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The blood-brain barrier (BBB) is of pivotal importance to maintain homeostasis of the 
central nervous system (CNS) as it closely regulates the composition of the interstitial 
fluid in the brain. Unfortunately, malignancies that grow within the CNS may evade 
chemotherapeutic drugs using the same barrier, making this disease refractory to most 
chemotherapy regimens. This review will outline the impact of the BBB in brain cancer 
and discuss the efforts that have been made to enhance the drug exposure of brain 
tumors. Although this review will focus on the role of the BBB in primary brain cancer 
(malignant glioma), its impact on brain metastases will also be briefly discussed.
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Introduction
The brain is among the best-perfused organs 
of the body (Figure 1A). Brain endothelial 
capillaries are interspaced at a distance of 
approximately 50 µm and provides a total 
surface area of about 20 m² (ref; 1, Figure 
1B). Owing to the density of the brain 
vascular bed, compounds that have good 
brain penetration can rapidly elicit their 
pharmacodynamic effects as exemplified 
by addictive drugs, such as alcohol and 
diacetylmorphine. Despite this, the brain 
is one of the least accessible sites for many 
pharmacologically active compounds, due to 
the presence of the blood brain barrier (BBB), 
which is an exquisitely controlled functional 
gate to the central nervous system (CNS). The 
BBB strictly regulates the brain internal milieu, 
thus protecting this delicate organ against 
the influence of harmful toxic substances. 
However, the downside is that it also 
restricts the entry of many potentially useful 
therapeutic drugs needed for treatment of 
diseases of the brain. This review will focus 
on the role of the BBB in brain malignancies, 
as the BBB is considered a major obstacle 
for effective chemotherapeutic treatment of 
tumors residing within the CNS. 

The Blood-Brain Barrier
The discovery that the brain is a more 
protected area dates back to 1885 when 
Ehrlich showed that brain, in contrast to 
other tissues, was not stained after systemic 
administration of the dye substance Evans 
Blue. The principal components of the BBB 
are the brain endothelial cells that are linked 
together by complex tight junctions (ref; 
2, Figure 2). Owing to these tight junctions, 
passage through the intercellular space of 
the endothelial cells is restricted to small, 
hydrophilic molecules, although it should 
be noted that a small size alone does not 
guarantee efficient BBB penetration (1). 
Consequently, entry of most substances 
into the brain requires transcellular passage 
of molecules, which is limited, however, by 
the absence of fenestrae and by the low 

endocytic activity of the cerebral capillary 
endothelium. These two factors are mainly 
responsible for the impermeability of the 
capillary wall. Besides the endothelial 
cells, two other cell types, pericytes and 
astrocytes, also contribute to the BBB 
(Figure 2). To a certain extent these cells are 
directly involved as the pericytes and the 
foot processes of the astrocytes intimately 
surround the endothelial cell resulting in a 
secondary, albeit not perfectly tight, lipid 
layer. However, even more importantly is the 
paracrine signaling between these three cell 
types, providing the brain endothelium with 
it’s unique characteristics (3, 4).

AA

BB

Figure 1. Brain vasculature. (A) Human brain 
vasculature. A plastic emulsion was injected 
into brain vessels and brain parenchymal tissue 
was dissolved. Reprinted with permission 
from Zlokovic and Apuzzo Neurosurgery 1998 
43(4):877-878. (B) Scanning electron micrograph 
of the mouse cerebral vasculature. The bar 
indicates a length of 25um, which is about the 
size of a single neuron. Artery (a), Venule (v). 
Reprinted with permission from Satomi J. et al., 
Stroke 2003, 34(3):783-789, LWW Publishers.
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As uptake of most compounds into brain 
tissue requires transcellular passage, the 
BBB is equipped with a range of uptake and 
efflux transporters for essential nutrients 
and disposal of waste products (ref; 1, 
Figure 2B). Essential nutrients are delivered 
to the brain by selective uptake transport 
mechanisms, such as the glucose transporter 
and a variety of amino acid transporters. 
However, compounds that have no endo-
genous transporter can only enter by 
passive diffusion and their permeabilities are 
determined by lipid solubility (octanol:water 
partition coefficient), molecular weight (less 
than 400-500 Da) (5), degree of ionization, 
plasma protein and tissue binding, affinity 
for specific carriers and local cerebral blood 
flow. However, many compounds that 

comply with these molecular characteristics, 
demonstrated a much lower brain pene-
tration than expected. It has now been well 
established that most, if not all, of these 
exceptions can be explained by the fact 
that these compounds are a substrate of the 
efflux transporters that are located at the 
apical side of the brain endothelial cells. 
The best studied example in this respect is 
the ATP-binding cassette (ABC)-transporter 
P-glycoprotein (P-gp, ABCB1), a 170-kD 
transmembrane protein with a very wide 
substrate specificity, that was initially dis-
covered in 1976 for its ability to confer 
multidrug resistance in tumor cells (6). In 
particular by utilizing the P-gp knockout 
mouse model, it has become clear that this 
transporter is responsible for the limited brain 

Drug 
transporters

Amino-acid 
transporters

Glucose 
transporters

TJ

TJ

Brain

Capillary 
lumen 
(blood)

A

B

Endothelial cell Mitochondria

Astrocyte
end- foot

Figure 2. The blood-brain  barrier. (A) The blood-brain barrier (BBB) is formed by  brain capillary endothelial cells 
that are closely associated with astrocytic end-feet processes and pericytes to form a functional BBB. (B) These 
endothelial cells are interconnected with tight junctions (TJ). Furthermore, the BBB is equipped with a range of 
uptake and efflux transporters. Modified from Cecchelli R. et al., Nature Reviews Drug Discovery, 2007 (6) 650-661.  
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penetration of a wide range of compounds (7, 
8). More recently it was shown that the ABC 
half-transporter Breast Cancer Resistance 
Protein (BCRP, ABCG2) also limits the brain 
penetration of potentially important sub-
stances, such as imatinib (9). 

Brain tumors
The term brain tumor is generic for a variety 
of neoplasms growing within the CNS.  
They can roughly be distinguished into 
primary brain tumors and secondary tumors 
(metastases), originating from a primary 
tumor located outside the brain. Primary 
CNS tumors can be classified in tumors that 
arise from neuroepithelial tissue, such as 
astrocytic and oligodendroglial tumors, and 
tumors that arise in the meninges, or from 
peripheral nerves, lymphatic tissue and germ 
cells (10, 11). Of all tumors growing in the brain, 
metastases are by far the most common, 
whereas glial tumors are the most abundant 
of all primary CNS neoplasms. Glial tumors are 
classified and graded based on pathological 
examination using the most malignant area 
identified according to the World Health 
Organization (WHO) system (10). Gliomas are 
histologically distinguished into astrocytic 
and oligodendroglial tumors or mixed 
tumors with morphological features of both 
astrocytes and oligodendrocytes, termed 
oligoastrocytomas (10). Grading from I (more 
benign) to IV (highly malignant) reflects the 
severity of the disease. Histological features 
associated with increasing grades are based 
on the presence or absence of nuclear atypia, 
mitotic activity, microvascular proliferation, 
and (pseudopalisading) necrosis. For more 
detailed pathologic descriptions of glioma 
types and their grading, see (10).

Besides this traditional classification based 
on histology, advancing knowledge in the 
molecular biology of brain cancer now 
allows for a classification based on the 
molecular pathways that are driving the 
malignant processes (12, 13). Clearly, the 
pathways involved are not unique to brain 

cancer, but are shared by many other cancer 
types (14). Understanding these molecular 
pathways provides opportunities in terms 
of identifying drugable targets that may 
allow the development of more rationally 
designed (molecular targeted) therapies 
(15). In gliomas, three broad categories of 
molecular abnormalities can occur; 

Abnormalities of extracellular growth •	
factors and their receptors (epidermal 
growth factor (EGF/EGF receptor [R]) and 
platelet-derived growth factor (PDGF/
PDGF receptor [R]), 
Abnormalities in signal transduction •	
cascades (RAS and AKT pathways),
Abnormalities in molecules that control •	
the cell cycle (INK4A-CDK-RB and ARF-
MDM2-P53 pathways). 

The extent of the genetic abnormalities 
parallels the course of the disease. Whereas 
mutations in P53 and overexpression of 
PDGF(R) appear to be sufficient for driving 
low-grade gliomas, high-grade gliomas 
(glioblastoma multiforme [GBM]) harbor a 
range of molecular abnormalities, which 
include overexpression, amplification and 
mutations of EGFR, loss of INK4A/ARF, and 
mutations/inactivation of Phosphatase and 
tensin homolog (PTEN) and retinoblastoma 
genes.

The prognosis of brain tumors strongly 
depends on their subtype and grading. 
Whereas patients with low-grade astro-
cytomas may survive for many years after 
initial diagnosis, the survival of patients with 
grade IV astrocytomas (GBM) is usually less 
than 1 year (11). Unfortunately, this latter 
subtype is the most frequent form of brain 
cancer. Moreover, low-grade tumors usually 
evolve into a secondary high-grade GBM 
upon acquiring additional genetic lesions. 
Most brain tumors cause edema, which is a 
significant cause of patient morbidity and 
mortality. This edema is a consequence of 
a local disruption of the BBB by impaired 
capillary endothelial tight junctions, 
whereas locally upregulated expression 
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of the membrane water channel protein 
aquaporin-4 may restrict the drainage of 
extracellular fluid from the tumor bed into 
the brain parenchyma (16). 

The treatment options for brain tumors also 
differ between subtypes. Whereas therapy 
may be deferred in many cases of low-grade 
tumors until progression of the disease, high-
grade tumors should be treated as soon as 
possible. Importantly, however, irrespective 
of their grading, primary brain tumors almost 
invariably display marked infiltrative growth 
characteristics with tumor cells traveling long 
distances (centimeters) away from the central 
part into the surrounding normal brain tissue. 
Therefore, brain tumors constitute a disease 
that is systemic to the brain and intervention 
should target the whole brain. For this reason 
surgical resection, although effective for 
palliation and prolonged survival, is never 
curative. Whereas the prognosis for patients 
suffering of malignant glioma has largely 
been unchanged for many decades, some 
more promising developments made during 
recent years appear to offer a perspective for 
better therapies, albeit the improvements 
are still very modest. Radiation therapy is 
the most effective nonsurgical therapy for 
astrocytomas. The treatment of anaplastic 
astrocytoma and GBM is identical. Resection 
is the initial intervention followed by 
involved-field radiotherapy if the tumor is not 
larger than 3 cm in diameter and not located 
immediately adjacent to critical structures. 
The use of chemotherapy in addition to 
cranial irradiation was more controversial (17), 
until recently. Typically, chemotherapeutic 
agents, such as carmustine (BCNU), pro-
carbazine, lomustine and vincristine have 
been used. Whereas oligodendrogliomas are 
generally more responsive to chemotherapy, 
high-grade glioblastoma is much more 
refractory (18). Approximately 5 years ago,
temozolomide was approved for the 
treatment of recurrent anaplastic astro-
cytoma and glioblastoma. Temozolomide 
is an orally active alkylating agent that has 

shown efficacy against (recurrent) GBM with 
manageable side effects (19). More recently, 
a large randomized clinical trial showed a 
significant survival benefit for temozolomide 
in combination with radiotherapy compared 
to radiation alone (20). This study provides 
the basis for the new standard treatment of 
newly diagnosed GBM, where patients are 
treated with daily low-dose temozolomide for 
six weeks concomitantly with radiotherapy.

Whereas primary brain cancer is a devastating 
but fortunately relatively rare disease, brain 
metastases occur much more frequently. The 
brain appears to be a fertile soil for circulating 
tumor cells (21). It has been estimated that 20 
to 50% of patients suffering from neoplasms 
of breast, lung or skin (melanoma) will develop 
brain metastases as a consequence of their 
disease. Whereas complications induced by 
advanced primary tumors or metastases in 
vital organs may kill the patient before the 
brain metastases can cause severe symptoms, 
improvements in the therapy of such lesions 
outside the CNS may increase the likelihood 
that CNS lesions will become symptomatic 
and affect treatment outcome (22). Whereas 
whole brain radiotherapy is commonly 
applied, the efficacy of chemotherapy for 
treatment of brain metastases is still not well 
defined. Yet, there appears to be growing 
consensus that systemic chemotherapy may 
be a useful addition (23-25). 

