the WST-1 reagent, absorbance was deter-
mined by a SUNRISE microplate reader (TECAN, Crailsheim,
Germany) at 450 nm with a reference filter at 690 nm. Cells
treated with 1% Triton X-100 detergent (Tx-100) in serum-
free medium for 6 h served as positive control, and untreated
cells were used as reference.

Apoptosis was measured using a cell death detection ELISA

kit (Roche Molecular Biochemicals, Mannheim, Germany).
Cells were seeded in 96-well microtiter plates (200 μL per
well). After 48 h, cells were treated with increasing amounts
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of PG or HG for 5 min. As a positive control, cells were treated
with 85 μM staurosporin for 1 h to induce apoptosis. DNA-
histone complex provided with the kit also served as a tech-
nical control for the ELISA. The cytosolic fraction of treated or
untreated cells was used as an antigen source in the sandwich
ELISA. Incubation of the streptavidin-coated microplate with
samples and the mixture of anti-histone–biotin and anti-
DNA–peroxidase antibodies were performed according to the
manufacturer’s instructions. Absorption was measured by a
SUNRISE microplate reader (TECAN) at 405 nm, with a refer-
ence filter at 492 nm.

Evaluation of the barrier integrity
TEER representing the permeability of tight junctions for
sodium ions in culture conditions was measured by an EVOM
resistance meter (World Precision Instruments Inc., Sarasota,
FL, USA) using STX-2 electrodes, and expressed relative to the
surface area of the endothelial monolayer (Ω × cm2). The
TEER of cell-free inserts (90–100 Ω × cm2) was subtracted from
the experimental values. The TEER of rat primary BEC mon-
olayers in co-culture varied between 250 and 400 Ω × cm2,
with a mean of 305( ± 4) Ω × cm2 (±SEM; n = 72 experiments
from three separate isolations).

The flux of sodium fluorescein (SF) and Evans blue-
labelled albumin (EBA) across endothelial cell monolayers
was determined as previously described (Veszelka et al.,
2007). Cell culture inserts, following treatment and measure-
ment of TEER, were transferred to 12-well plates containing
1.5 mL Ringer–HEPES solution (118 mM NaCl, 4.8 mM KCl,
2.5 mM CaCl2, 1.2 mM MgSO4, 5.5 mM D-glucose, 20 mM
HEPES, pH 7.4) in the basolateral compartments. In apical
chambers, culture medium was replaced by 500 μL Ringer–
HEPES containing 10 μg·mL−1 SF (MW = 376 Da) and
165 μg·mL−1 EBA (Evans blue bound to 0.1% BSA; MW =
67 kDa). The inserts were transferred at 20, 40 and 60 min to
a new well containing Ringer–Hepes solution. To minimize
any unstirred water layers during permeability experiments,
a horizontal shaker (Biosan, Riga, Latvia) was used at
100 r.p.m. The concentrations of the marker molecules in
samples from the upper and lower compartments were deter-
mined with a microplate reader (EBA: absorbance at 620 nm;
SF: excitation at 440 nm, emission at 525 nm; BMG Fluostar
Optima; BMG Labtech, Ortenberg, Germany). Flux across
cell-free inserts was also measured.

Transport was expressed as μL of donor (luminal) com-
partment volume from which the tracer is completely
cleared. Transendothelial permeability coefficient (Pe) was cal-
culated as previously described (Deli et al., 2005; Veszelka
et al., 2007). Cleared volume was calculated from the concen-
tration (C) of the tracer in the abluminal and luminal com-
partments and the volume (V) of the abluminal compartment
(0.5 mL) by the following equation:

Cleared volume L abluminal abluminal

luminal

( )μ =
×C V

C

The average cleared volume was plotted against time, and
permeability surface area product value for endothelial mon-
olayer (PSe) was calculated by the following formula:

1 1 1
PS PS PSendothelial total insert

= −

PSe divided by the surface area (1 cm2 for Transwell-12) gen-
erated the endothelial permeability coefficient in 10−6 cm·s−1.
Mean Pe was 1.58 ± 0.26 × 10−6 cm·s−1 for SF and 0.15 ± 0.07 ×
10−6 cm·s−1 for EBA (n = 6; two separate experiments).

