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1 Transport of a ¯uorescent somatostatin analogue (NBD-octreotide) across freshly isolated
functionally intact capillaries from porcine brain was visualized by confocal microscopy and
quantitated by image analysis.

2 Luminal accumulation of NBD-octreotide showed all characteristics of speci®c and energy-
dependent transport. Steady-state luminal ¯uorescence averaged 2 ± 3 times cellular ¯uorescence and
was reduced to cellular levels when metabolism was inhibited by NaCN.

3 The accumulation of NBD-octreotide in capillary lumens was inhibited in a concentration-
dependent manner by unlabelled octreotide, by verapamil, PSC-833 and cyclosporin A, potent
inhibitors of p-glycoprotein, and by leucotriene C4, a strong modulator of Mrp2. Conversely,
unlabelled octreotide reduced luminal accumulation of ¯uorescent BODIPY-verapamil on p-
glycoprotein and of ¯uorescein-methotrexate, on Mrp2. None of the inhibitors used signi®cantly
reduced cellular accumulation of the ¯uorescent substrates.

4 Together, the data are consistent with octreotide being transported across the luminal membrane
of porcine brain capillaries by both P-gp and Mrp2, providing further evidence that both
transporters contribute substantially to the active barrier function of this endothelium.
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Introduction

The long-acting somatostatin analogue octreotide, a cyclic
octapeptide, has a broad spectrum of clinical applications. Its

pharmacological actions are similar to the natural hormone,
somatostatin, and octreotide is an even more potent
antagonist of growth hormone, glucagon, and insulin action.

Octreotide also decreases splanchnic blood ¯ow and inhibits
secretion of gastrointestinal hormones like gastrin, vasoactive
intestinal peptide (VIP), secretin or pancreatic polypeptide.
Due to this pharmacological pro®le octreotide is used for

treatment of some symptoms of metastatic carcinoid tumours
(¯ushing and diarrhea), and vasoactive intestinal peptide
secreting adenomas (diarrhoea). In AIDS-patients with

diarrhoea, it can be used to stabilize patients with severe
malnutrition and dehydration. In addition, octreotide reduces
growth hormone and/or IGF-I (somatomedin C) levels in

acromegalic patients. Since a high density of somatostatin
receptors has been reported in several tumours (Reubi et al.,
1987; Dutour et al., 1998) of the central nervous system,

octreotide or other somatostatin analogues could also be of
value in treating or localizing such tumours.
One important limitation on the use of somatostatin

analogues in diagnosing and treating brain tumours is

restricted penetration into the brain. A previous report
showed that in meningeomas located outside the blood brain

barrier, somatostatin receptor scans of 111In-DTPA-D-Phe1-
octreotide localization detected all tumours. Inside the brain,

however, only tumours with a disrupted blood brain barrier
could be detected (Haldemann et al., 1995). In vitro studies
using bovine brain capillary endothelial cell monolayers and

¯uorescent labelled derivatives of octreotide (¯uorescein
isothiocyanate (FITC) and 4-nitrobenzo-2-oxa-1,3-diazol
(NBD)-octreotide, respectively), suggested that transcellular
permeation is very limited and that passage occurs along a

paracellular pathway (Jaehde et al., 1994). One reason for the
low transcellular permeability of the somatostatin analogues
may be a potential interaction with drug export proteins

located at the blood brain barrier, such as multidrug
resistance protein (mdr or p-glycoprotein) or multidrug
resistance associated proteins (Mrps) (Miller et al., 2000).

Here we used freshly isolated, morphologically and function-
ally intact porcine brain capillaries along with confocal laser
scanning microscopy to investigate whether speci®c transport

contributes to the poor ability of octreotide and its analogues
to enter the brain.

Methods

Chemicals

NBD-Octreotide was synthesized by coupling the ¯uorescent
residue 7-bromo-4-nitrobenzofurazan to octreotide. Octreo-
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tide and PSC-833 were from Novartis (Basle, Switzerland).
Fluorescein-methotrexate and BODIPY-verapamil were pur-
chased from Molecular Probes (Eugene, OR, U.S.A.). All

other chemicals were purchased from commercial sources at
the highest purity available.