The important role of the BBB in the 
treatment of brain tumors
High-grade glioblastomas are highly 
angiogenic tumors and, consequently, these 
tumors harbor new and leaky blood vessels 
(26). In fact, this leaky vasculature allows for 
the diagnosis by contrast-enhanced magnetic 
resonance imaging (MRI) using gadolinium as 
contrasting agent (27). Therefore, an obvious 
question arises as to whether the BBB really 
presents a problem in the chemotherapeutic 
treatment of brain tumors, as drugs should 
similarly gain access into these lesions. 
However, the BBB is certainly a major problem 
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since, as outlined above, one of the hallmarks 
of high-grade gliomas is their pleiomorphic 
growth characteristic. The more central 
parts of the tumor may not present the 
biggest problem, in particular not when it is 
amenable to surgery. The challenge, however, 
is to reach the outer rim of the tumor and the 
malignant cells that infiltrate into surrounding 
brain where the BBB is still functional. Thus, 
the efficacy of chemotherapy will depend 
on the agent(s) capability to penetrate the 
BBB sufficiently in order to reach therapeutic 
levels, a criterion that seems to be met by few 
chemotherapeutic drugs only. 
In contrast to gliomas, brain metastases 
may form lesions with relatively well 
defined boundaries that incorporate leaky 
blood vessels upon progression due to 
neovascularisation (21, 28). However, the BBB 
will still be able to protect smaller metastases 
from adequate therapy as these may still be 
behind an intact BBB (28). Moreover, some 
tumor types appear to have the capacity of 
growing much more invasively alongside 
existing blood vessels (29). 

Modalities for circumvention of the BBB
Several strategies for enhanced drug delivery 
from the blood into the brain tumors have 
been tested in preclinical and clinical settings. 
These include:

Direct bypassing of the BBB by intratu-•	
moral or intraventricular chemotherapy
Osmotic disruption of the BBB structure •	
or more selective opening of the BBB by 
use of bradykinin (analogs)
Targeted drug delivery into the brain •	
using uptake carriers
Inhibition of drug efflux transporters.•	

  
Intratumoral chemotherapy
With the recognition that the BBB hinders 
the treatment of brain tumors by systemic 
therapy, circumvention of the BBB by simply 
administering the agents directly behind the 
BBB may seem a rational approach, as this 
might result in locally high drug levels with 

minimal systemic exposure (toxicity). Direct 
delivery can be performed by intraventricular 
infusion, intratumoral injection or infusion 
using implantable computer-driven constant 
infusion pumps or by implantation of bio-
degradable polymer matrices. Various chemo-
therapeutic compounds have been examined, 
but a limiting factor is the poor diffusion of 
most drugs deeper into the surrounding 
brain (30). Moreover, drug access into the 
brain parenchyma after intraventricular drug 
infusion is further restricted by the relative 
small surface area of the cerebrospinal (CSF)-
brain interface and because of the rapid 
draining of CSF contents into the blood 
stream (31).
Intracerebral implants are biodegradable 
polymers that have a continuous release 
of active drug and they are placed in the 
cavity remaining after surgical resection of 
the tumor. Preclinical studies demonstrated 
that polymers, which delivered high 
concentrations of BCNU locally, were well 
tolerated and did not show inflammatory 
reactions, neurological deterioration, or 
hematological changes (32). Furthermore, 
clinical trials with biodegradable polymers 
loaded with 3.8% of BCNU (Gliadel®) demon-
strated safety and efficacy (33-35), resulting in 
approval of Gliadel by the United States Food 
and Drug Administration (US FDA). Although 
the improvement was significant, patient 
benefit is very modest, as Gliadel shifts 
median survival of GBM patients from only 
11.6 to 13.9 months. Further clinical studies 
are being performed using higher (up to 20%) 
BCNU loadings (36). Besides BCNU, polymers 
loaded with other chemotherapeutic drugs, 
such as paclitaxel (37), camptotecin (38) 
and platinum drugs (39) are also being 
investigated. However, the major drawback of 
this method remains that it relies on diffusion 
for drug distribution, which is probably 
insufficient to reach the whole tumor region 
within the brain. To overcome the limitations 
of diffusion, the technique for convection 
enhanced delivery (CED) of solutes has 
been developed (40, 41) and tested against 
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experimental brain tumors (42, 43). This 
method involves the placement of one or 
more intracranial catheters connected to 
an infusion pump, which allows pumping of 
the therapeutic agent directly into the target 
tissues by applying a pressure gradient. An 
advantage of this approach is that it allows 
the delivery of low- and high-molecular-
weight compounds to relatively large areas 
of the brain (41, 44). However, rapid efflux 
of drug from the brain tumor and marked 
heterogeneity of drug distribution within 
tumors after CED administration, may be 
potentially limiting factors in drug delivery 
by this method (45, 46). Whereas several 
preclinical studies have demonstrated the 
efficacy of CED, the relatively small size of 
these lesions may render murine tumor 
models less suitable to mimic drug delivery 
by CED in human tumors. So far, results 
of clinical trials using CED for delivery of 
anticancer drugs have not yet been reported. 

Osmotic disruption of the BBB structure
The osmotic disruption method of the 
BBB was suggested for the first time by 
Rapoport and colleagues (47) in 1972 and 
further pioneered and standardized by Kroll 
and Neuwelt (48). This method is based 
on the idea that intra-arterial infusion of 
hypertonic solutions, such as mannitol or 
arabinose will cause osmotic shrinkage 
of endothelial cells. This shrinkage places 
stress on the tight junctions that constitute 
the anatomical basis of the BBB, resulting in 
disconnection of the tight junctions (49). This 
reversible enlargement of the intercellular 
spaces between the endothelial cells 
would enhance the paracellular diffusion 
of hydrophilic substances through the BBB 
and increase concentrations of therapeutic 
agents in the brain. It has been demonstrated 
in both preclinical animal models (48, 50) and 
in clinical studies that increased delivery 
of compounds can be achieved in the CNS 
after osmotic blood brain barrier disruption 
(BBBD) (51). However, a major drawback of 
this nonselective BBB opening method is the 

fact that it not only enhances the entry of 
chemotherapeutic agents, but also for many 
other molecules, including macromolecules 
like albumin. This may result in major adverse 
effects, such as rebound edema, seizures 
and chronic neuropathological changes. The 
osmotic BBBD method in conjunction with 
intra-arterial delivered chemotherapy has 
been studied extensively in Phase I and Phase 
II designs. The most promising results have 
been reported in adult patients with primary 
CNS lymphoma (52, 53). Although clinical 
studies have reported improved survival in 
patients with malignant brain tumors, the 
results of these noncontrolled studies are 
not yet conclusive. (54, 55). Currently, Fortin 
and colleagues are performing a randomized 
Phase III study for patients with GBM (56) and 
the results of this study might determine the 
future of BBBD as a treatment modality in 
brain cancer.

More selective opening of the BBB 
Another approach to increase the permea-
bility of the BBB is the use of vasoactive 
substances. Endogenous receptors that 
are expressed on the surface of endothelial 
cells at the BBB can be stimulated by 
histamine, leukotrienes and bradykinin, 
resulting in enhanced permeability of the 
BBB by opening of the tight junctions (57-59). 
Most extensively studied are the agonist 
bradykinin and its high-affinity analog 
RMP-7 (Cereport®; Labradimil). Because these 
receptors are more expressed in tumor vessels 
than in normal brain vessels, administration 
of bradykinin would offer the possibility 
of selective opening the BBB in the tumor 
and thus, reduce the chance for toxicity 
as encountered with the osmotic BBBD 
method. Studies of Black and colleagues
demonstrated that very low concentrations 
of intracarotid bradykinin or RMP-7 were 
sufficient to increase BBB permeability to 
a range of radiolabeled compounds, such 
as carboplatin (60-62). This effect was only 
achieved in tumor vessels and not in vessels 
in the normal brain. RMP-7 was further 
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developed as it had greater selectivity for 
the constitutively expressed bradykinine 
B2 receptor and a long plasma half-life 
allowing intravenous administration (63, 64). 
Unfortunately, however, a randomized Phase 
II trial conducted in patients with malignant 
glioma receiving carboplatin with or without 
RMP-7 failed to demonstrate a treatment 
benefit (65). The authors suggest that this 
might be due to insufficient enhancement of 
the BBB permeation because of an insufficient 
dose of RMP-7. However, it may also be due to 
an insufficient opening of the blood vessels 
in the brain adjacent to the tumor by RMP-7 
(where tumor cells are present) owing to its 
selectivity for tumor vessels (66). The lack 
of efficacy is probably not due to intrinsic 
resistance of GBM to carboplatin because 
evidence of activity has been reported after 
local delivery of this agent (39). 

Approaches for targeted drug delivery into the 
brain
Besides the aforementioned drug delivery 
strategies that are based on the opening 
of tight junctions, alternative approaches 
that enhance transcellular passage through 
the brain endothelial cells to improve drug 
delivery into the brain are being explored. 
These approaches are established by carrier 
or receptor-mediated drug delivery using 
endogenous uptake transporters or by using 
cell-penetrating peptides. Carrier-mediated 
systems include the GLUT1 glucose trans-
porter and the large neutral amino acid 
transporter (LAT)-1. The latter has been used 
to deliver L-DOPA in Parkinson’s disease 
(67). Receptor-mediated transcytosis makes 
use of endogenous receptors, such as 
the transferrin receptor (68) or the insulin 
receptor (69) that are highly expressed on the 
capillary endothelium of the brain. Improved 
drug uptake is achieved by conjugation 
of the drug to transferrin or insulin as this 
conjugate is endocytosed by the endothelial 
cells. Receptor-mediated endocytosis may be 
particularly suited for the delivery of larger 
molecules and vectors (molecular trojan 

horses, ref; 1). It was shown that transport 
vectors, such as the OX26 murine monoclonal 
antibody to the rat transferrin receptor (68) 
and the 83-14 murine monoclonal antibody 
to the human insulin receptor (69), resulted in 
a four-fold or nine-fold greater BBB passage, 
respectively. Both of these vectors have 
been used to deliver peptides and proteins 
in animal studies but not for oncologic 
purposes (70).

In recent years several cell-penetrating 
peptides, such as SynB vectors have been 
described that allow the intracellular delivery 
of polar, biologically active compounds. 
Drugs coupled via a spacer to SynB probably 
cross the BBB by adsorption-mediated 
endocytosis (71). Potentially interesting 
preclinical results have been reported 
with the anticancer drugs doxorubicin 
(72) and paclitaxel (73). However, further 
development for its use in oncology awaits 
the validation of this delivery system in 
humans that is currently ongoing using SynB 
for delivery of morphine-6-glucuronide for 
pain management as an alternative to mor-
phine. Another development to increase 
drug diffusion through the BBB is the use of 
nanoparticles. Nanoparticles are polymeric 
particles made of natural or artificial polymers 
that can carry drugs attached to their surface 
(74). Some potentially useful results with 
these nanoparticles have been reported in 
preclinical studies, but further investigations 
are needed.

A point that should be addressed when 
testing targeted delivery strategies is whether 
the drug of interest really reaches through 
the BBB into the brain parenchyma. A drug 
that utilizes a carrier that is only expressed at 
the luminal side of endothelial cells or in case 
of an endocytosed drug-conjugate of which 
a substantial fraction of the drug is released 
in the endothelial cells, further distribution of 
this compound will be dependent on passive 
diffusion. Consequently, agents that do not 
easily cross cell membranes may become 
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more or less sequestered in the endothelial 
cells and/or its surrounding pericyte and may 
not be able to reach the tumor cells.
 