Immunohistochemistry
Confluent BEC monolayers cultured on fibronectin- and
collagen-coated inserts and treated with AGs and mannitol
(1.4 M) were stained for claudin-5 (an integral membrane
tight junction protein) and the adherens junction protein,
β-catenin. The cultures were washed in PBS and fixed with
ethanol (95 vol.%)–acetic acid (5 vol.%) for 10 min at −20°C.
Cells were blocked with 3% (BSA)-PBS and incubated over-
night with primary antibodies anti-claudin-5 (mouse mono-
clonal antibody; Zymed, South San Francisco, CA, USA) and
anti-β-catenin (rabbit polyclonal antibody). Incubation with
secondary antibodies Alexa Fluor-488-labelled anti-mouse
IgG (Invitrogen), Cy3-labelled anti-rabbit IgG, and Hoechst
dye 33342 to stain cell nuclei lasted for 1 h. Between incuba-
tions, cells were washed three times with PBS. Membranes
were mounted in Gel Mount (Biomeda, Foster City, CA, USA)
and staining was examined by a Nikon Eclipse TE2000 fluo-
rescent microscope (Nikon, Tokyo, Japan) and photographed
by a Spot RT digital camera (Diagnostic Instruments, Camp-
bell, CA, USA).

Freeze-fracture electron microscopy
BECs grown on the fibronectin- and collagen-coated cell
culture insert membrane were fixed with 2.5% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.4) for 30 min at 4°C. After
washing with cacodylate buffer several times, the membranes
of the culture inserts were removed from their support and
processed as previously described (Wolburg et al., 1994). In
brief, small rectangles of the filters were incubated in 30%
glycerol for 30 min, placed between two gold specimen
holders, shock frozen in nitrogen slush (−210°C), and
fractured at −150°C and 5 × 10−6 mbar (1 bar = 105 Pa)
(freeze-fracturing apparatus BAF 400 D; BAL-TEC, Balzers,
Liechtenstein). Fracture faces were immediately shadowed
with platinum/carbon (2 nm, 45°) and carbon (20 nm, 90°)
for stabilization. Replicas were cleaned with 12 % sodium
hypochlorite, washed several times in double-distilled water
and mounted on Pioloform-coated copper grids (Wacker
Chemie, München, Germany). Replicas were analysed using a
Zeiss EM10 electron microscope; electron micrographs were
digitized and processed using Adobe Photoshop.

Analysis of claudin-5 trans-interaction
HEK293 cells stably transfected with murine claudin-5-yellow
fluorescent protein (YFP) have been described previously
(Piontek et al., 2008). Cells were maintained in DMEM sup-
plemented with 10% fetal calf serum, 100 U·mL−1 penicillin,
100 μg·mL−1 streptomycin, 1% L-alanyl-L-glutamine (Invitro-
gen) and 0.5 mg·mL−1 G418 (Calbiochem, Darmstadt,
Germany). To avoid clonal variations, pools containing dif-
ferent claudin-5-YFPs expressing and non-expressing colonies
were used. Cells were plated on coverslips coated with poly-
L-lysine (Sigma-Aldrich), 2 days later incubated with HG and
the subcellular localization of claudin-5-YFPs in living cells
was analysed by confocal microscopy. The integrity of the
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plasma membrane of cells during the experiments was visu-
alized by Trypan blue exclusion (Piontek et al., 2008).

Data analysis
All data presented are means ± SEM. Data of WST-1 tests were
calculated from triplicates, while data of cell death ELISA were
calculated from six parallel wells and confirmed in three
experiments. One-way ANOVA followed by Dunnett’s multiple
comparison test revealed statistically significant differences
(P < 0.05) between treatment groups and NaCl-treated group.
TEER data are from three independent experiments with trip-
licate samples. Statistical analysis was performed using two-
way repeated measures ANOVA followed by Bonferroni post
tests. The values measured in groups treated with PG, HG or
mannitol were compared with the control value at each time
point. Data of permeability for SF and EBA are from three
independent experiments with triplicate samples. Statistical
analysis was by one-way ANOVA followed by Newman–Keuls
tests. The values measured after PG or HG treatment were
compared with the permeability in control group.

Materials
All reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA), unless otherwise indicated. The short-chain AGs,
2-O-HG and 1-O-PG, were obtained from Genzyme Corpora-
tion (Cambridge, MA, USA). Both HG and PG are distributed
in molecularly disperse form in aqueous solutions and do not
form micelles in the applied concentrations (H. Eibl, personal
communication.). To prepare isotonic stock solutions of AGs,
0.9% (w/v) NaCl solution and distilled water were used.
Physiological osmolarity was determined.

