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Abstract Background: Erucylphosphocholine (ErPC)
has been shown to exert strong antineoplastic effects
against various brain tumor cell lines in vitro. Since
ErPC only enters the brain after long-term treatment,
ineffective drug delivery to the tumor is considered to be
the reason for the moderate responses to chemotherapy
with ErPC observed in animal brain tumor models. We
investigated a recently described method for chemically
opening the blood-brain barrier (BBB) using intraarte-
rial administration of alkylglycerols to increase the
transfer of ErPC into the brain.Methods: ErPC (40 mg/
kg) was given to C6 glioma-bearing rats either as a single
intracarotid bolus injection in the presence or absence of
1-O-pentylglycerol (300 mM) or as an intracarotid in-
fusion in conjunction with bradykinin. Brain tissue
concentrations were analyzed and compared to values
obtained after intravenous ErPC treatment over 14 and
30 days (cumulative ErPC doses of 210 and 350 mg/kg,
respectively).Results: Pentylglycerol-inducedBBBopen-
ing resulted in a significant increase inErPCdelivery to the
tumor (17-fold) and, to a lesser extent, to the surrounding
ipsilateral brain (7-fold) compared to intraarterial ErPC
administration without alkylglycerol (P<0.05). Further-
more, the resulting ErPC concentrations in the brain
tumor exceeded those obtained in tumor and tumor-free
brain after long-term intravenous ErPC administration.
In contrast to this, intracarotid bradykinin did not
increase the transfer of ErPC to the tumor or tumor-free

brain. Conclusions: The intracarotid administration of
pentylglycerol represents a novel and nontoxic method of
overcoming the limited access of ErPC to both brain tu-
mors and brain tissue adjacent to tumors. The present re-
sults provide further evidence that chemical opening of the
BBB by intraarterial alkylglycerols is a promising new
concept for improving delivery of chemotherapeutic
agents to brain tumors.
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Introduction

Erucylphosphocholine (ErPC) is a new derivative of the
alkylphosphocholine (APC) family exerting strong
antineoplastic effects against a variety of tumor cells in
vitro and in vivo [4, 14, 17, 18, 19]. In contrast to hexa-
decylphosphocholine, the prototypical APC, ErPC can
be administered intravenously without causing hemolysis
[3, 5]. Biodistribution studies have shown that ErPC does
not enter the brain after a single bolus injection. How-
ever, intravenous (i.v.) injections repeated every 48 h
over periods of 2 and 4 weeks were followed by a sig-
nificant accumulation of ErPC in the brain parenchyma
[5]. Consequently, the effectiveness and mechanisms of
action of ErPC in the treatment of brain tumor cell lines
have been investigated in more detail [14, 15]. Due to its
cell membrane-mediated mechanisms of action, ErPC is
thought to be capable of overcoming the chemoresistance
against standard anticancer agents frequently observed
in high-grade gliomas [16]. Surprisingly, in animal
experiments, i.v. ErPC in the treatment of brain tumors
has shown only moderate antitumor effects. This has
been attributed mainly to the slow increase in brain tissue
concentrations after repeated ErPC administration [4].

Recently, we described a new and very effective
method of enhancing the delivery of chemotherapeutic
drugs to the brain [6]. The intraarterial (i.a.) coinjection
of short-chain alkylglycerols and anticancer drugs
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results in a well-controllable increase in drug concen-
trations in both normal brain and brain tumor tissue.
Furthermore, no organotoxic side effects have been
observed in long-term toxicity studies [8]. An intracar-
otid bolus administration of pentylglycerol is followed
by rapid urinary elimination and there is no accumula-
tion of the substance within the brain. Thus, alkylgly-
cerols are thought to offer an effective strategy for
increasing drug transfer to the brain without significant
toxicity.

In the present study, the access of ErPC to brain
tumor tissue and to normal brain was investigated using
i.a. ErPC administered in the absence and in the pres-
ence of 1-O-pentylglycerol. The results were compared
with those obtained using intracarotid bradykinin for
chemical opening of the blood-brain barrier (BBB) and
with those after long-term i.v. ErPC treatment.