Capillary isolation

Capillaries of porcine brain were isolated by mechanical
treatment of cortical grey matter. For that purpose, 1 ±

2 mm cubes of brain tissue were transferred into te¯on
chambers containing 1.5 ml of ice-cold bu�er, consisting of
(mM) NaCl 103, KCl 4.7, CaCl2 2.5, KH2PO4 1.2, MgSO4

1.2, NaHCO3 25, glucose 5 and sodium-pyruvate 1 (pH
7.4 adjusted by gassing with 95% O2/5% CO2). Under a
dissecting microscope, the tissue cubes were teased with

®ne forceps to release capillaries. The capillaries rapidly
adhered to the chamber ¯oor, a 464 mm glass cover slip.
After dissection, the chambers containing bu�er and
capillaries were gassed and covered with 60 mm culture

dishes. All experiments with capillaries were performed in
the closed and gassed chambers at room temperature. The
experiments were carried out immediately after capillary

isolation, although it was possible to store the capillaries
in bu�er for 2 ± 3 h at 48C without signi®cant functional
changes.

Protein determination and analyses of enzymatic activities

Protein concentrations were determined by the Bradford
method (Biorad, Munich, Germany). The activity of the
capillary marker enzymes alkaline phosphates (E.C.3.1.3.1)
and g-glutamyltranspeptidase (E.C.2.3.2.1) were determined

as described before (Nobmann et al., 2001).

Peptide stability

Isolated capillaries were incubated with 0.5 mM NBD-
octreotide for 60 min in a 0.5 ml incubation tube. The

suspension was homogenized in a small glass homogenizer
with tight ®tting pestle. After centrifugation at 10,0006g for
5 min, the supernatants were analysed for proteolytic
degradation of the peptide by high performance thin layer

chromatography on silica 60 plates using CHCl3/methanol/
50% aqueous solution of acetic acid (7 : 3 : 1) as solvent.
Fluorescence was identi®ed by UV-detection.

Immunohistochemistry

Isolated capillaries were ®xed on slides for 20 min with 3%
paraformaldehyde, 0.1% glutaradaldehyde and 3.4% sucrose
in PBS, washed, permeabilized for 15 min with 1% (v v71)

Triton X-100 in PBS and washed again. Then, the capillaries
were incubated for 1 h with the primary antibodies C219 for
detection of P-gp and M2III-6 for detection of MRP2 (Alexis
Biochemicals, GruÈ nberg, Germany). After washing, the

capillaries were incubated for 40 min with the corresponding
¯uorochrome conjugated secondary antibody, FITC-conju-
gated rabbit anti mouse IgG, at a 1 : 20 dilution (Roche,

Mannheim, Germany) for 1 h in a humid chamber in the
dark. Stained capillaries were viewed using confocal micro-
scopy.

Western blot experiments

For the detection of P-gp, Mab C219 (Alexis, GruÈ nberg,
Germany) was used. For the detection of multidrug resistance
related protein 2 (Mrp2) the rabbit polyclonal antibodies

k78Mrp2 (van Aubel et al., 1998) and M2III-6 (Alexis) were
used. Brush border membranes isolated from rat duodenum
(Schmitz et al., 1973) served as positive control for P-gp and

Mrp2. Electrophoresis and protein transfer were performed
with a Mini protean II apparatus and a Mini Trans-Blot cell
(Biorad, Munich, Germany). Nitrocellulose membranes were

Figure 1 Western blot detection of p-glycoprotein (A) and Mrp2
(C) in homogenates from freshly isolated porcine brain capillaries
(right lanes: brain capillaries; left lanes: detection in brush border
membranes from rat jejunum serving as positive controls).
Immunostaining of isolated capillaries shows localization of p-
glycoprotein (B) and Mrp2 (D) at the luminal membrane of the
endothelial cells. Representative ®gures from three separate isola-
tions.
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incubated for 2 h at 378C with the antibodies C219 for

detection of P-gp (1 : 20 diluted) and M2III-6 (1 : 50 diluted)
or k78Mrp2 (1 : 200 diluted) for detection of MRP2. After
washing, the membranes were incubated for 1 h at room

temperature with the corresponding horseradish peroxidase-
conjugated secondary antibody (rabbit anti mouse IgG and
goat anti rabbit IgG respectively, both 1 : 1000 diluted (Dako,

Glostrup, Denmark). After washing P-gp and Mrp2 were
detected using enhanced chemiluminescence (ECL) reagent
(Amersham, Buckinghamshire, U.K.).