Inhibition of drug efflux transporters
ABCB1 (P-glycoprotein), the archetype of an 
ABC-transporter, is expressed at strategic 
barrier sites, such as the luminal side of the 
endothelial cells that build the BBB (75, 76) 
and at the apical side of enterocytes lining 
the intestinal wall (77). Due to its expression 
at these locations, ABCB1 limits the brain 
penetration (7) and oral bioavailability (78) 
of substrate drugs. Interestingly, however, 
ABCB1 appears to be much more efficient 
in restricting the entry of substrate drugs 
into the brain than preventing uptake from 
the gut. For example, the substrate drug 
imatinib has an excellent oral bioavailability 
[>90%, (79)], but a poor brain penetration 
that is significantly enhanced in Abcb1 
knockout mice (80). The finding that ABCB1 
performs much better at the BBB than at 
the intestinal barrier may be due to several 
reasons, including a much higher local 
(intra-intestinal) drug concentration at the 
intestinal barrier than in the blood at the 
BBB and the fact the intestine is designed 
for uptake of a wide variety of compounds 
and, therefore, is equipped with a diverse set 
of uptake carriers. Transcellular passage of 
compounds that are able to utilize an uptake 
carrier may take place at such a rate that 
ABCB1 is unable to keep up with this. Due to 
relative paucity of uptake carriers at the BBB, 
very few compounds will be able to utilize 
an existing carrier for entry into the brain. A 
consequence of this very efficient guarding 
of the brain by ABCB1 is that its absence 
results in a significant (10- to 100-fold) gain 
in the brain penetration of many compounds 
(81-83). This renders inhibition of ABCB1 an 
appealing strategy to improve the delivery 
of chemotherapeutic agents to brain tumors 
(84, 85), in particular since ABCB1 expression 
has also been detected in newly formed 
blood vessels in GBM (86, 87). However, it 
should be noted that inhibition of ABCB1 is 

far more difficult to achieve at the BBB barrier 
compared wit the intestine. Whereas the 
potent ABCB1 inhibitor elacridar was able 
to completely inhibit ABCB1 in the gut and 
increase the oral bioavailability of paclitaxel 
to the level achieved in Abcb1 knockout mice 
(88), only partial inhibition was achieved in 
the brain, even when elacridar was given at a 
much higher dose intensity (84).

Moreover, besides ABCB1, several other 
ABC-transporters have been identified at the 
BBB, including members of the multidrug 
resistance-associated protein (MRP; ABCC) 
family, and Breast Cancer Resistance Protein 
(BCRP; ABCG2) (89). ABCG2 mRNA was first 
detected in human brain homogenates (90) 
and subsequently the protein was detected 
and found to be localized at the luminal 
membrane of brain endothelial cells (91). 
Similarly, homologs of ABCG2 were detected 
in brain endothelial cells of other species, 
such as pigs (92) and mice (93, 94). Importantly, 
quantitative experiments demonstrated a 
substantially higher expression of ABCG2 
in tumor vessels from malignant glioma 
patients relative to nonmalignant brain 
vessels (89, 95). Despite the fact that ABCG2 
is present at the same location in the BBB 
as ABCB1, the importance of ABCG2 in 
limiting the brain distribution of substrate 
drugs was questioned by the finding that 
mitoxantrone and dehydroepiandrosterone 
sulphate brain accumulation was not higher 
in Abcg2 knockout mice (93). However, more 
recently, Breedveld and colleagues have 
demonstrated that Abcg2 was a major factor 
limiting the BBB penetration of imatinib 
(9). Further in vivo studies with other ABCG2 
substrates will help to unravel the relevance 
of this transporter on drug efflux by the BBB. 
The expression and localization of members 
of the ABCC family (MRP 1-9; ABCC1-6,
ABCC10-12) in the BBB is more controversial. 
To date, no information is available on 
MRP7-9 (ABCC10-12). By using quantitative 
polymerase chain reaction assays Nies et 
al. detected ABCC1-5 but not ABCC6 in 
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human brain (96). Their study failed to 
detect ABCC2 and 3 by immunofluorescence
microscopy, but did demonstrate expression 
of ABCC1, 4 and 5 that were found to be located 
at the luminal side of the brain endothelial 
cells. This result was more or less in line 
with a previous study using cultured bovine 
endothelial cells (97), although in this latter 
study ABCC4 was also found to be localized 
in the basolateral membrane. A similar type 
of study investigating the expression of a 
range of ABC transporters in mice, however, 
showed that the murine isoform of ABCC1 
in the BBB was localized in the basolateral 
membrane (76), which would be in line with 
the reported basolateral location of ABCC1 in 
other tissues such as placental trophoblasts, 
hepatocytes and choroids plexus (98-102). 
Moreover, Soontornmalai and colleagues 
(76) were able to detect the murine isoforms 
of ABCC2 and 3 by immunofluorescence 
microscopy, although the expression of 
Abcc2 was strain dependent, being absent 
in FVB mice but present in C57BL/6 mice. In 
the C57BL/6, Abcc2 appeared to be present 
throughout the endothelial cells, whereas 
most other reports on the localization of 
Abcc2 show that this transporter is located at 
the luminal side (103, 104).

The impact of the ABCC family members 
on the brain distribution of substrates has 
not been firmly established. The brain 
distribution of etoposide was not enhanced 
in Abcb1/Abcc1 relative to Abcb1 knockout 
mice (102), which would argue against a 
luminal expression of ABCC1. ABCC4 was 
reported to be involved in the extrusion of 
topotecan from the brain (105). However, this 
result is somewhat controversial, as topo-
tecan appears to be a very weak substrate 
of ABCC4 (106). Overexpression of ABCC2 
has been demonstrated in epilepsia patients 
who were refractory to therapy (104), but 
evidence for a causal relationship is so far 
circumstantial and not supported by drug 
distribution studies.

Novel molecular-targeted drugs and the 
BBB 
As outlined above the various molecular 
pathways that drive malignant brain tumors 
are becoming more and more clear and 
this knowledge allows the development of 
drugs that interfere in these processes. As 
an example, the tyrosine kinases EGF and 
PDGF and their receptors will be focused 
on. Abnormalities of EGF(R), such as EGFR 
gene amplification, protein overexpression, 
and expression of mutant forms that are 
constitutively active are common in many 
types of cancer (107, 108). Moreover, an 
association between EGFR overexpression 
and poor prognosis was shown in many types 
of cancer (109). These factors make EGFR an 
attractive target for therapy and currently 
all major pharmaceutical companies with a 
focus on oncology are developing inhibitors 
or have them already on the market. Gefitinib 
(Iressa®, ZD1839) was the first EGFR inhibitor 
approved by the FDA1 for non-small cell lung 
cancer (NSCLC), later followed by cetuximab 
(Erbitux®) for metastatic colon cancer and 
erlotinib (Tarceva®, OSI774) for NSCLC. EGFR 
abnormalities are also commonly observed 
in brain cancer (110). Approximately 50% 
of all glioblastomas display EGFR gene 
amplifications, whereas a substantial part of 
these patients also express the constitutively 
active mutant EGFRvIII (111). 

Receptor tyrosine kinase inhibitors have 
shown promising results in preclinical and 
clinical studies. A preclinical study with oral 
treatment with gefitinib showed marked 
efficacy against intracerebral tumors expres-
sing wild-type EGFR resulting in increased 
survival, whereas tumors harboring the 
EGFRvIII mutant may be more resistant to 
gefitinib as treatment failed to inhibit the 
growth of these tumors (112). Furthermore, 
gefitinib was well tolerated and responses 
were observed in a Phase II trial in patients 
with recurrent glioblastoma (113). Activity 
was also shown in several case reports in 
patients with brain metastases (114, 115).

1 The FDA has published an alert on June 2005 warning that a randomized phase III in NSCLC patients trial failed to 
  demonstrate a survival benefit by gefitinib
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Clinical efficacy was observed in a sub-
population of glioma patients receiving 
erlotinib alone or in combination with 
temozolomide (116). Interestingly, tissue 
specimens of this study were used to examine 
the relationship between molecular markers 
of glioma and their response to erlotinib 
(117). These results demonstrated that phos-
phorylated PKB/Akt is a strong predictor for 
erlotinib response. None of the 22 tumors 
expressing high levels of phosphorylated 
PKB/Akt responded to erlotinib, whereas 8 of 
18 tumors that lacked phosphorylated PKB/
Akt did respond. Furthermore, response was 
also associated with EGFR gene amplification 
and protein overexpresssion. This result is in 
agreement with data showing that EGFRvIII 
and PTEN are associated with responsiveness 
of glioblastoma to EGFR inhibitors (118). Based 
on these results further Phase II trials will be 
performed. The PDGFR inhibitor, imatinib 
(Gleevec®, STI-571), a drug that is successfully 
used in patients with chronic myelogenous 
leukemia by inhibiting the abl receptor 
kinases, is also tested for treatment of glioma 
as preclinical studies have demonstrated 
activity against intracranially grafted tumors 
(119). Imatinib has also demonstrated activity 
in clinical trials, especially when given in 
combination with hydroxyurea (120, 121).

It is most likely, however, that the distribution 
of the receptor tyrosine kinase inhibitors 
into the brain will be reduced by the BBB.  
Gefitinib, erlotinib, and imatinib with a 
molecular weight ranging from 400-600 
can only gain entry by transcellular passage. 
Although these drugs may have a favorable 
lipophilicity (octanol; water partition 
coefficient) for transcellular passage, it 
has been reported that these molecular 
targeted drugs are substrates of drug efflux 
transporters. Recently, it has been shown 
that the drug transporter ABCG2 has a high 
affinity to gefitinib (122, 123). Furthermore, in 
vitro and in vivo studies have demonstrated 
that imatinib is a substrate for both ABCB1 (80) 
and ABCG2 (9, 124). Results from Breedveld 

and colleagues suggest that inhibition of 
both ABCB1 and ABCG2 was more effective 
than inhibition of ABCB1 alone to increase 
the brain penetration of imatinib (9). This 
would imply that the therapeutic efficacy of 
receptor tyrosine kinase inhibitors might be 
enhanced by concomitant use of inhibitors 
of ABC-transporters. However, a potential 
problem may be that tumors need to be 
exposed to receptor tyrosine kinase inhibitors 
continuously to exert their activity, whereas 
continuous inhibition of ABC transporter 
activity at the BBB may result in undesired 
side effects.

Conclusion, expert opinion and five-year 
view
Malignant glioma accounts for the majority 
of primary malignant brain tumors and is one 
of the most challenging of all tumor types 
to treat because of its invasive/infiltrative 
growth throughout a key organ where radical 
surgery or intensive radiotherapy is not an 
option and by the presence of a barrier that 
limits the entry of potentially useful drugs. 
Therefore, it will require a multi-modality 
enterprise to improve the outcome of this 
devastating disease. 

Similar to most malignancies, surgical removal 
of as much as possible of the malignant tissue, 
in order to reduce the status of the tumor to 
something close to minimal residual disease, 
should be the starting point of treatment. 
After tumor resection, the next challenge 
is to chase and kill the residual tumor cells. 
Radiotherapy should play a role here, but 
the dosages that can be applied are limited 
by the vulnerability of the surrounding 
tumor-infiltrated brain tissue. Chemotherapy 
can only be a meaningful supplement 
in the treatment of gliomas when using 
technologies that will enable these drugs 
to cross the BBB in sufficient amounts for 
achieving therapeutic levels. It is important 
to realize that most new anticancer agents 
are not specifically designed to target brain 
tumors, but instead they are developed for 
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the treatment of more common (extracranial) 
tumor types and subsequently, more or less 
routinely, incorporated in Phase II trials for 
malignant glioma. Given the fact that the 
brain entry of most agents is hindered by 
the BBB, this strategy is likely to fail time after 
time, as it has done to date. An important 
lesson from these failures should be that we 
need to invest in the drug delivery issue as 
much as we do in trying to find new drugs. 
Targeted or local delivery may be a useful 
approach when the agent is too hydrophilic 
for BBB penetration, whereas the use of 
selective inhibitors of drug transporters 
may enhance the BBB penetration of more 
hydrophobic agents that are substrates of 
these transport proteins. In line with the multi-
modality efforts, it will also be important 
to implement combinations of drugs and 
delivery schemes from as early on as possible.  
For example, although it is unlikely that local 
delivery of an agent will reach the more 
distant tumor cells, the (moderate) survival 
benefit seen in patients treated with Gliadel 
wafers does imply successful killing of 
residual tumor cells located more near the 
center. This success may be further enhanced 
when combining this local delivery scheme 
with one that acts more general throughout 
the brain. An example of early combination 
of agents is the response observed with the 
EGFR inhibitor erlotinib in a subpopulation 
of patients whose tumors were characterized 
by EGFR expression and/or amplification 
and low levels of phosphorylated PKB/Akt. 
On the one hand, this antitumor activity 
might be further augmented when the BBB 
penetration of erlotinib is improved using 
inhibitors of drug transporters. On the other 
hand, the lack of a response in patients 
with activated PKB/Akt does not imply that 
EGFR inhibitors should not be used in those 
patients. Instead, as it is likely that (at least) 
one other oncogenic trigger, next to EGFR is 
driving the progression of the disease, it will 
be required to use a combination of the EGFR 
inhibitor together with another agent that 
interferes in this second stimulus.  Obviously, 

both agents should be delivered in such a 
way that they will penetrate the BBB. This 
proposed combined testing of experimental 
agents (from different companies) and 
experimental delivery strategies will be a 
major challenge with respect to the design of 
clinical trials. Modalities that will enhance the 
drug delivery of (cytotoxic) agents to brain 
tumors will also increase the drug exposure 
of the normal brain tissue. Consequently, a 
typical Phase I design will be required as these 
strategies may carry the risk of increasing 
the neurotoxic potential of otherwise safe 
agents. 