Materials and methods

Chemicals

ErPC was synthesized by H. Eibl as previously described [5]. For
i.v. injections, ErPC was dissolved in ethanol and water (4:96, w/v)
to a final ErPC concentration of 8 mg/ml. This stock solution was
sterilized by filtration (Minisart 0.2 lm; Sartorius, Göttingen,
Germany) and stored at 4�C. For i.a. administration, three differ-
ent ErPC formulas (1–3) were used. The ErPC dose was set at
40 mg/kg body weight (BW) and all solutions were freshly prepared
before injection as follows: (1) ErPC was dissolved in ethanol and
distilled water as for i.v. administration (4:96 w/v; ethanolic ErPC);
(2) to avoid ethanol-induced effects at the BBB, an ethanol-free
solution containing ErPC (10.25 mg/ml) and the adjuvants
1.2-myristoyl-sn-glycerol-3-phosphoglycerol-sodium (1.5 mg/ml),
and propandiol-(1.2) (12 mg/ml) was prepared (aqueous ErPC =
control, and bradykinin group); (3) ErPC was dissolved in pen-
tylglycerol and the mixture was diluted with water to a final pen-
tylglycerol concentration of 300 mM (pentylglycerol-ErPC). The
synthesis of (rac)-1-O-pentyl-glycerol (3-pentoxy-propylene glycol)
has been described elsewhere [5] and the purity was assessed by
HPLC. The adjuvants were added to the control solution to
counteract the hyperviscosity of ErPC in water that would other-
wise have resulted in the formation of gel phases. The osmolalities
of the solutions averaged 242, 258 and 276 mOsm/kg, respectively.
Bradykinin was purchased from Sigma (Deisenhofen, Germany).

Animals

Male Wistar rats weighing between 230 and 305 g were used. The
animals were kept under conventional controlled conditions and
had free access to a standard diet (Altromin) and tap-water during
the whole experimental period. The experiments were carried out in
accordance with the German Law on the Protection of Animals.

Implantation of central venous catheters

Silicone catheters (Silastic, 0.51 mm ID · 0.94 mm OD; Dow
Corning Corporation, Midland, Mich.) were prepared as described
by Harms and Ojeda [10]. The tubes were filled with heparinized
normal saline and the ends were sealed with a 24-gauge pin. Rats
were anesthetized using intraperitoneal ketamine/xylazine hydro-
chloride (90 lg/7.5 lg per gram BW) and the catheters were
inserted into the superior vena cava via the external jugular vein as
described elsewhere [5].

Tumor implantation

Animals received intraperitoneal ketamine/xylazine hydrochloride
(90 lg/7.5 lg per gram BW) and C6 cells were inoculated stereo-
tactically into the right putamen of rats weighing 190 to 230 g as
described by Erdlenbruch et al. [4]. A volume of 10 ll of C6 cell
suspension (107 cells/ml) was injected.

Treatment groups

Intravenous ErPC treatment

ErPC was given repeatedly by i.v. injections via a central venous
catheter. Two different treatment regimens were administered. In a
first group (constant dose regimen), ErPC was injected repeatedly
over 30 days at intervals of 48 h at a dose of 25 mg/kg BW (n=6).
Due to the rapid growth of C6 gliomas the inoculation of C6 cells
was performed 10 days after the beginning of the ErPC treatment
to guarantee a treatment period of 30 days. In a second group,
ErPC was given immediately after implantation of C6 cells. Ani-
mals in this experiment (saturation regimen) were treated over
14 days and received a rapid i.v. ErPC saturation (day 1, 50 mg/kg;
day 2, 40 mg/kg; day 4 to day 8, 20 mg/kg; and day 11, 20 mg/kg;
n=6). For i.v. injections, the ErPC solution was heated to 37�C
followed by sterile filtration.

Intraarterial ErPC treatment

C6 gliomas were inoculated as described above and tumors were
allowed to grow until clinically manifest (12 to 23 days after tumor
implantation). ErPC was then given into the right internal carotid
artery in the presence of 1-O-pentylglycerol (300 mM, n=6) or in
the absence of 1-O-pentylglycerol either as an ethanolic (n=5) or
ethanol-free aqueous solution (n=5). The i.a. injection procedure
has been described elsewhere in detail [5]. Briefly, the right external
carotid artery was cannulated in a retrograde manner. Blood
pressure and heart rate were recorded via the left femoral artery
with a Statham transducer (Gould, Oxnard, Calif.). ErPC solutions
were slowly injected at a flow rate of 6 ml/min, for a total of 800 to
1175 ll of drug solution (depending on the ErPC formulation and
individual dose) followed by rinsing with isotonic saline (325–
400 ll). Antegrade blood flow was interrupted during the injection
by clamping the common carotid artery. A total volume of 1.2 to
1.5 ml ErPC and physiological saline were injected over 12 to 15 s
using a Hamilton dispenser (Microlab, Hamilton, Bonaduz,
Switzerland). The pentylglycerol-induced ErPC transfer to the
brain was compared with the effects of bradykinin-mediated BBB
opening (n=6). Bradykinin was infused into the right internal
carotid artery at a rate of 10 lg/kg per min for 15 min as described
by Nomura et al. [27]. The intracarotid administration of ErPC
(40 mg/kg; formula 2) was started 5 min after the start of bra-
dykinin, and ErPC was infused within 15 min. In all experiments,
5 min after completion of the i.a. ErPC administration, blood
samples were withdrawn and brains were removed.