Fluorescence microscopy

Confocal microscopy was carried out as recently described

(Miller et al., 2000). Brie¯y, capillaries were isolated rapidly
as described above in a te¯on chamber containing 1.5 ml of
Krebs-Henseleit-medium, pH 7.4, with ¯uorescent com-

pounds (1 mM) and added transport e�ectors. Capillaries
were preincubated with e�ectors for 30 min before addition
of the ¯uorescent compound. Previous kinetic studies

indicated that BODIPY-verapamil can be used as a marker
substrate for p-glycoprotein (Lelong et al., 1991; Simmons et
al., 1995). In addition, based on substrate and inhibitor
speci®city studies in isolated renal proximal tubules and brain

capillaries we have found that transport mediated by Mrp2
can be monitored using a ¯uorescent methotrexate derivative,
FL-MTX (Masereeuw et al., 1996; 2000; Miller et al., 1997;

2000). Both ¯uorescent compounds were used as marker
substrates for P-gp and Mrp2, respectively, in the present
study.

The chamber ¯oor was a 464 cm glass cover slip through
which the tissue could be viewed by means of an inverted
confocal laser scanning microscope (Leica, Bensheim,

Germany). The capillaries in the chamber were viewed
through a 636 water immersion objective (NA 1.2), using
the 488-nm laser line of an Argon/Krypton laser. Photo-
bleaching of the ¯uorescent compounds was avoided by using

a low laser intensity (520% of maximum intensity). Under
the conditions used tissue auto¯uorescence was not detect-
able. Fluorescent compounds were dissolved in DMSO and

added to the incubation medium. Earlier experiments had
demonstrated that the concentrations of DMSO used (51%)
had no signi®cant e�ect on transport of the ¯uorescent

labelled compounds (Miller et al., 2000). To make a
measurement, a ®eld with several capillaries was selected
and an epi-¯uorescence image was acquired by averaging 4

frames. Mean cellular and luminal ¯uorescence intensities
were measured from stored images using the Scion Image
software (Beta 3b, Scion Corporation, Frederick, MD,
U.S.A.) as described (Miller et al., 2000).

Statistics

Data are given as means+s.e. Means were considered to be
statistically di�erent, when the probability value (P) was less
than 0.05 by use of Student's t-test.

Figure 2 (A) Accumulation of NBD-octreotide in the lumen of a freshly isolated porcine brain capillary at steady-state (30 min).
(B) Luminal accumulation of ¯uorescent peptide is signi®cantly reduced by 1 mM NaCN; representative for 24 measurements from
three di�erent capillary isolations.

Figure 3 Inhibition of luminal accumulation of NBD-octreotide by
increasing concentrations of unlabelled octreotide. Data given as
means+s.e. for 12 capillaries.
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Results

Capillary isolation and immunostaining

Mechanical treatment of cortical gray matter from pig brain
yielded capillary fragments of 0.15 ± 0.5 mm length. These

fragments were morphologically and enzymatically character-
ized. The endothelial marker enzymes alkaline phosphatase
and g-glutamyltranspeptidase showed an enrichment of

activity compared to that of the brain homogenates of
32+1 fold and 19+4 fold, respectively. Incubation of the
capillaries with FITC-Dextran 4000, a marker for para-

cellular permeability, showed that no ¯uorescent compound
permeated into the capillary lumen within 60 ± 90 min of
incubation, suggesting that the integrity of the tight junctions

had been maintained during that time period. Western blots
con®rmed the presence of P-gp and Mrp2 (Figure 1).
Immunostaining localized both transporters to the luminal
membrane of capillary endothelial cells (Figure 1), con®rming

our recent observations for rat capillaries (Miller et al., 2000).