Results

Cell viability assay
Toxicity of PG and HG on primary rat BECs was examined in
vitro at different time points (Figure 1). To evaluate direct
acute, as well as long-term, effects of 5 min incubation with
different AG concentrations, on the viability of the cells, the
WST-1 test was performed after 45 min, 24 h, 48 h and 72 h.
Untreated cells were used as negative control and values from

▶
Figure 1
The effect of short-time AG treatment on primary rat BECs. Increas-
ing concentrations of PG and HG were used to study the cytotoxic
effects on BECs. (A) WST-1 assay 45 min and 24 h after a 5 min AG
treatment. Untreated cells served as negative control, cells treated
with 1% Tx-100 for 6 h as positive control. For comparison, cells
were treated with 0.7 and 1.4 M mannitol (M). All values presented
are the means ± SEM, n = 3 for all groups. One-way ANOVA followed
by Dunnett’s multiple comparison test revealed statistically signifi-
cant decrease (a) between treatment groups and NaCl-treated
group. (B) Apoptosis ELISA 60 min after a 5 min AG treatment.
Untreated cells served as negative control, DNA-histone complex
served as positive control. All values presented are the means ± SEM,
n = 6 for all groups. *P<0.05, significantly different from NaCl-treated
group; one-way ANOVA followed by Dunnett’s multiple comparison
test.
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this control group were set to unity. The viability of cells
treated with the detergent Tx-100 was drastically reduced, as
expected. No toxic effect for PG or HG was detected up to
30 mM (Figure 1A). With higher concentrations of AGs, sig-
nificant changes were measured both at 45 min (P < 0.0001,
d.f. = 10, F = 16.09) and 24 h (P < 0.0001, d.f. = 10, F = 25.42)
after the treatments (Figure 1A). PG at 60 mM concentration
reduced viability significantly (P < 0.01) to about 23% of the
control cells after 45 min, but endothelial cells were able to
recover from this treatment within 24 h. Treatment with
60 mM HG resulted in a significant reduction (P < 0.05) of
viability to 44% of the untreated cells after 45 min, but no
recovery was seen within the next 24 h. The 5 min treatment
period of the cells with 1.4 M mannitol did not lead to
reduced viability. After 48 and 72 h, no further changes were
observed, compared with the 24 h measurement (data not
shown).

Assay for the induction of apoptosis
The induction of apoptosis after treatment of the cells with
AGs was tested by an ELISA detecting cell death (Figure 1B). In
addition to a positive control provided with the kit, stauro-
sporin was used to induce apoptosis. Untreated cells served as
negative control. No apoptosis could be detected in BECs
treated with AGs (Figure 1B), while the positive controls dif-
fered significantly (P < 0.001) from the saline-treated negative
control (P < 0.0001, d.f. = 11, F = 522.3). Similarly, treatment
with AGs did not cause apoptosis in BECs after 24 h (data not
shown).

Evaluation of barrier integrity: TEER and
permeability measurements
To simulate the situation in vivo, i.e., AG treatment by a single
bolus injection, the following experiments were performed,
now using primary rat BECs co-cultured with glial cells, a
relevant in vitro BBB model (Veszelka et al., 2011). First, the
direct and short-time effect of AGs on the ion flux through
endothelial cell monolayers was analysed by TEER measure-
ments (Figure 2). Only concentrations found non-toxic in the