Unfortunately, we expect that within the 
next 5 years only minor advances will have 
been made in the treatment of malignant 
glioma. Certainly, within this time frame, 
knowledge regarding the molecular biology 
underlying cancer in general and malignant 
gliomas in particular, will have increased 
vastly. New potentially drugable targets 
will have been discovered as well as ideas 
how interventions in (combinations of) 
oncogenic pathways could be exploited to 
treat these diseases. However, as most drugs 
are developed for more general types of 
cancer and drug delivery through the BBB 
has not been made an integrated part in the 
development of novel molecular targeted 
agents, the outcome of clinical studies will be 
disappointing. Only if a new agent displays 
sufficient BBB penetration by coincidence, as 
appears to be the case with temozolomide, 
may we achieve some (modest) success. 
However, when we really want to make 
progression in the treatment of one of the 
most incapacitating malignancies, we should 
not rely on serendipity.
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High-grade gliomas (WHO grade III anaplastic astrocytoma and grade IV glioblastoma 
multiforme) are the most common primary tumors in the central nervous system in 
adults. Unfortunately, despite great efforts in finding better therapies, high-grade 
glioma remains among the most devastating and deadliest of all human cancers. 
During recent years, genetic and molecular alterations that underlie this disease have 
been identified and advanced our basic knowledge about gliomagenesis. Moreover, 
understanding the molecular biology has also led to the development of genetically 
engineered mouse models that resemble many of the features of human gliomas. 
Ideally, such “patient-like” models should be instrumental for preclinical testing of 
novel therapeutics, but thus far they have not yet been widely implemented for this 
purpose. This review will discuss the advantages and shortcomings of the established 
high-grade glioma mouse models with emphasis on their potential applicability for 
preclinical testing. 
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Glioma grading and prognosis
Gliomas are the most common primary 
central nervous system (CNS) neoplasms in 
adults. Glial tumors arise from neuroepithelial 
tissue and can be classified in astrocytic, 
oligodendroglial or oligoastrocytic tumors. 
Unlike other solid tumors, gliomas rarely 
metastasize to locations outside the CNS 
and, therefore, tumor grade is the primary 
determinant of clinical outcome. According 

to the World Health Organization (WHO), 
astrocytomas are classified into four grades 
(grade I to IV) based on histological features 
that are correlated with prognosis (1). Grade 
I tumors or pilocytic astrocytomas are 
rare and biologically benign with a low 
proliferative potential and a high possibility 
of cure following surgical resection. Grade 
II tumors display nuclear atypia and are 
associated with a survival period between 5 
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and 15 years. When enhanced proliferative 
activity is also present, tumors are classified 
as grade III anaplastic astrocytomas with 
survival times often less than 3 years. Grade 
IV tumors, also referred to as glioblastoma 
multiforme (GBM), are the most frequently 
found astrocytomas and histologically 
characterized by the presence of nuclear 
atypia, mitosis, endothelial (microvascular) 
proliferation and/or (pseudopalisading) ne-
crosis (1). These tumors have a very poor 
prognosis of approximately 1 year, which 
may be extended with a few months using 
surgery and radio/chemotherapy. GBMs can 
be distinguished into primary or de novo
GBM, which present at diagnosis as advanced 
tumors without clinical or histopathological 
evidence of a previously existing lower-
grade glioma and into secondary GBM which 
develop by progression from low-grade 
astrocytomas. Whereas primary GBM mainly 
affect the elderly (mean age of 62 years), 
secondary GBM is more common in younger 

patients (mean age of 45 years) (2). Despite 
these apparent differences in their course, 
primary and secondary GBM result from the 
acquisition of multiple partly distinct and 
partly overlapping genetic alterations (3).

Genetic and molecular alterations in human 
gliomas
Gliomas exhibit a variety of genomic 
alterations, which include overexpression 
and amplification of the growth factor 
receptors PDGFR and EGFR (Platelet Derived 
Growth Factor Receptor and Epidermal 
Growth Factor Receptor, respectively), 
mutation or deletion of PTEN (Phosphatase 
and TENsin homolog), deletion of the CDKN2 
locus which encodes p16INK4A, p14ARF and 
p15INK4B, mutation of P53, amplification and 
overexpression of MDM2, RB deletion and 
amplification of CDK4 (4, 5). These genetic 
alterations lead to signal transduction 
abnormalities and disruption of cell cycle 
regulatory pathways (6, 7). Abnormalities 
in signal transduction pathways result in 
constitutive activation of downstream 
pathways such as PI3K/AKT and RAS/MAPK 
that play a critical role in controlling cell 
proliferation, differentiation and apoptosis 
(8-11). Moreover, disruption of the p16INK4A/
CDK4/RB and p14ARF/MDM2/P53 cell cycle 
arrest pathways results in uncontrolled cell 
progression from the G1 restriction point into 
the S-phase and mitosis (12-14). An overview 
of the pathways is illustrated in Figure 1 
and in Figure 2. Whereas overexpression of 
PDGFR and mutations in P53 appear to be 
sufficient in the pathway leading to secondary 
glioblastomas, anaplastic astrocytomas 
(WHO grade III) mainly show deletion of 
p16INK4A, amplification of CDK4 and loss of 
RB. In addition to these mutations, primary 
GBMs also frequently show overexpression, 
amplification and/or mutations of EGFR, 
mutations and deletion of PTEN and deletion 
of CDKN2A (15). Importantly, however, it was 
recently reported that P53 is not only a key 
tumor suppressor in secondary GBM, but also 
in primary GBM (15-17).

p16Ink4a Cdk4/6/CyclinD

RB

E2F

Mdm2

p21

p53

p14/p19 Arf

AKT

Cdk2/CyclinE

ERK

Cell cycle arrest

p27

AKTERK

Cell cycle progression Cell cycle arrest

Figure 2. Cell cycle regulatory pathways. 
Cdk/Cyclin complexes phosphorylate the Retino-
blastoma protein (RB), which dissociates from the E2F. 
Activation of E2F results in transcription of various 
genes, such as cyclin E and A required for cell cycle 
progression. The cell cycle inhibitors p16, p19, p21 and 
p27 prevent cell cycle progression. p19  inhibits the 
activity of Mdm2 and thereby inactivates p53 that in 
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Glioma treatment
The presence of an intracranial lesion that 
resembles a glioma is usually suggested 
based on imaging by computed tomography 
(CT) or magnetic resonance imaging 
(MRI). Next, the tumor is either biopsied or 
surgically removed for histology to confirm 
the diagnosis. In most patients with low-
grade gliomas, therapy may be deferred 
until progression. However, in patients with 
high-grade gliomas (grade III and grade 
IV), therapy should be initiated as soon 
as possible. Current treatment for newly 
diagnosed GBM patients involves surgical 
resection followed by fractionated external-
beam radiotherapy with concomitant temo-
zolomide chemotherapy (18). Complete 
surgical resection of malignant glioma is 
impossible as tumor cells infiltrate deeply 
into the normal brain. Furthermore, although 
radiation therapy improves overall survival, 
side effects restrict further dose escalations. 
Until recently, the use of chemotherapy in 
addition to radiation was controversial (19). 
The efficacy of systemically administrated 
drugs is impeded by intrinsic resistance of 
glioma cells to these therapeutics as well 
as by poor drug delivery by the presence of 
the blood-brain barrier (BBB) (20). The only 
exception is the orally bioavailable alkylator 
prodrug temozolomide, which significantly 
improves overall survival of GBM patients 
when given in combination with radiation 
(18) and therefore temozolomide has become 
part of the standard treatment of high-grade 
gliomas. Furthermore, the local application 
of carmustine-loaded polymers (Gliadel 
wafers) followed by standard radiotherapy 
is an option for selected patients with newly 
diagnosed malignant glioma where a near 
gross total resection is possible (21-23).

Glioma mouse models
Modeling brain tumors in mice have 
allowed the identification of several genetic 
alterations that underlie these tumors and 
increased our insights into the molecular 
mechanisms involved in tumorigenesis, but 

may also assist in the discovery of potentially 
useful new targets for treatment. Furthermore, 
appropriate model systems might provide a 
better screen for preclinical testing of novel 
potentially therapeutic drugs. An overview 
of all high-grade glioma mouse models that 
have been established thus far is presented 
in Table 1. 

Orthotopic xenograft models
Orthothopic models are generated by intra-
cerebral injection of glioma cell suspensions 
(24-26) or solid explants (27) derived from 
human or rodent gliomas in immunodeficient 
mice. These models generate tumors 
with reproducible high incidence, growth 
rate and survival profile. In this way, large 
cohorts of identical tumors can easily be 
achieved and used for preclinical testing of 
therapeutic agents. However, these tumors 
often do not recapitulate the histological 
features that are characteristic for human 
gliomas, but form a relatively homogeneous 
mass of tumor cells that grow in an expansive 
pattern rather then diffusively infiltrating 
through the brain parenchyma as is typical 
for human gliomas. These massive tumors 
often have leaky vessels making them well 
accessible to systemically administered 
drugs. As the tumors will not develop 
through multiple stages in a normal cellular 
environment they also lack heterogeneity. 
Moreover, the genetic make up of the 
tumor cells are different from the original 
tumor due to selective pressure during cell 
culture, resulting in xenograft tumors that 
do not correctly represent the original tumor. 
Finally, there is a lack of immunological 
interactions between the tumor and the 
host. Consequently, orthotopic xenograft 
models can be valuable, particularly in early 
stages of drug development, but clearly have 
limitations that should be kept in mind when 
they are used for intervention studies.
 
To circumvent in vitro selection pressure by 
cell culturing, tumor pieces from glioma 
patients were directly transplanted and 



31

High-grade glioma mouse models

expanded in the flanks of mice before 
being heterotransplanted into the brain (28). 
These intracranial transplants resemble the 
human disease more closely than traditional 
cell suspensions. Interestingly, recently it 
has been demonstrated that human GBM 
harbors ‘tumor-initiating cells’ (29, 30), which 
can be maintained by culturing in serum-free 
culture medium containing EGF and bFGF 
(31). They represent a rare subpopulation of 
cells within the bulk of tumor cells that can 
give rise to new tumors upon transplantation 
of only very few cells. Moreover, these tumors 
are reported to display striking resemblance 
to the original tumors and reproduce the 
overall behavior of GBMs more closely 
than serum-cultured cell lines. This system 
may reveal new opportunities to identify 
novel tumor cell markers for diagnostic and 
therapeutic purposes. While transplantation 
of tumor pieces and grafting of tumor-
initiating cells appear to be promising model 
systems for preclinical testing of potentially 
useful agents, their use for such purposes has 
not yet been reported. 