Transport experiments

In initial experiments, we con®rmed by high performance thin
layer chromatography that degradation of NBD-octreotide

was neglegible during the time of incubation. Less than 2%
of detectable ¯uorescence in supernatants from capillary

homogenates was di�erent from the control before incuba-
tion. Incubating porcine brain capillaries in medium contain-
ing 1 mM NBD-octreotide led to a striking accumulation of
¯uorescence in the aqueous capillary lumen. The time course

of accumulation was rapid. After 5 ± 10 min, a bright
¯uorescence appeared within the capillary lumens, rose
rapidly and reached steady-state after approximately

30 min. At that time, cellular ¯uorescence exceeded ¯uores-
cence in the medium 5 ± 6 times and luminal ¯uorescence was
2 ± 4 times higher than the cellular ¯uorescence. Fluorescence

within the luminal plasma membrane, which may be caused
by nonspeci®c binding of NBD-octreotide to membrane
lipids, was clearly lower than the ¯uorescence within the

luminal space. Figure 2 shows a representative confocal
micrograph of an NBD-octreotide-exposed capillary. Figure 2
also shows that steady-state luminal accumulation of NBD-
octreotide was reduced 70 ± 75% by the metabolic inhibitor

NaCN (1 mM), which had only a small e�ect on cellular
¯uorescence.
When unlabelled octreotide was added to the incubation

medium at increasing concentrations (10 ± 50 mM), a slight
increase in cellular ¯uorescence could be observed. However,
in parallel a signi®cant decrease of luminal ¯uorescence was

Figure 4 Excretion of NBD-octreotide into porcine brain capillary lumens in the absence (A,E) and presence of p-glycoprotein
substrates/inhibitors:10 mM cyclosporin A (B), 5 mM PSC 833 (C), 50 mM verapamil (D). The Mrp2 substrate LTC4 (0.3 mM) also
reduces NBD-octreotide excretion (F). Images are representative for images from capillaries from ®ve separate isolations.
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seen, indicating that labelled and unlabelled octreotide used
the same excretory pathway (Figure 3). Furthermore, PSC-
833, Cyclosporin A and verapamil, all substrates of p-

glycoprotein, substantially reduced the luminal accumulation
of NBD-octreotide (Figure 4). Transport was also substan-
tially diminished, when the capillaries were pre-incubated
with 0.3 mM of the Mrp2-substrate LTC4 (Figure 4). Thus,

accumulation of NBD-octreotide in capillary lumens was
concentrative, energy-dependent and speci®c. Based on the
inhibition pattern and immunostaining, p-glycoprotein and

Mrp2 appear to be involved. Therefore, interactions of
octreotide with transport of BODIPY-verapamil and ¯uor-
escent methotrexate, both being marker substrates for p-

glycoprotein (Lelong et al., 1991; Simmons et al., 1995) and
Mrp2, respectively (Masereeuw et al., 1996; 2000; Miller et
al., 1997; 2000) were studied. Figure 5 shows that luminal

accumulation of BODIPY-verapamil was reduced by PSC-
833 and ivermectin and that luminal accumulation of FL-
MTX was reduced by LTC4. For both substrates, unlabelled
octreotide reduced luminal accumulation, consistent with this

somatostatin analogue interacting with both transporters
(Figure 5).

Discussion

Little is known about the cellular mechanisms responsible
for the poor permeation of somatostatin analogues into the
brain. For example, only small amounts of radioactively

iodinated Tyr-somatostatin-(1-14)pentadecapeptide cross the
blood brain barrier in vivo (Banks & Kastin, 1985), and a
negligible amount of octreotide passes the barrier in vitro,
presumably through a paracellular pathway (Jaehde et al.,

1994). Previous studies (Abbruscato et al., 1997) using
CTAP, a cyclic, penicillamin-containing octapeptide, that is

structurally related to somatostatin, also indicated that entry
into the brain was by passive di�usion rather than by
saturable transport. Similar observations were made with a

series of somatostatin analogue octapeptides (Banks et al.,
1990). In contrast, transport of peptide from CNS to blood
was found to be saturable (Banks et al., 1990; 1994;
Kitazawa et al., 1998), although the mechanism responsible

remains to be identi®ed. These previous results indicate that
two elements appear to limit entry of somatostatin and its
analogues to the brain: low passive permeability and

mediated e�ux.
We recently described a confocal microscopy-based experi-

mental system that provides information about cellular

mechanisms of excretory transport (brain to blood) in intact,
isolated brain capillaries (Miller et al., 2000). With this
experimental technique, active transport of compounds into