viability experiments were used. TEER was quantified in
untreated cells (negative control) and set to 100% at the
beginning of the experiment (time −5 min). Cells were then
incubated with different AGs for 5 min and further measure-
ments were performed directly after removal of the test sub-
stance (0 min), as well as 10, 20 and 30 min after recovery in
complete culture medium. Cells treated with 1.4 M mannitol
served as positive controls. Significant changes in TEER were
seen during the observation period both in PG-treated
(column factor 79.26, P < 0.0001, d.f. = 3, F = 52.79; see
Figure 2A) and HG-treated (column factor 97.71, P < 0.0001,
d.f. = 3, F = 105.9; see Figure 2B) groups compared with the
values measured in control group. Using 30 mM PG, TEER of
BEC monolayers was reduced by 90% directly after termina-
tion of AG treatment (Figure 2A). After 10 min, TEER was
48% compared with untreated control suggesting recovery of
the cells and the reversibility of the treatment with PG. The
TEER of monolayers was further increased after 20 min of
recovery. A lower 10 mM concentration of PG led to a 50%
decrease of TEER directly after treatment and TEER also recov-
ered over time. The effect of HG was also significant but less
pronounced (Figure 2B). HG treatment at 30 and 10 mM con-
centrations resulted in TEER decrease by 58 and 29% com-
pared with untreated cells measured directly after treatment.
A complete recovery of barrier function was seen for both
concentrations after 30 min. In contrast to these findings,
TEER measured after 1.4 M mannitol treatment dropped
below 25% of the control and remained there during the time
frame of 30 min.

To complement TEER data, permeability of brain
endothelial monolayers was measured with two test mol-
ecules, SF and EBA (Figure 3). Exposure of primary rat BECs to
30 mM PG or HG causing reversible changes in TEER, also led
to a significantly increased flux of SF (P = 0.0003, d.f. = 3, F =
21.86 in case of PG, and P = 0.0014, d.f. = 3, F = 14.24 in case
of HG; Figure 3A and B). After a recovery period of 15 min,
permeability, values returned to the level of the control group
again. In contrast to the results with the low MW SF (MW 376
Da), no significant increase in albumin (MW 67 kDa) perme-
ability was observed in cell monolayers after treatment with

Figure 2
Changes in TEER were evaluated in primary rat brain endothelial cell monolayers treated with 10 and 30 mM PG (A), 10 and 30 mM HG (B), and
mannitol (1.4 M) for 5 min. TEER was measured before treatment, directly after removal of AGs and mannitol (0 min), and following 10, 20 and
30 min of recovery in complete culture medium. All values presented are means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, significantly
different from control group, at each time point; two-way repeated measures ANOVA followed by Bonferroni post test.

BJP P Hülper et al.

1566 British Journal of Pharmacology (2013) 169 1561–1573



30 mM HG (P = 0.2070, d.f. = 3, F = 1.907) or 30 mM PG (P =
0.3235, d.f. = 3, F = 1.356) (Figure 3C and D).

Immunohistochemistry for junctional proteins
Parallel to changes in barrier function, immunostaining for
endothelium-specific integral fragmentation, cytoplasmic
redistribution, and loss of both claudin-5 and β-catenin stain-
ing from the cell borders of primary rat BECs were visible
directly after short-term PG, HG or mannitol treatment
(Figure 4). After a recovery period of 15 or 30 min following
HG or PG treatment, however, cells showed more prominent
and clear immunostaining at the cell contacts compared with
cells examined directly after treatment. In addition, a change
in the shape of BECs after HG or mannitol exposure could be
seen. Mannitol treatment caused monolayer disruption,
holes became visible between BECs. In cells treated with
hyperosmotic mannitol, perinuclear localization of β-catenin
was also detectable.

Freeze-fracture electron microscopy of tight
junction morphology
To investigate tight junction morphology and strand com-
plexity, transmission electron microscopy was performed on

freeze-fracture replicas from rat BECs of in vitro experiments
fixed directly after incubation with 30 mM HG or 30 mM PG
for 5 min or after a recovery period of 30 min (Figure 5).
Untreated cells served as a control. The P-face/E-face ratio of
tight junction strands was tested, which describes the rela-
tionship between the association of tight junction strands
with the protoplasmic (P-face) and the external fracture face
(E-face). The P-face/E-face ratio of tight junction strands has
been suggested to be an important parameter for the func-
tional quality of the barrier (Wolburg et al., 1994). Due to
cis-interaction, claudin-5 monomers form oligomers in one
membrane. Trans-interaction triggers the formation of poly-
meric discontinuous strands. During freeze fracturing, the
claudin-5 oligomers slide out of the P-face and are seen on
the exoplasmic E-face of the membrane as lines of particles.
The number of P-face-associated tight junction particles was
so low that it is difficult to recognize the tight junction
network at the P-face (Figure 5). In contrast, at the E-face the
tight junctions appear as pearl chain-like strands and are
easily detectable. In our in vitro experiments, no changes in
P-face/E-face association of the proteins in the fractures could
be observed. In addition, no alterations of strand complexity
between AG-treated and untreated control cells could be
found (Figure 5).