Genetically engineered mouse (GEM) models 
Advances in molecular and genetic biology 
over the past several years have focused 
the modeling of gliomas on applying the 
genetic abnormalities seen in humans 
to mice. Genetically engineered models 
can be generated by germline or somatic 
modifications. 

Germline GEM models
Germline modifications in mice are intro-
duced by the gene-targeting technology 
in mouse embryonic stem cells and allow 
determination of the effects of gain-of-
function and loss-of-function mutations. 
In transgenic mice, the cDNA for a gene of 
interest is cloned downstream of a specific 
promoter-enhancer element into an ex-
pression vector which is microinjected into a 
fertilized oocyte and randomly incorporated 
into the host genome (32). Activation of 
growth factor signalling pathways is frequent 

in human astrocytomas. Transgenic mice 
expressing v-src, the oncogene of Rous 
sarcoma virus that interacts with the same 
signaling pathways as EGFR and PDGFR, 
under control of the glial fibrillary acidic 
protein (GFAP), developed astrocytoma-like 
tumors of varying malignancies at frequency 
of 14.4% (33). Essentially all GBMs exhibit Ras 
pathway activation (11). Interestingly, whereas 
mutations in RAS are frequently observed 
in other cancer types, they are rare in GBMs, 
suggesting that an activated RAS pathway 
is due to upstream events. Various germline 
models have indeed demonstrated that Ras 
activation contributes to gliomagenesis. 
Transgenic mice expressing moderate levels of 
GFAP-V12H-Ras developed astrocytomas that 
exhibited many pathological and molecular 
features of the human disease (34). These 
mice developed tumors at a high frequency 
(95%) and with a relatively short latency (2-6 
months). Interestingly, these Ras-induced 
astrocytomas exhibited additional molecular 
features, such as loss of PTEN, p16Ink4A and 
p19Arf, and overexpression of EGFR, which 
are alterations that are often found in human 
gliomas, suggesting that overexpression of 
V12H-Ras initiate additional genetic events 
that lead to the development of astrocytoma 
in mice. Another transgenic model used 
T121, a mutant of the SV40 T antigen, which 
binds to and inactivates the pocket proteins 
pRB, p107 and p130 (35). T121 was expressed 
in mice under the GFAP promoter and led 
to brain abnormalities and early postnatal 
death. However, by using a conditional allele 
early lethality was circumvented en T121 was 
turned on later in development, resulting 
in formation of anaplastic astrocytomas in 
close to 100% of cases within 10 months. The 
lifespan of these mice was even significantly 
shortened when the mice were heterozygous 
for a null PTEN allele (35).

Reilly et al. reported the first mouse model 
of astrocytoma initiated by loss of the 
tumor suppressor genes NF1 and TP53. 
NF1;Tp53 cis-heterozygous mice carrying 
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germline null mutations for both genes on 
the same chromosome, developed low- to 
intermediate-grade astrocytomas depending 
on the mouse genetic background (36). 
Secondary GBMs progress from low-grade 
astrocytoma and often are associated with 
loss-of-function of p53. As this model appears 
to recapitulate the genetic alterations seen in 
secondary GBMs, it might be useful to identify 
additional genetic alterations required for 
tumor progression. Subsequently, Zhu et al. 
combined a germline p53 mutation with a 
(conditional) neural-specific NF1 mutation 
and showed that not only inactivation of 
both p53 and NF1 is required for initiation 
of astrocytoma formation, but that the 
sequence of inactivation is also critical (37).

Germline modifications have shown to be 
very useful for the understanding of the role 
of individual genes and their mutations that 
contribute to tumorigenesis. Furthermore, by 
crossing modified strains of mice, cooperative 
effects of specific genetic alterations in tumor 
development can be studied. However, there 
are some concerns about germline GEM 
models that need to be taken into account. 
Firstly, because the initiating genetic event 
is present in all cells (or in large numbers of 
cells when using a tissue specific promoter), 
only genetic changes that produce a more 
subtle effect may be studied, as continued 
expression of a strong effector in wide 
population of cells may cause embryonic 
lethality or developmental defects. For 
example, the impact of loss of the tumor 
suppressor gene PTEN could only be studied 
by loss of heterozygosity as mice that are 
homozygous for PTEN deletion in GFAP cells 
suffer from hydrocephalus starting by week 
two after birth (38). As a further consequence, 
the induction of a tumor depends on the 
gain of (multiple) secondary genetic defects 
and this may result in a (very) long latency 
time. Moreover, different cells may acquire  
different kinds of secondary mutations that 
lead to malignant transformation resulting in 
a polyclonal and mixed composition of tumors. 

Additionally, compensatory mechanisms 
that balance the effects of the loss of tumor 
suppressor genes may be triggered and delay 
tumor onset. Overall, although germline 
GEM models have successfully been used 
to induce histologically and molecularly 
relevant glioma models, they may not the 
most appropriate models to use for preclinical 
intervention studies.

Somatic GEM models
More recently, techniques have been 
developed that allow control of gene 
expression in a particular organ, cell type 
or stage of development. Mouse models  
that included these techniques have several 
benefits over the germline GEM models. 
Conditional expression of a transgene can be 
achieved by placing a cis-acting conditional 
response element into the promoter of 
a transgene construct (39), which can be 
activated by co-expression of tetracylin-
inducible activators. Another strategy for 
conditional gene expression or gene silen- 
cing is by the use of Cre/loxP recombination.  
The Cre recombinase recognizes specific 
sequences, termed loxP sites, and recombines 
the DNA to excise the intervening sequences 
between the two loxP sites (40, 41). Cre 
recombinase can be expressed (with or 
without the use of a tissue-specific promoter) 
from germ-line, by the help of viral 
constructs, or when using the tamoxifen-
inducible murine estrogen receptor Cre-MER 
recombinase by administration of tamoxifen. 
Zheng et al. (42) very recently showed that 
GFAP specific deletion of p53 and Pten 
in mouse brain generated a penetrant 
acute-onset high-grade malignant glioma 
phenotype with pathological and molecular 
resemblance to primary GBM. Tumors devel-
oped in 73% of the hGFAP-Cre;p53lox/lox;Ptenlox/+ 
mice within 15 to 40 weeks [WHO grade III 
(66%) and IV (34%)], whereas only 4 out of 23 
tumors developed in hGFAP-Cre;p53lox/lox mice 
and none in hGFAP-Cre;p53lox/+;Ptenlox/+ mice. 
Importantly, by studying human primary GBM 
tissue, they also showed that inactivating 
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mutations of P53 occurred, thus indicating 
that, besides the already established role 
of P53 in secondary GBM, it also plays a 
pathogenetic role in primary GBM.

A third system for conditional oncogene 
expression is somatic cell gene-transfer by 
retroviral infection of mice, usually shortly 
after birth. Two retroviral model systems have 
been developed. The first uses replication 
incompetent Moloney Murine Leukemia Virus 
(MMLV) and wild-type MMLV helper virus to 
deliver the gene of interest into proliferating 
cells in vivo (43). By infecting brain cells of 
neonatal mice with a PDGF-B-chain encoding 
retrovirus, 40% of the mice developed brain 
tumors of oligo-or monoclonal origin within 
14-29 weeks. Histologically, most tumors 
exhibited certain features of GBM and some 
resembled primitive neuroectodermal 
tumors, oligodendrogliomas, tumors with a  
mixed morphology or medulloblastoma. This 
mixed phenotype may be due to the fact that 
MMLV will lead to a simultaneous infection 
and oncogenic transduction of a variety of 
cell types, causing the resulting tumor to be 
composed of cells from multiple initiating 
clones and lineages. 
The other model uses replication-com-
petent ALV splice-acceptor (RCAS) viral 
vectors, derived from the avian leucosis 
retrovirus (ALV) and transgenic mice ex-
pressing tv-a, the receptor for RCAS. As 
tv-a receptors are not expressed in normal 
mammalian cells, infection by RCAS virus is 
limited to dividing cells that are manipulated 
to express tv-a. Two different mouse lines 
have been developed that express tv-a either 
under control of the astrocyte-specific GFAP 
promoter (Gtv-a) or from the CNS progenitor-
specific nestin promoter (Ntv-a). This system 
was described for the first time using RCAS-
bFGF in Gtv-a mice, however, this didn’t result 
in tumor formation (44). Subsequently, it was 
shown that transfer of a gene encoding a 
constitutively active form of EGFR (RCAS-
EGFR*) could cooperate with loss of Ink4a/
Arf in both Gtv-a (2/6) and Ntv-a (8/19) mice 

to induce lesions with some similarities to 
gliomas (45). RCAS-EGFR* alone was neither 
sufficient to induce tumor formation in 
both tv-a transgenic mice strains, nor in 
combination with p53+/- in Ntv-a mice.
Although no activating mutations in the 
AKT gene are observed in GBMs, 70% of 
GBMs exhibit AKT activation. AKT activation 
is associated with loss of function of PTEN, 
which is deleted or mutated in approximately 
50-70% of all GBMs. Furthermore, as already 
mentioned above, essentially all GBMs 
harbor RAS activation and the contribution 
of RAS and AKT in gliomagenesis was further 
emphasized in mouse modelling studies. 
While neither RCAS-Kras (0/27 Ntv-a mice) nor 
RCAS-Akt (0/33 Ntv-a mice) activation alone 
is sufficient to induce gliomas, co-infection 
of RCAS-Kras with RCAS-Akt  causes high-
grade gliomas in 16/74 Ntv-a mice, but not 
in Gtv-a mice (0/68) (46, 47). The mice were 
killed at nine weeks of age, or earlier if they 
demonstrated macrocephaly and lethargy, 
and subsequently their brains were analysed. 
Furthermore, it was shown that Ink4a/Arf 
loss increases the incidence of Kras and Akt 
induced high-grade gliomas (21/43 in Ntv-a 
mice versus 13/31 in Gtv-a mice) (47). Holmen 
et al. showed that continued Kras expression 
is required for tumor maintenance in these 
RCAS models as inhibition of Kras expression 
resulted in apoptotic tumor repression (48). 

Another mouse model of high-grade glioma 
was described by Wei et al. (49) using 
adenovirus induced EGFRvIII activation or 
Pten loss as additional somatic postnatal 
secondary genetic event in glioma-prone 
RasB8 mice that express activated v12H-Ras 
under the GFAP promoter. In RasB8 mice, 
the development of low-grade gliomas 
commences early in life (in 30% of the mice 
at 2 months of age), which subsequently 
develop into high-grade gliomas between 
4-6 months of age. In addition to progression 
from low to high-grade gliomas on a histo-
pathological scale, there was also progression 
in molecular pathology with acquisition of 
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Glioma model  Tumor (grade)  Modification strategy  Genetic alterations  Affected cells  Reference  

Xenograft 

models  

 Human or rodent derived 

glioma cell suspensions  

  Several cell lines reviewed in 

Claes et al. 2008 (73)  and 

Marleen et al. 2006 (63)  

 Anaplastic astrocytoma and  

GBM (grade III, IV)  

Heterotransplantation of 

human glioma slices  

  Antunes et al. 2000 (28)  

 Anaplastic astrocytoma and 

GBM (grade III, I V) 

Stemness - like cells 

isolated from human 

glioblastoma  

  Aboody et al. (74), Galli et al. 