the small luminal space of the capillaries can be visualized
and measured. To the extent that it occurs, speci®c transport
from cells to medium is more di�cult to assess. Using this
system, we demonstrated the ATP-driven drug e�ux pumps,

p-glycoprotein and Mrp2, were important components of the
blood brain barrier, functioning at the level of the luminal
membrane of brain capillary endothelial cells. This put the

transporters in the correct location to both drive xenobiotics
out of the CNS and to limit xenobiotic entry. These
observations added to the growing body of evidence

indicating that the barrier has both passive and active
components and that ABC transporters contribute to the
latter. In the present study, we used this experimental system

to examine mechanisms that could be responsible for the
brain to blood transport of a ¯uorescent octreotide
derivative, NBD-octreotide. This octreotide derivative ex-
hibits a pharmacokinetic behaviour very similar to that of the

parent peptide (Fricker et al., 1991; Drewe et al., 1993;
Gutmann et al., 2000).

Figure 5 Transport of the p-glycoprotein-substrate BODIPY-Verapamil (medium concentration 1 mM) and the Mrp2-substrate Fl-
methotrexate (medium concentration 1 mM) into porcine brain capillary lumens in absence (control) and presence of inhibitors of p-
glycoprotein and Mrp2, respectively and in presence of octreotide. Grey bars indicate luminal ¯uorescence intensity, white bars
cellular ¯uorescence intensity. Data given as mean+s.e. for 10 capillaries. *Signi®cantly di�erent from control (P5 0.05).
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Our confocal images show that NBD-octreotide accumula-
tion in the lumens of porcine brain capillaries was reduced to
cellular levels or below by metabolic inhibition (NaCN),

unlabelled octreotide and by both p-glycoprotein and Mrp2
substrates, respectively. In contrast, neither octreotide nor the
p-glycoprotein and Mrp2 substrates had any e�ect on cellular
accumulation of NBD-octreotide. This suggests, that cellular

accumulation of the ¯uorescent octreotide derivative is not
carrier mediated, an observation that agrees with previous
studies on other somatostatin analogues (Banks et al., 1990;

Abbruscato et al., 1997). Consistent with the inhibition
pattern for NBD-octreotide transport, we found that
unlabelled octreotide was a potent inhibitor of luminal

accumulation of a p-glycoprotein substrate and an Mrp2
substrate. All of these ®ndings point to p-glycoprotein and
Mrp2 as the active components of the blood brain barrier

contributing to the low penetration of the somatostatin
derivative, octreotide, into the CNS. In this regard, in liver
and kidney, ABC-transporters also are responsible for the
active excretion of somatostatin analogues across the bile

canalicular membrane and proximal tubular brush border
membrane, respectively (Yamada et al., 1998; Gutmann et
al., 2000).

ABC transporters also carry other peptides out of the
brain, such as Met-enkephalin analogue derivatives of d-
opioid receptor selective peptide D penicillamine (DPDPE)

(Witt et al., 2000), cyclosporin A (Begley, 1992; Tsuji et al.,
1993) or some small model peptides between 2 and 3 amino
acids length (Chikhale et al., 1995). In addition, e�ux

transporters seem to be involved in brain to blood transport
of several peptides of neurologic relevance, like oxytocin
(Durham et al., 1991) or corticotropin releasing hormone
(Martins & Banks, 1996), although the molecular nature of

these transporters has not yet been clari®ed.
Taken together, all data suggest that ABC transporters

may have a more general function in clearing the CNS from

peptides. Our experiments together with the previous ®ndings
(Banks et al., 1990; 1994; Kitazawa et al., 1998) as well as
preliminary inhibition experiments with octreotide derivatives

(data not shown) argue that ABC transporters play a major
role in preventing somatostatin analogue peptides from entry
into the central nervous system. This may be of special

importance for the treatment of somatostatin sensitive brain
tumours and the interpretation of diagnostic somatostatin
receptor scans, when tumours are shielded by an intact blood
brain barrier.

This study was supported by the German Research Foundation
DFG-Grant FR1211/6-2, and a Grant of Baden-WuÈ rttemberg's
Research Center Program: ABC-Proteins and Drug Transport.
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