Figure 3
Changes in endothelial permeability (Pe) for the paracellular permeability marker SF (A, B) and the transendothelial permeability marker EBA (C,
D) in primary rat brain endothelial cell monolayers treated with 30 mM of PG (A–C) or HG (B–D) for 5 min (acute effect). After removal of AGs,
15 and 30 min recovery was allowed in complete culture medium. Pe was calculated as described. Data are shown as percentage of control (means
± SEM; n = 3). *P < 0.05, significantly different from control group, †P < 0.05, significantly different from acute values; one-way ANOVA followed
by Neuman–Keuls test.
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Analysis of claudin-5 trans-interaction
Finally, to further analyse the direct effect of AGs on
claudin-5, which seals the intercellular cleft between adjacent
cells by claudin-claudin trans-interaction, HEK293 cells stably
transfected with YFP C-terminally tagged claudin-5 were
treated with HG. In untreated cells, the claudins are mainly
found in the plasma membrane between two transfected cells
and the extracellular loops of the claudin molecules of the
cell interact with those claudin loops of opposing cells by
trans-interaction (Piontek et al., 2008). This is reflected by a

strong enrichment of YFP at contacts between two claudin-
5-YFP-expressing cells (Figure 6A). Treatment of these
claudin-5-expressing HEK cells with 20 mM HG or 50 mM
HG for 15 min had no visible effect on the YFP enrichment at
cell-cell contacts, indicating no effect on claudin-5 trans-
interaction (Figure 6B and C). Incubation with 100 mM HG
for 15 min resulted in redistribution of claudin-5 (Figure 6D).
The protein was not strongly enriched at contacts between
two claudin-expressing cells but rather homogenously dis-
tributed throughout the plasma membrane. In addition,

Figure 4
Effect of AGs (30 mM) and mannitol (1.4 M) on immunostaining for claudin-5 and β-catenin junctional proteins in primary rat brain endothelial
cells. Asterisks show holes formed between endothelial cells. Arrows indicate fragmentation, loss of junctional immunostaining, and cytoplasmic
redistribution. Bar: 25 μm.
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more claudin-5 was found in intracellular compartments
(Figure 6D and E). However, this HG concentration caused
leakage of the plasma membrane resulting in the entry of
Trypan blue (red fluorescence in the cell cytoplasm; Figure 6D
and E). It should be noted that the cellular response to HG
was heterogeneous, as some cells with leakage of the plasma
membrane and enrichment of claudin-5 were also found after
incubation with high HG concentration (Figure 6E).

Discussion and conclusions

There are several different possible applications for
AG-mediated BBB opening to increase the passage of drugs
into the brain, including the treatment of primary brain
tumours and the increasing number of cases with brain
metastases. In this work, BBB opening and the reaction of
BECs to AG exposure were studied in an in vitro model. In vivo,

PG and HG concentrations between 50 and 200 mM were
used to open the BBB of rats and mice. The AGs were given as
a single bolus injection into the internal carotid artery of rats
and mice over 12–18 s, whereas the common carotid artery
was clamped during the injection. In this system, opening
of the BBB was dependent on the concentration of AG
(Erdlenbruch et al., 2000; 2003b), but it is not possible to
predict the exact concentration and residence time of AG in
brain capillaries. The primary cell co-culture BBB model
(Veszelka et al., 2007; 2011) was suitable to study the opening
of the endothelial barrier with AGs in vitro. In contrast to the
in vivo situation where the actual AG concentration needed
for the barrier opening in an individual capillary is not
known, in cultures every cell is exposed to the same AG
concentration for the same time and detailed measurements
under definite conditions can be performed. Compared with
the initial in vivo conditions, the AG concentrations used in
vitro were reduced from 50–100 mM to 10–30 mM, based on

Figure 5
Freeze-fracture analysis of the complexity and morphology of tight junction strands. Freeze-fracture replicas were prepared from cultured brain
endothelial cells after PG or HG treatment. In all replicas tested, the tight junction strands were highly associated with the external fracture face
(EF), only few particles were observed at the protoplasmic face (PF). Arrows point to EF or PF strands. Bar: 0.2 μm.