(29) , Singh et al. (30) , Joo et 

al. 2008 (75)  

 Anaplastic astrocytoma  

(grade III)  

Transduction NSCs or 

astrocytes in vitro  

Ink4a/Arf ko + EGFR* 

retrovirus  

GFAP and Nestin  Bachoo et al. 2002 (76)  

GEMs 

(trangenic and 

knockout)  

Astrocytoma - like tumors  

of varying malignancies  

Ger m-line (transgenic)  v-scr  GFAP  Weissenberger et al. 1997 

(33)  

 Anaplastic astrocytoma  

(grade III)  

Germ -line (transgenic)  V12H-Ras  GFAP  Ding et al. 2001 (34)  

 Anaplastic astrocytoma and 

GBM (grade III, IV)  

Germ -line (knockout)  NF1(+/-); p53 (+/-) cis -

heterozygeous  

All cells Reilly et al. 2000 (36)  

 Anaplastic astrocytoma  

(grade III)  

Germ -line (transgenic)  T121  (results in loss of Rb, 

p107 and p130) + Pten (+/-) 

GFAP  Xiao et al. 2002 (35)  

 

 

 

 

Anaplastic astrocytoma and 

GBM (grade III, IV)  

Germ -line (knockout)  NF1 (flox/+) and p53 (+/-)  cis -

heterozygeous  

GFAP -Cre  

(NF1 loss)  

p53 loss in all 

cells  

 

Zhu et al. 2005 (37)  

GEMs (virus/

 

Features of GBM  Somatic (MMLV)  PDGFR -B Mixed population 

brain cells  

Uhrbom et al. 1998 (43)  

 

 Glioma -like lesions  Somatic (RCAS)  Ink4a/Arf -/- and RCAS -

EGFRvIII  

GFAP and Nestin  Holland et al. 1998 (45)  

 GBM (grade IV)  Somatic (RCAS)  RCAS -KRas and RCAS -

Akt  

Nestin  Holland et al. 2000 (46)  

 GBM (grade IV)  So matic (RCAS)  Ink4a/Arf -/- and RCAS -

KRas  

GFAP and Nestin  Uhrbom et al. 2002 (47)  

 GBM (grade IV)  Somatic (tet-off)  RCAS -KRas  and RCAS -

Akt  

Nestin  Holmen et al. 2005 (48)  

 Anaplastic astrocytoma  and 

GBM (grade III, IV)  

Somatic (adenovirus)  H-RasV 12(transgenic) + 

EGFRvIII or Pten (flox/flox) 

GFAP H -RasV 12, 

CMV-EGFR/Pten  

Wei et al. 2006 (49)  

 Anaplastic astrocytoma  and 

GBM (grade III, IV)  

Somatic (adenovirus)  FIG-ROS (flox/flox)  and 

Ink4a/Arf -/-

Mixed population 

brain cells 

Charest et al. 2006 (50)  

plasmid DNA)

 Anaplastic astrocytoma  and Somatic  p53(lox/+), p53 , hGFAP-Cre Zheng et al. 2008 (ref Zheng 

 

 

 

Anaplastic astrocytoma  and 

GBM (grade III, IV)  

Anaplastic astrocytoma  and 

GBM (grade III, IV)  

Anaplastic astrocytoma  and 

GBM (grade III, IV)

 

Somatic 

Somatic (lentivirus)

Somatic (SB transposable
element) 

hGFAP- Cre 

GFAP  

 

Mixed population 

brain cells

Zheng et al. 2008 (51)

Marumoto et al. 2009 (52)

Wiesner et al. 2009 (52)

p53(lox/+) , p53
Pten

(lox/lox)

(lox/+)

pTomo H-RasV12 and
pTomo Akt in GFAP-Cre

or p53 (+/-) mice

NRAS/SV40-LgT,
NRAS/shP53
AKT/NRAS/shP53 and
NRAS/shP53/EGFRvIII

Nestin (expressed in neural progenitor cells), GFAP (Glial Fibrillary Acidic Protein, expressed in 
differentiated astrocytes), NSC (neural stem cells, GEMs (genetically engineered mice), MMLV 
(Moloney Murine Leukemia Virus), (RCAS (Replication Competent Avian Sarcoma-leukosis virus), v-src 
(the oncogene of Rous sarcoma virus), T121 (a truncated SV40 T antigen).

Tabel 1. Overview of high-grade glioma models.
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additional genetic alterations. In line with 
previous studies, this study showed that 
the expression of either EGFRvIII or Pten 
inactivation by itself was not sufficient to 
initiate gliomagenesis. However, postnatal 
EGFRvIII expression (by intracranial injection 
of adenoviral EGFRvIII into RasB8 mice) or 
Pten loss (adenoviral Cre in RasB8;PtenF/F 

mice), greatly potentiated high-grade glioma 
formation (49).  Adenovirus-Cre was also 
used to trigger FIG-ROS kinase expression, a 
potent oncogene which results in constitutive 
tyrosine kinase activity. Stereotactic injection 
of this virus into adult mice led to the 
formation of high-grade gliomas, which was 

accelerated by the absence of Ink4a/Arf (50).

Just recently, two new techniques for 
modeling malignant glioma have been 
described. The first method induces 
malignant high-grade gliomas in adult 
immunocompetent mice by injecting Cre-
loxP-controlled lentiviral vectors expressing 
oncogenes (51). Injection of pTomo H-RasV12 
(which contains a CMV-loxP-red fluorescent 
protein (RFP)-loxP-Flag-H-RasV12 followed by 
internal ribosomal entry site (IRES)-GFP) and 
pTomo AKT lentiviral vectors into the cortex, 
subventricular zone and hippocampus of 
adult immunocompetent GFAP-Cre mice 
resulted in tumor formation in 5 out of 12 
mice transduced with lentiviral vectors in 
the right hippocampus after ~4–5 months. 
Only one tumor was found from injections 
into the subventricular zone, and no tumors 
were found in the cortex. Like previous 
reports, no tumor formation was induced 
after H-Ras or AKT activation alone (46). 
Transduction of activated H-Ras- and AKT-
expressing lentiviral vectors carried out in 
these regions of the brains of adult  GFAP-Cre 
mice that are heterozygeous for p53 (p53(+/-)) 
substantially increased the frequency of 
tumor formation and shortened the tumor 
latency compared to the GFAP-Cre mice. 
All mice (17/17) injected with H-RasV12 and 
AKT lentiviral vectors into the hippocampus 
formed tumors, whereas 75% (12/16) of the 

subventricular zone-injected mice and about 
7% (1/15) of the cortex-injected mice showed 
tumor formation (51). 
The second model make use of the Sleeping 
Beauty (SB) transposable element delivered 
as plasmid DNA to achieve chromosomal 
integration of several combinations of human 
oncogenes, inhibitors of tumor suppressor 
functions, and reporter genes into endo-
genous brain cells of immunocompetent 
mice (52). Polyethylenimine/plasmid DNA 
(PEI/DNA) complexes were injected into the 
lateral ventricle of neonatal mice. Grade III 
and IV astrocytomas developed relatively 
rapidly (in approximately 2-3 months) in 
NRAS/SV40-LgT, NRAS/shP53 (60%), AKT/
NRAS/shP53 (75%) and NRAS/shP53/EGFRvIII 
(100%) mice (52). These SB-induced models 
don’t require breeding of complex transgenic 
mice and can integrate transposons up to 10 
kb in size. Furthermore, by using a transposon 
carrying a FLuc expression cassette regulated 
by a ubiquitous CAG promoter, tumors could 
be visualized by bioluminescence. Whether 
these models will be better at predicting 
clinical responses relative to established 
models remains to be determined. 
 
In contrast to the germ-line GEM models, 
somatic GEM models allow for gene 
expression in both a cell and time specific 
manner. This property make these models 
suitable for studying the effects of single or 
multiple defined genetic changes that are 
sufficient to result in tumor formation and 
shorten the latency time of tumor induction. 
However, also somatic GEM models have 
their limitations. Whereas it has been shown 
that simultaneous delivery of multiple genes 
of interest by a mixture of viruses can be 
achieved, it is not certain if all cells will be 
co-infected with these viruses. Furthermore, 
the effects of virus-mixtures are unknown 
with respect to local inflammation. Another 
point of concern of both the RCAS/tv-a and 
the SB-systems is that the virus is injected in 
the frontal region of newborn mice, whereas 
newborn mice differ in cellular components 
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compared to adult mice. The SB-system 
already showed that the penetrance of 
tumor development dropped in mice older 
than 3 days despite equivalent transfection 
efficiency, and no tumors could be induced 
in adult SV40-LgT/NRAS mice (52).
Although it was observed that no common 
gene was hit twice by PEI/DNA transfections, 
insertions did map to introns and others 
which could activate transcription of nearby 
genes. Clearly, it needs to be determined to 
what extend insertional mutagenesis may 
play in this model.

Studies where adenovirus is injected 
intracranially into adult mice also look 
promising. Till now, two studies have been 
reported using CMV-Cre expressing adeno-
virus. The CMV-Cre adenovirus, however, may 
cause loxP recombination in a wide variety of 
cells causing heterogeneity within one tumor. 
By using a tissue-specific promoter driving 
Cre expression, more cell-type specific 
recombination may be achieved. Since 
adenoviruses will not integrate into the host 
genome, it may not be possible to deliver 
and obtain durable expression of oncogenes. 
Intriguingly, however, Wei et al. (49) was 
able to demonstrate lasting expression 
of EGFRvIII. The authors suggested that 
continued adenovirus mediated expression 
in the initial transfected cell may be present 
for long periods and that transfer of extra 
chromosomal adenoviral elements to 
daughter cells can occur, depending on the 
initial number of viral particles infected per 
cell (49). 
The use of lentiviral vectors is a new technique 
that shows great potential. By including 
various reporter genes Marumoto et al. 
(51) were able to demonstrate that almost 
all cells (98%) showed the expression of  
both H-RasV12 and AKT proteins. Furthermore, 
this method can be used to clarify the 
clonality of tumors and differences between 
tumors caused by the same oncogenic  
events occurring in different regions of the 
brain.

In conclusion, somatic GEM models have 
several advances over xenograft and germline 
GEM models. Most importantly, conditional 
modeling in mice allows for gene expression 
at a particular stage of development in a 
specific subset of cells. This feature allows the 
induction of such vigorous genetic changes 
in the target cells that further progression 
into full blown tumors may occur rapidly 
without the necessity for an extensive range 
of additional secondary events. Moreover, 
these tumors arise in the normal host 
microenvironment and share many (genetical 
and pathohistological) similarities with 
human gliomas. As a result, these exciting 
models may become important tools for 
preclinical testing of potentially therapeutic 
molecularly-targeted agents.

Application of high-grade glioma mouse 
models in preclinical efficacy studies
Nowadays, new molecularly-targeted agents, 
such as receptor tyrosine kinase, PI3 kinase, 
and AKT inhibitors, are being developed for 
the treatment of several major cancer types. 
Since these agents also target pathways that 
are disrupted in gliomas (Figure 1), they are 
(considered for) being tested in glioblastoma 
patients as well. Whereas some progress with 
tyrosine kinase inhibitors has been achieved 
in the treatment of non-small cell lung cancer, 
results from clinical trials in glioblastoma 
patients have been disappointing, thus far.  
Therefore, implementation of more “patient-
like” glioma models may be very helpful 
to elucidate the underlying mechanisms 
of resistance. Moreover, these models may 
help to establish and validate the best 
targets for drug intervention and to test 
the efficacy of (combination) therapies. 
However, only a few preclinical studies 
with molecular targeted drugs have been 
performed thus far. Although several studies 
with subcutaneous tumor-bearing xeno-
grafts demonstrated treatment efficacy, 
indicating that the agent did reach its target, 
it is unlikely that these results have any 
meaning in predicting clinical efficacy.  
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Besides their origin, the glioma derived 
cell lines that were used have no further 
relations to human gliomas, since the cell 
suspensions were injected ectopically into 
the flank where the microenvironment is 
totally different (53-56). Momoto et al. used 
a PDGF-driven orthotopic glioma xenograft 
model to test treatment of temozolomide 
and perifosine (an inhibitor of AKT) as 
single agents or in combination (57). Tumors 
were identified by bioluminescence ima-
ging and either treated with 100 mg/kg 
temozolomide (i.p), 30 mg/kg perifosine 
(orally), or with a combination of 100 mg/
kg temozolomide and 30 mg/kg perifosine 
for 3 to 5 days. The mice were sacrificed and 
tumors were analyzed histologically for cell 
proliferation by Ki-67 immunostaining. Ki-
67 staining index was significantly reduced 
in mice treated with either temozolomide 
or perifosine compared with the untreated 
tumors, whereas combined treatment 

resulted in the lowest Ki-67 staining index. 
Efficacy was assessed by determination of 
the proliferation rates by Ki-67 staining, but 
was not supported by sequential monitoring 
of bioluminescence or survival analyses. 
Whereas somatic genetically modified 
glioma mouse models may be well suited for 
testing molecularly targeted drugs, only one 
study has been published so far. In this paper, 
Ntv-a wild-type mice were infected with the 
combination of RCAS-Kras and RCAS-Akt 
(58). GBMs were treated by intraperitoneal 
administration of the mTOR inhibitor CCI-779 
at a daily dose of 40 mg/kg. Because of the 
large tumor size at the onset of treatment, 
the mice only survived 2 to 7 days after 
treatment was started. Treatment efficacy was 
determined by CE-MRI just before treatment 
and in two of the 7 day survivors that could 
be reimaged. Subsequently, drug efficacy 
was investigated by histology. This study 
illustrates some of the inherent difficulties of 
using GEM models for intervention studies, 
especially when identification of diseased 
animals can only be accomplished at a very 
late stage.