Analysis of ErPC concentrations

At the end of the i.v. ErPC treatment (day 14 or 30), rats were
anesthetized using ketamine (60 mg/kg i.v.) and heparinized with
an i.v. bolus of 300 U/kg. The left ventricle was cannulated and
blood samples were withdrawn. The animals were then perfused
with 100 ml Ringer’s solution. In the 30-day treatment group
(constant dose regimen), brain, fat tissue, liver and kidneys were
removed for quantitative ErPC analysis and histological evaluation
of the organs. In the 14-day treatment group (saturation regimen),
only the brains were removed and stored at –20�C until ErPC
analysis.

In the intracarotid ErPC groups, blood samples were with-
drawn 5 min after ErPC administration. Again, the animals were
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perfused with Ringer’s solution before removal of the brains and
these were frozen until further analyses could be carried out.

ErPC concentrations were analyzed by high-performance thin-
layer chromatography (HPTLC) as previously described [5, 22].
Tissue concentrations were determined separately in the tumor and
surrounding tumor-free brain ipsilateral to the injection site, as well
as in the contralateral hemisphere and the cerebellum. The lower
detection limit of this method was 10 to 12 nmol/ml. The results are
presented as picomoles per milligram wet weight.

Hematological and clinical chemical parameters

Hematological and serum parameters were determined in order to
evaluate the toxicity of the alkylglycerols. Parameters were deter-
mined twice before and once after i.v. ErPC treatment as well as
after intracarotid ErPC injection with and without BBB modifica-
tion. Blood cells were counted using a hematocytometer (Minos
STE; ABX, Göppingen, Germany). The serum parameters Na, K,
Ca, glucose, protein, aminotransferases (GOT, GPT), lactate de-
hydrogenase, bilirubin and creatinine were analyzed using a
Beckman autoanalyzer (Synchron CX5D; Beckman, Munich,
Germany).

Statistical evaluation

For statistical analysis of the data, Student’s t-test was used to
compare means across treatment groups. Mean values ±SD are
reported.

Results

Using increasing doses from 10 to 40 mg/kg, both single
i.v. and single intracarotid bolus injection of ErPC re-
sulted in brain concentrations under the detection limit
of 12 nmol/mg (data not shown). However, in the first
group receiving repeated i.v. ErPC injections (constant
dose regimen; 25 mg/kg every 48 h over 30 days; cu-
mulative dose 350 mg/kg), an ErPC accumulation was
found in the brain with tissue concentrations averaging
152±53 pmol/mg, which exceeded serum levels by
about 1.7-fold (Fig. 1A). Tissue levels of ErPC in liver
and kidney were higher and those of fat tissue lower
than the CNS levels. In view of earlier biodistribution
studies using lower ErPC doses (20 mg/kg) [5], we ex-
pected the concentrations of ErPC in the tumor-free
brain parenchyma to be higher than the levels found in
the present study. Unfortunately, brain tumor concen-
trations could not be determined in this group of ani-
mals since large parts of the tumor had been used for
histopathological evaluation (data not shown). ErPC
treatment was well tolerated by the animals. The clinical
and histological examinations showed no signs of ErPC-
induced toxicity. Furthermore, assessment of laboratory
parameters revealed no changes during ErPC treatment.

In the second group receiving i.v. ErPC treatment
(saturation regimen), a rapid and more pronounced
drug accumulation was achieved in both tumor tissue
and surrounding tumor-free brain (Fig. 1B). ErPC
concentrations averaged 264 pmol/mg in the tumor and
244 pmol/mg in the remaining tumor-free brain. Thus,
even though the cumulative ErPC dose was significantly

lower using the saturation regimen (210 mg/kg com-
pared to 350 mg/kg given in the constant i.v. ErPC
group), a significantly higher ErPC transfer into the
CNS was achieved (P<0.05). On the other hand, the
higher initial ErPC doses were associated with attenu-
ated weight gain or stagnant body weight, a clinical sign
of ErPC-induced toxicity (Fig. 2). However, laboratory
and morphological examinations revealed no other signs
of toxicity.