BJPShort-chain alkylglycerols and blood-brain barrier

British Journal of Pharmacology (2013) 169 1561–1573 1569



the results of the viability experiments and incubation time
was increased from 18 s injection time to about 4.5 min. The
permeability findings in this model are comparable to those
of the in vivo experiments (Erdlenbruch et al., 2005).

AG-mediated opening of the BBB was reflected by a
decrease of TEER values. Comparable to the in vivo situation
(Erdlenbruch et al., 2003b), permeability of PG-treated BECs
returned to control level after 15 min. PG treatment reduced

Figure 6
Analysis of claudin-claudin trans-interactions in HEK293 cells stably transfected with claudin 5-YFP (shown in green) by confocal fluorescence
microscopy. Untreated cells show claudin-5 trans-interaction indicated by a strong enrichment of YFP at contacts between two claudin-5-YFP-
expressing cells (A). 15 min treatment with 20 mM or 50 mM HG has no effect on claudin-5 trans-interaction (B + C). After 15 min treatment with
100 mM HG some cell pairs show loss of claudin-5 trans-interaction indicated by loss of contact enrichment (D) while other cell pairs still show
contact enrichment (E). This high concentration causes damage to the plasma membrane of the cells, visible through Trypan blue (red
fluorescence) entering the cells (D + E). Bar: 5 μm.
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the TEER value of endothelial monolayers more effectively
than HG treatment in the same concentration range. TEER
decrease after treatment with AGs indicates that the paracel-
lular diffusion barrier sealed by tight junctions was opened
(Madara, 1998). The paracellular permeation is mainly
restricted by integral membrane tight junction proteins, espe-
cially members of the claudin family (Krause et al., 2008).
They regulate the physiological paracellular permeability of
ions and molecules smaller than 4 Å (Anderson and Van
Itallie, 2009). In agreement with our present data, a decrease
in TEER could also be observed after mannitol treatment in
previous studies (Greenwood et al., 1988; Farkas et al., 2005).

Fluorescein is a small, water-soluble molecule; therefore,
the increased passage of this dye across BEC monolayers after
exposure of the cells to AGs indicates an opened paracellular
pathway through tight junctions, similar to the changes in
TEER. This is in agreement with the results from Erdlenbruch
et al. (2003a). They incubated freshly isolated brain capillaries
with AGs and fluorescein and observed fluorescein entering
the lumen of the capillaries paracellularly. As observed for the
TEER changes, the increased permeability for fluorescein was
reversible.

In contrast to fluorescein, treatment with AGs did not
result in statistically significant increase in albumin perme-
ability in BECs despite a trend of elevation in albumin flux.
Albumin passage is transcellular and is at a very low level at
the BBB in physiological conditions in vivo (Abbott et al.,
2006). In pathological conditions, transport via this route is
increased several fold, which can be independent from the
opening of the paracellular pathway. A selective increase of
vesicular albumin transport was demonstrated in cultured
BECs during hypoxia (Plateel et al., 1997). The paracellular
pathway through intact tight junctions can also be opened
for high MW compounds of the size of albumin (Artursson
et al., 1993; Knipp et al., 1997). Changes in TEER, fluorescein
and albumin flux all indicate that the major mechanism of
the opening of the BBB by AGs could be a selective effect on
the paracellular cleft and tight junctions between BECs. In
addition to the observed functional alterations, immu-
nostaining for claudin-5 and β-catenin in primary BECs also
showed that junctions between the cells were affected after
AG treatment. All these findings are in agreement with the
data of Erdlenbruch et al. (2003a) who postulated that AGs
increase mainly the paracellular route at the BBB.

The paracellular pathway can be altered by cytoskeletal
disruption (Bruewer et al., 2004; Ivanov et al., 2005) and the
tightness of tight junctions seems to be controlled by
cytoskeletal dynamics (Lai et al., 2005; Hartsock and Nelson,
2008). β-Catenin is an adherens junction protein, linking the
integral membrane junctional proteins to the cytoskeleton
(Noda et al., 2010). The observed changes in the shape of
BECs after AG exposure might be an indication for the
involvement of actin-junctional anchoring in the mecha-
nism of AGs.