Imaging modalities 
Timely diagnosis and the possibility to 
monitor tumor development during 
and after treatment is a requirement for 
convenient implementation of cancer 
models for intervention studies. In contrast 
to subcutaneous xenografts that can be 
measured easily by calipers, intracranial 
tumors require a more advanced in vivo 
imaging system for monitoring of tumor 
initiation, development and treatment 
response. There are several imaging moda-
lities available for monitoring intra-cranial 
tumors. Magnetic resonance imaging 
(MRI), using pre and post-contrast T1- and 
T2- weighted imaging techniques, is most 
frequently used to determine tumor volume. 
Besides, it can also be used to evaluate tumor 
vasculature (59) and study biochemistry 
of drug response (58). In human glioma 
patients, only the central leaky part of high-
grade gliomas, is visualized by Gadolinium 
(Gd) contrast-enhancement, whereas the 
outer rim of the tumor and the infiltrating 
cells in the normal surrounding brain tissue, 
which are protected by normal vasculature, 
are not. More recently, superparamagnetic 
ultrasmall iron oxide particles (USPIO)-
enhanced MRI has been demonstrated to be 
useful for the characterisation of the tumor 
vasculature in humans (60) and in mice (61). 
Whereas MRI is a very elegant and powerful 
tool for high-resolution in vivo imaging, the 
equipment is costly and not particularly 
user-friendly, rendering this technique not 
generally available. Secondly, because MRI is 
time consuming it is also not very convenient 
for imaging larger cohorts of animals. 
Furthermore, sub-millimeter lesions may not 
be detected by MRI (59) and therefore this 
technique is not suitable to explore early 
tumor onset. 

In vivo bioluminescence imaging using 
luciferase expression allows for non-invasive 
imaging of tumor cells and is a reliable, 
sensitive, and rapid method to quantify 
tumor mass in mice. The usefulness of this  



Chapter 2

38

technology has been demonstrated in many 
papers including glioma xenografts (62, 63). 
Tumor cells can already be detected directly 
after injection and tumor cell kill can be 
measured accurately in response to therapy.  
By crossing in the conditional luciferase 
reporter gene, Cre-loxP conditional genetic-
ally engineered mouse models also become 
suitable for bioluminescence imaging (64). 
Furthermore, PEI/DNA complexes encoding 
FLuc or GFP have been demonstrated to allow 
for tumor measurement by in vivo imaging 
(52). Main advantages of this technology 
are that glioma formation, progression 
and treatment efficacy can be monitored 
accurately (65), and that it is a relatively rapid 
and cheap method. The major disadvantage 
is that cells need to be engineered in some 
way in order to express luciferase. A similar 
approach is the use of fluorescent proteins, 
whereby the behaviour of cells can be 
visualized in the living animal. Color-coding 
of cells using red fluorescent protein (RFP) 
or green fluorescent protein (GFP) allows for 
fluorescence imaging in vivo (51, 66).

Blood-brain barrier features in glioma 
mouse models
The BBB extensively protects the brain against 
harmful toxic substances (67). However, this 
barrier is also considered a major cause of 
resistance of intracranial tumors to systemic 
chemotherapy. Inadequate drug entry into 
the brain is partly mediated by drug efflux 
transporters localized in the BBB, which 
transport virtually all drugs back into the 
bloodstream (68, 69). High-grade gliomas, in 
particular GBMs, are composed of a central 
part consisting of necrotic and hypoxic 
regions where angiogenic signalling results 
in microvascular proliferation. The newly 
formed aberrant vessels are leaky making 
this part of the tumor accessible for drugs. 
However, a hallmark of high-grade gliomas 
is their ability to diffusively infiltrate deeply 
throughout the normal brain parenchyma. 
These infiltrating tumor cells are supplied of 
oxygen and nutrients by normal vessels with 

intact BBB properties and therefore poorly 
accessible for chemotherapeutic agents. As 
described above, several mouse models of 
glioma have been developed and although 
these mouse models have been well 
characterised for their ability to recapitulate 
genetical, histo-pathological and biological 
features of human gliomas, little attention 
has been paid to the BBB integrity and 
vessel permeability in these glioma models. 
Since the BBB plays an important role in the 
brain penetration of chemotherapeutics, 
models should also mimic the BBB features 
of the invasive parts of human glioma. So 
far, the few studies that examined the tumor 
vasculature in glioma models were per-
formed mostly in xenograft models. Tumors 
from glioma-derived cell lines, like the U87MG 
cell line, often form massive tumors without  
infiltration into the normal brain tissue 
and these lesions have a more of less 
uniformly disrupted BBB as shown by 
contrast enhanced-MRI (63). Obviously, such 
models will over-predict the efficacy of 
agents, which might explain why so many 
agents that were active in preclinical studies 
failed in clinical trials. However, there are 
also xenograft models that do not or only 
minimally disrupt the BBB, such as the rat 
glioma RG2 and these may more be suited for 
intervention studies. Brain tumors induced 
by the RCAS/tv-a system were screened 
by MRI. Interestingly, whereas high-grade 
gliomas showed contrast enhancement of 
Gd-DTPA, implying disruption of the BBB, low 
grade oligodendrogliomas did not, which is 
similar to human tumors (59). These studies 
demonstrate the need to establish the status 
of the BBB in brain lesions when implemen-
ting these glioma models for preclinical 
testing of chemotherapeutic agents. 

Conclusions
The ideal glioma mouse model resembles 
every aspect of its corresponding human 
disease counterpart (70). Obviously, no single 
tumor model can be expected to meet all 
these criteria. However, they can mimic one 
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A sensitive and selective reversed-phase high-performance liquid chromatographic 
(HPLC) assay has been developed and validated for quantification of total topotecan 
in human and mouse plasma and in mouse tissue samples. Isocratic separation was 
achieved on a Zorbax SB-C18 column and topotecan was monitored fluorimetrically. 
Two ranges of calibration curves were used to determine lower levels of topotecan 
more accurately. Acceptable accuracy and precision was achieved for all matrices. 
Topotecan was stable upon repeated freeze-thawing for three cycles or storage for 24 
h at ambient temperatures in spiked plasma samples and tissue homogenates, except 
in heart homogenates. In an additional validation experiment in which 14C-labeled 
topotecan was administered to mice, the levels of unchanged topotecan were about 
80-90% of the total radioactivity in tissue homogenates collected 10 min after drug 
administration and virtually similar as in plasma samples. However, results in tissue 
homogenates obtained 4 h post-drug administration indicated substantial metabolism 
of topotecan. This assay is suitable for studying the pharmacokinetics and tissue 
distribution of topotecan in mice. Our results demonstrate the importance to include 
all tissues of interest for pharmacokinetic studies in the validation procedure. 
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Introduction  
Topotecan (Hycamtin®) is a semisynthetic, 
water-soluble derivative of camptothecin, 
a cytotoxic plant alkoid isolated from the 
Chinese tree Camptotheca acuminate, and is 
known to undergo a reversible pH-dependent 
hydrolysis of its lactone form into a hydroxyl 
carboxylate derivative (Figure 1). Topotecan is 
a potent inhibitor of topoisomerase I (1, 2), a 
nuclear enzyme involved in the cleavage and 
religation of DNA, and therefore crucial in 
DNA replication, repair and transcription. The 
drug has been approved by the US Food and 
Drug Administration (FDA) for the treatment 
of epithelial ovarian cancer (3) and relapsed 
small cell lung cancer (4). Furthermore, 
the compound has also demonstrated 
activity in hematologic malignancies (5, 
6) and solid tumors including non-small 
cell lung carcinoma (7) and gliomas (8). 
Topotecan is a substrate of at least two ATP-
binding cassette (ABC) drug transporters; 
P-glycoprotein (P-gp) and the Breast Cancer 
Resistance Protein (BCRP) (9), wich are known 
to be involved in multidrug resistance and in 
drug disposition. Both transporters may be 
present in malignant cells as well as many 
normal tissues, in particular those that have 
a barrier function, like the endothelial cells 
in the brain forming the blood-brain barrier 
(10). To gain a better insight into the role of 
these drug transporters, we initiated studies 
to investigate the disposition of topotecan in 
mice.

To study the pharmacokinetics of topotecan in 
mice a sensitive and selective analytical assay 
is a prerequisite. Some investigators advocate 
the use of an analytical methodology that 
allows the separate quantification of both the 
lactone and the carboxylate form. They argue 
that the lactone form is pharmacologically 
more active since this form is more 
hydrophobic and may more readily cross the 
cell membrane (11). However, on the other 
hand, data from a clinical pharmacokinetic-
pharmacodynamic study showed that total 
topotecan levels (lactone and carboxylate) 

best correlated with biological response (12). 
Based on these results we decided to utilize 
an analytical assay in which total topotecan 
levels were measured. High-Performance 
Liquid Chromatography (HPLC) assays have 
been described for the determination of 
topotecan in human plasma (13-17), urine 
and feces (15, 16) and in mouse plasma (18), 
but not in tissues. Based on an HPLC assay 
developed previously in our group (13, 19) 
we here present a reversed-phase HPLC 
method with comprehensive validation for 
the analysis of total topotecan (lactone and 
carboxylate forms) in human and mouse 
plasma and in a range of mouse tissues. 
Whereas it is common to use calibration 
specimens of identical biological matrix 
composition to unknown specimens, we 
have established the usefulness of using 
blank human plasma instead of blank tissue 
specimens for the preparation of calibration 
curves, in order to avoid the need for animals 
to obtain blank material.
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Figure 1. Chemical structure of topotecan.  Chemical 
structures of (A) the lactone and (B) the carboxylate 
forms of topotecan ([S]-9-dimethylaminomethyl-10-
hydroxy-camptothecin) under the pH-dependent 
hydrolysis equilibrium. The asterix indicates the 
position of the 14C label. 