The single i.a. ErPC injection in the presence of 1-O-
pentylglycerol resulted in very high ErPC concentrations
in brain tumor tissue (Fig. 3D). Compared to control
animals receiving i.a. ErPC without pentylglycerol
(aqueous and ethanolic ErPC groups) and with those
receiving intracarotid bradykinin, a marked increase in
drug delivery to the brain tumor and to the ipsilateral
and contralateral tumor-free brain was achieved
(P<0.05). The increased access of ErPC to the brain
after coinjection with pentylglycerol was also associated
with significantly lower plasma levels of ErPC (P<0.05).
Of particular interest is the fact that the pentylglycer-
ol-mediated BBB opening appeared to be more

Fig. 1A, B. ErPC concentrations in brain tumors, surrounding
brain and peripheral organs after long-term i.v. ErPC treatment. A
Constant dose regimen: treatment over 30 days, ErPC (25 mg/kg)
given repeatedly at 48-h intervals (cumulative dose 350 mg/kg).
ErPC concentrations were only determined in tumor-free brain
(*P<0.05 compared to brain). B Saturation regimen: ErPC
treatment over 14 days, ErPC injected on day 1 at 50 mg/kg,
day 2 at 40 mg/kg, day 4 to day 8 at 20 mg/kg and day 11 at
20 mg/kg (cumulative dose 210 mg/kg). Concentrations are given
as picomoles per milligram wet weight, means±SD
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pronounced in the tumor tissue, as evidenced by the
concentration difference between tumor (289 pmol/mg)
and surrounding brain tissue (ipsilateral, 163 pmol/mg;
P<0.05, Fig. 3). In contrast to this, i.a. bradykinin was
not followed by an increase in ErPC concentrations in
either tumor tissue or surrounding tumor-free brain.

Using ethanolic ErPC, there were higher ErPC con-
centrations in all brain regions than after the use of
aqueous ErPC (P<0.05). Thus, ethanol itself induced an
increase in BBB permeability and the ethanolic ErPC
solution was therefore not suitable as a control to assess
the pentylglycerol-associated effects at the BBB.

Discussion

Serial i.v. ErPC administrations have been shown to
result in an accumulation of this new APC derivative in
the brain and considerable amounts of the drug have
been found within the CNS after 4 weeks of ErPC
treatment [5]. However, in contrast to the potent cyto-
toxic effects of ErPC against numerous brain tumor cell
lines in vitro, only a moderate therapeutic effect has been
achieved when using ErPC for the treatment of rat
gliomas [4]. This has been attributed at least in part to
ineffective ErPC concentrations within the brain at the
beginning of the treatment. Since the induction of brain
tumors in these experiments was followed by rapid tu-
mor progression and death, the treatment periods were
too short to allow significant ErPC-induced tumor re-

duction. The need for adequate drug delivery to the
tumor or for longer treatment periods had already been
inferred from previous studies in MNU-induced mam-
mary carcinomas using oral chemotherapy with hexa-
decylphosphocholine or ErPC [19, 24]. Thus, to prove
the putative excellent antitumor effects of ErPC against
highly malignant brain tumors, new treatment concepts
for opening the BBB and increasing drug delivery to the
tumor target have to be developed.

Fig. 2. Change in body weight of animals treated with i.v. ErPC
(closed circles constant dose regimen over 30 days, open circles
saturation regimen over 14 days; see Fig. 1)

Fig. 3A–D. ErPC concentration in brain tumors, tumor-free brain
and serum after a single i.a. administration of ErPC in the absence
or presence of intracarotid 1-O-pentylglycerol or bradykinin. A
Intracarotid injection of aqueous ErPC 40 mg/kg without alkyl-
glycerol. B Intracarotid administration of ethanolic ErPC (water/
ethanol 96/4 w/v; 40 mg/kg) without alkylglycerol. C Intracarotid
infusion of aqueous ErPC 40 mg/kg in conjunction with intracar-
otid bradykinin infusion (10 lg/kg per min). D Intracarotid
coinjection of 40 mg/kg ErPC and 300 mM pentylglycerol (brain
ipsi brain tissue ipsilateral to the ErPC injection, brain contra brain
tissue contralateral to the ErPC injection, u.d.l. under detection
limit of 10 nmol/ml). Values are given as picomoles per milligram
wet weight, means±SD (#P<0.05 normal brain vs tumor tissue,
*P<0.05 vs respective specimen in D)