Bearing this observation and possible cytoskeletal
changes in mind, it was possible that AGs altered the mor-
phology or complexity of tight junction strands leading to
increased paracellular permeability. Tight junction strands
are crucial in the regulation of the paracellular route in BECs
(Wolburg et al., 1994; Rubin and Staddon, 1999). Wolburg
et al. (1994) described that a higher amount of P-face-

associated tight junction strands can be observed in BECs as
compared with non-BECs, and 16–24 h of cultivation led to a
massive loss of P-face association of these tight junction
strands. This was interpreted as the ability of the brain micro-
environment to induce and maintain a high P-face associa-
tion of tight junction strands. In order to imitate the brain
microenvironment, endothelial cells were treated with for-
skolin for 2 days, which resulted in an increase of P-face
association and complexity of tight junctions (Wolburg et al.,
1994). In the present study, cell cultures were treated with
AGs for only 5 min, but this very brief treatment caused a
significant change in paracellular permeability measured by
functional assays. In contrast, junction morphology, includ-
ing both complexity and E/P-face association of the tight
junctions, between control and AG-treated BECs, was not
altered. In the control and in the treated samples, at the
E-face, the tight junctions appeared as pearl chain-like
strands. According to our results, the functional changes elic-
ited by AGs were not accompanied by structural alterations
on the electron microscopic level. Therefore, the frequently
asked question whether or not functional changes of the
barrier would always go in parallel with strand alterations
must be answered, at least under in vitro conditions, with ‘no’.
This finding is supported by a recent observation that regu-
lation of the barrier permeability can not only be achieved by
structural rearrangement of the tight junction strands but it
can occur without any morphologically visible changes (Piehl
et al., 2010). Tight junctions are able to change functionally
very quickly through phosphorylation. Reduced permeability
can be seen as soon as 10 min after cAMP treatment in cul-
tured BECs (Deli et al., 1995) and turnover of tight junction
proteins is also rapid, for example, the membrane half-life of
claudin-5 is 33 s (Piontek et al., 2011).

Claudin-5 is a major tight junction protein in BECs,
closing the intercellular cleft by interaction of its extracellular
loops with the corresponding loops of claudins of the adja-
cent endothelial cell (see Krause et al., 2009). HEK293 cells
expressing fluorescent claudin-5 show homophilic claudin
trans-interaction by cell-contact enrichment independent of
ZO-1 or cytoskeleton anchorage (Piontek et al., 2008). The
direct influence of AGs on such claudin trans-interactions was
tested on this model. We found that the trans-interaction of
claudin-5 was unchanged by HG in non-toxic concentrations
used for functional tests of paracellular permeability. Only
the highest concentration of HG modified the membrane
localization and trans-interaction of claudin-5 which at the
same time led to membrane destruction and was also toxic in
other tests. This indicates that the effects of AGs on the
plasma membrane of cells may be greater than direct effects
on claudin-5 trans-interaction. In BECs treated with AGs, the
intensity of immunostaining for claudin-5 decreased at the
cell borders but increased in the cytoplasm, indicating a redis-
tribution of the tight junction protein. These data demon-
strate that claudin interactions might not be affected directly
by AGs, and some other mechanisms involving cytoskeleton
anchorage of claudins could mediate the effect.

Biologically active lipids, like the arachidonic acid
metabolite prostanoids and leukotrienes, influence BBB per-
meability. Recently, a prostanoid EP1 receptor antagonist was
shown to prevent BBB leakage after cerebral ischaemia
(Fukumoto et al., 2010). Although this field is experimentally
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unexplored, the effect of short-chain AGs on the BBB via lipid
receptors cannot be ruled out. Modification of lipid compo-
sition and/or fluidity of rafts containing integral membrane
tight junction proteins (Dodelet-Devillers et al., 2009) could
be another way for AGs to selectively modify the tight junc-
tions of brain endothelial cell monolayers. Further investiga-
tions are needed to elucidate which molecules are involved in
the opening of the paracellular transport route by AGs.

Taken together, the results of our study demonstrated, for
the first time, that a brief treatment of cultured BECs with
short-chain AGs at non-toxic concentrations reversibly opens
the paracellular barrier without long-lasting impairment. The
increase in the penetration rate of water-soluble molecules
across BECs was not accompanied by changes in tight junc-
tion strand complexity. These in vitro observations demon-
strate that recovery of the monolayer integrity after AG
treatment is possible and exposure to AGs does not lead to
destruction of BBB functions and morphology. The study
confirms the results of previous in vivo experiments on rats
and mice and suggests that the properties of AGs may be
suitable for opening the BBB to treat brain malignancies.
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