c
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The BBB constitutes a major impediment to chemo-
therapy of malignant tumors in the CNS, since most
anticancer drugs are unable to reach the tumor target at
therapeutic concentrations [20, 26]. The osmotic dis-
ruption of the BBB by i.a. infusion of hypertonic
mannitol significantly increases drug delivery to normal
brain tissue and to brain tumors, and it has been re-
ported to be effective in the chemotherapy of patients
with primary lymphoma of the CNS [2] and malignant
glioma [9, 20]. However, mannitol increases drug
transfer predominantly to the normal brain rather than
to the tumor itself [11, 13, 25] and this effect lasts for
several hours [28], thereby increasing the potential for
toxicity. In contrast, pharmacological modification of
the BBB by bradykinin or its analog lobradimil (RMP-
7) allows a highly specific increase in drug delivery to
brain tumors [12, 27]. In experimental tumor studies as
well as in clinical trials, the increase in drug transport to
the tumor has been described as weak [1, 21, 23]. Thus,
there is a need for new concepts to overcome the limited
access of chemotherapeutic drugs to the brain and to
brain tumors.

Chemical opening of the BBB by i.a. alkylglycerols
has already been described in earlier animal experiments
and a significant accumulation of several drugs was
achieved in the brain after coinjection with different al-
kylglycerol derivatives, as compared to controls without
pentylglycerol [6]. In the present study, we demonstrated
an impressive pentylglycerol-mediated increase in ErPC
concentrations in both brain tumor (17-fold) and sur-
rounding brain tissue (7-fold), whereas intracarotid
bradykinin failed to enhance the concentrations of ErPC
in the CNS. In order to verify the surprisingly low ErPC
levels found in the tumors of bradykinin-treated ani-
mals, tissue samples were reevaluated by HPLC analysis.
ErPC concentrations found using HPLC were as low as
those found using HPTLC and tissue levels in the tumor
and ipsilateral brain were less than 5 pmol/mg.

With i.a. administration of 1-O-pentylglycerol and
ErPC, a slight tumor-to-brain selectivity was demon-
strated resulting in ErPC concentrations in the tumor
exceeding those of the surrounding brain by 2.2-fold (see
Fig. 2). In contrast, we have recently found no tumor-
to-brain selectivity in C6 glioma-bearing rats after
intracarotid coinjection of 1-O-pentylglycerol and met-
hotrexate [6]. The delivery of methotrexate was
increased 18-fold in the tumor and 28-fold in sur-
rounding brain, as compared with controls without
pentylglycerol. Thus, the extent of drug penetration and
the spatial distribution in the brain appear to be influ-
enced not only by structural modifications of the alkyl-
glycerols [7], but also by the physicochemical properties
of the coadministered cytotoxic drug. Regarding the
tumor tissue, however, the pentylglycerol-induced in-
crease in drug concentrations was equal for both met-
hotrexate and ErPC.

The lack of acute toxicity of the pentylglycerol-asso-
ciated BBB opening, as assessed by circulatory parame-
ters, and hematological and clinical chemistry values, is

consistent with results recently obtained after intracaro-
tid administration of several short-chain alkylglycerols
(pentyl and hexyl analogs). Moreover, no clinical, labo-
ratory or histopathological signs of long-term pentyl-
glycerol-induced toxicity have been observed [8].

In conclusion, pentylglycerol-induced BBB opening
dramatically increased the tissue concentrations of ErPC
in the tumor and surrounding brain after i.a. injection,
whereas intracarotid bradykinin was ineffective. The
ErPC levels measured in the CNS also exceeded those
obtained after long-term i.v. treatment. Thus, alkylgly-
cerols represent a novel instrument to increase delivery
of chemotherapeutic agents to brain tumors but also to
more distant regions of the brain containing infiltrating
and migrating cells that might be responsible for tumor
recurrence. The selectiveness of the effect in favor of the
tumor tissue reduces the potential for toxicity in the
normal brain. I.a. administration of ErPC in the pres-
ence of alkylglycerols is a promising new concept for
brain tumor chemotherapy.
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