Results and Discussion

Chromatography   
Chromatic separation was based on 
previous work in our group, describing the 
development of an assay for human plasma 
(13, 19). We evaluated the suitability of this 
assay for the determination of topotecan in 
mouse plasma and tissue homogenates. A 
protein precipitation step using acidified 
methanol (with hydrochloric acid) appeared 
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to be a suitable sample pretreatment 
procedure for the bioanalysis of topotecan in 
tissue homogenates. Blank chromatograms 
of human and mouse plasma were free of 
interfering peaks [Figure 2 (A and B)], as were 
all mouse tissue homogenates (data not 
shown). Representative chromatograms of 
all tissue homogenates (brain, liver, kidney, 
lung, spleen and heart) are presented in 
Figure 3. The retention time of topotecan 
and the overall chromatographic run time 
were about 11.0 and 15.0 min, respectively. 
Furthermore, Figure 2 (C and D) shows 
representative chromatograms of the 
lowest (0.25 ng/mL) and highest (50.0 ng/
mL) calibration standards. Although the 

concentration of topotecan in most of the 
tissue homogenates obtained as part of our 
animal pharmacokinetic studies could be 
determined using a calibration curve ranging 
from 0.25 to 50.0 ng/mL, it appeared that 
a LLQ of 0.25 ng/mL was not sensitive 
enough for samples taken at later time points 
(e.g. 12 and 24 h) after drug administration. 
However, because the signal-to-noise ratio 
of the topotecan peak at 0.25 ng/mL was 
30:1, it was feasible to reduce the LLQ by 
implementing the use of a second calibration 
curve ranging from 0.05 to 5.0 ng/mL. A 
typical peak of a sample containing 0.05 
ng/mL of topotecan is shown in Figure 2F.
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Figure 2. Representative HPLC chromatograms for topotecan.  HPLC chromatograms of (A) blank human 
and (B) blank mouse plasma and spiked at (C) 0.25 ng/mL and (D) 50.0 ng/mL. Furthermore, representative 
HPLC chromatograms for topotecan of (E) blank mouse plasma and (F) mouse plasma spiked at 0.05 ng/mL 
are shown.
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Acceptable accuracy was achieved in human 
and mouse plasma and in all mouse tissue 
homogenates spiked at six (human plasma) 
and four (murine matrices) concentrations 
with topotecan. The within-run precision was 
acceptable for human and mouse plasma as 
well as for all the tissue homogenates (within 
±15%). Between-run precision (≤ 9.05%) was 
acceptable for human plasma. Calibration 
curves were linear over the concentration 
range tested for topotecan (0.25-50.0 ng/
mL; r ≥ 0.995) and calculated by weighted 
(1/x2) linear regression analysis. However, for 
reasons described above it was necessary to 
implement a calibration curve of a lower range. 
These calibration curves were also linear over 
the concentration range tested for topotecan 
(0.05-5.0 ng/mL; r ≥ 0.998) and calculated by 
weighted (1/x2) linear regression analysis. For 
all tissues the accuracy and precision at 0.05 
ng/mL was within acceptable limits (Table 

Accuracy and precision  
We first started the validation of our 
analytical procedure using human plasma 
as this matrix is available in relative large 
quantities, unlike biological matrices from 
laboratory animals such as mice. Moreover, 
the goal of our work was to establish the 
suitability of using a calibration curve 
constructed in blank human plasma to 
determine topotecan concentrations in 
mouse biological matrices. The alternative 
would be to construct calibration curves in 
all separate blank mouse biological matrices, 
which is far less convenient and would require 
the use of many more laboratory animals.  

The results of the validation in terms of 
accuracy and precision using a calibration 
curve in the range of 0.25-50.0 ng/mL are 
listed in Table 1 for human spiked plasma 
and in Table 2 for all mouse matrices. 
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Figure 3. Representative chromatograms for topotecan of the spiked mouse tissue homogenates: (A) 
brain, (B) liver, (C) kidney, (D) lung, (E) spleen and (F) heart containing 25 ng/mL of topotecan.
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3), making this the LLQ of the assay. The only 
exception was the liver, but this was caused 
by one outlier in this series of 5 replicates 
and considered to be a chance finding. 
Both ranges were considered acceptable 
for our pharmacokinetic studies. Dilution of 
plasma and tissue homogenates containing 
topotecan levels above the highest level of 
50 ng/mL could be done using blank human 
plasma or 4% BSA for plasma and tissue 
homogenates, respectively (see Table 2).

Stability   
The stability of topotecan was assessed in 
triplicate in spiked blank human plasma at 
two levels and in murine plasma and tissue 
at one level. The following conditions were 
tested: freeze-thaw stability at nominally 

-20°C for up to three cycles and stability after 
24 h at room temperature. We also checked 
the stability in the processed samples kept 
at room temperature for seven days before 
HPLC analysis. Stability was assessed by 
comparing the topotecan concentrations 
with those in freshly prepared spiked 
samples. A difference of less than 15% 
relative to the initial value indicates stability 
of the analytes. Consequently, repeated 
freeze-thaw cycles did not affect the stability 
of topotecan in spiked plasma samples and 
most tissue homogenates (Table 4). However, 
a marked exception was mouse heart 
homogenates. The instability of topotecan 
in mouse heart homogenates was confirmed 

in a second experiment (data not shown) 
and stability already failed after one freeze-
thaw cycle (bias >than 15%). Degradation 
of topotecan in mouse heart homogenates 
was not accompanied by the appearance 
of extra chromatographic peaks. Topotecan 
was stable in the processed samples for at 
least seven days at ambient temperatures, 
allowing for sufficient time between sample 
preparation and the actual HPLC analysis 
(data not shown).

In vivo recovery/applicability  
Validation of topotecan (free drug) levels 
in plasma and tissue homogenates were 
performed according to the guidelines of the 
FDA (20). Because the use of spiked matrix 
samples for validation of the bioanalytical 
method is generally accepted, it may also be 
justified to use spiked tissue homogenate 
samples for validation in these matrices as 
well. However, the recovery of analytes (e.g. 
topotecan) using spiked tissue homogenates 
may be different when the compound 
is distributed and located within organs 
as occuring after administration in vivo. 
Unfortunately, there is no clear validation 
guideline that addresses the issue of whether 
the recovery of compounds spiked to tissue 
homogenates accurately reflects the recovery 
of these compounds distributed into these 
organs after in vivo drug administration. 
In an attempt to solve this issue, we 
performed an additional experiment where 
we administered 14C-labeled topotecan to 
mice. The 14C-label has been introduced 
at a metabolically stable position (Figure 1, 
asterix). Radioactivity in the homogenized 
samples was analyzed by liquid scintillation 
counting and topotecan levels were 
measured by HPLC (Table 5). Interpretation 
of the results might be complicated by 
biotransformation (metabolism) of topo-
tecan, as the concentration determined 
by HPLC will reflect unchanged drug only, 
whereas liquid scintillation counting will 
measure all radioactive substances including 
metabolites. Therefore, an early time point 

Specimen Nominal conc. 
(ng/mL)  

Grand mean  Accuracy 
(%)

Precision   
within-run 

(%) 

Precision 
between-run 

(%) 
Human 
plasma 

0.251  
0.703  
25.12  
40.19  
160.8  
803.8  

 

 0.264  
  0.714  
  25.43  
  41.36  
159.01  
734.88  

 

 4.95  
 1.56  
 1.23  
 2.92  
-1.11  
-8.57

 3.60 
4.43 
2.42 
1.38 
2.11 
4.96 

 

 6.89  
 4.39  
 1.54  
 1.95  
 2.29  
 9.05  

 

   

Table 1. Accuracy (% DEV), within-run precision 
(WRP) and between-run precision (BRP) of 
topotecan in blank human plasma using a calibra-
tion curve ranging from 0.25 to 50.0 ng/mL. Data  
was determined using three different analytical 
runs with all samples assayed in 5-fold in each run.
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(10 min after drug administration) has 
been included to minimize the impact of 
metabolism, while allowing sufficient time 
for distribution. Results show that HPLC-
determined topotecan concentrations in 
tissues collected 10 min after drug in vivo 
administration, are about 81% of the values 
determined by liquid scintillation counting. 
Similar ratios were found in the various 
tissue homogenates, suggesting that the 
recovery from these biological matrices is 
similar as in plasma. In plasma obtained 4 
h after drug administration only about 10% 
of the radioactivity represented unchanged 
drug. Based on the premise that the 
recovery of topotecan from in vivo plasma 
samples is similar to that in spiked plasma 

samples, metabolites account for 90% of the 
radioactivity, stressing the need for using 
HPLC methods for pharmacokinetic purposes. 
The discrepancy in tissues between HPLC 
and liquid scintillation counting was smaller, 
which may be caused by the presence of 
metabolites in plasma that do not distribute 
proportionally to the tissues. Although it is 
thought that topotecan is not extensively 
metabolized in humans, these results in 
mice do suggest rapid biotransformation 
with metabolites occurring in plasma within 
minutes after drug administration. Recondo 
et al. (21) and Stewart et al. (22) were the first 
investigators to suggest that demethylation 
could occur (21) and that topotecan 
might undergo metabolism catalyzed by 

 Specimen  Nominal concentration*  
     ng/mL              ng/g  

Accuracy (%) 
(% DEV) 

Within-run precision 
(%) (WRP) 

Mouse 
plasma  

0.703 
25.12 
40.19 
150.7 

  5.22 
-0.64 
-1.57 
-0.45 

4.15 
1.32 
4.00 
2.19 

Brain 0.703 
25.12 
40.19 
150.7 

        6  
    213 
    341  
  1277  

 0.34 
-4.07 
-8.06 
-1.92 

2.41 
0.47 
2.03 
1.08 

Liver 0.703 
25.12 
40.19 
803.8 

        4  
    130  
    207  
  4143  

-7.80 
-10.6 
-9.25 
 2.67 

4.59 
4.71 
2.74 
5.64 

Kidney 0.703 
25.12 
40.19 
803.8 

      10  
    359  
    574  
11483 

-3.30 
-5.45 
-7.34 
-4.78 

2.32 
2.33 
4.87 
4.06 

Lung 0.703 
25.12 
40.19 
150.7 

      10  
    359  
    574  
  2153  

-1.11 
-3.23 
-6.03 
-0.23 

2.75 
2.47 
2.75 
1.96 

Spleen  0.703 
25.12 
40.19 
803.8 

      18  
    628  
  1005  
20095 

-1.51 
-9.68 
-7.65 
-7.96 

5.56 
3.45 
1.59 
1.16 

Heart 0.703 
25.12 
40.19 
150.7 

      14  
    502  
    804  
  3014  

-3.88 
-12.1 
-10.8 
-7.86 

5.16 
3.42 
1.44 
2.76 

Table 2. Accuracy (%DEV) and within-run precision (WRP) of topotecan in murine matrices using a cali-
bration curve ranging from 0.25 to 50.0 ng/mL. Data was determined in 5-fold using a freshly prepared 
tissue homogenate sample spiked at four different concentrations.

* Tissue homogenates were spiked at four levels. The tissues were homogenized in 3 mL (brain), 5 mL (liver) 
  or 2 mL (kidney, lung, spleen, heart) BSA solution, resulting in about 0.05-0.2 g tissue per milliliter of 
  homogenate; the approximate corresponding topotecan concentrations  (ng/g of tissue) are depicted in the 
  second column.
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cytochrome P450-3A (22). This was later 
confirmed by Rosing et al. (23) who found a 
potential metabolite during analysis of plasma 
and urine samples from pharmacokinetic 
studies. This potential metabolite was further 
investigated and identidied as N-desmethyl 
topotecan. However, this primary hepatic 
metabolite of topotecan accounts for a 
relatively low percentage (less than 3%) of 
the topotecan dosage (23) and is unlikely to 
be of therapeutic importance. Further work 
has demonstrated that also glucuronide 
metabolites of topotecan being topotecan-
O-glucuronide and N-desmethyl topotecan-
O-glucuronide are present in urine of treated 
patients (24). In humans, approximately 40% 
of unchanged topotecan is excreted in the 
urine within 24 h after administration (11, 25, 
26), while urinary recovery of the metabolites 
N-desmethyl topotecan, topotecan-O-glu-
curonide and N-desmethyl topotecan-O-
glucuronide is a minor metabolic pathway 
(27). Other routes, including hepato-
biliary secretion and hepatic metabolism, 
eliminate the remaining 60% of topotecan. 

Long-term reproducibility  
Between-run and within-run precisions 
were determined for the quality control 
samples at the three concentrations of 0.70, 
25.0 and 40.0 ng/mL. These quality control 
samples were analyzed in duplicate within 
each analytical run during the routine use 
of this assay. Repeatability was 9.2, 1.25 and 
2.05%, respectively. Reproducibility was 5.8, 
4.1 and 5.7% respectively. Both repeatability 
and reproducibility were acceptable for 
the different concentrations (within 15%). 
 
In conclusion, we have developed and 
extensively validated a sensitive and selective 
method to quantify the levels of topotecan in 
mouse plasma and tissue homogenates. The 
unexpected stability problems encountered 
in heart homogenate samples highlight 
the need to carefully include all different 
biological matrices in the validation proce-
dure. This assay is currently being used to 

evaluate the effect of drug transporters in 
different mouse models on the distribution 
of topotecan in this set of tissues.

Materials and Methods

Materials and reagents 
Topotecan.HCL (dry powder) was kindly 
provided by GlaxoSmithKline (Philadelphia, 
PA, USA) with a purity of 81.2% (free base). 
14C-topotecan (code CFQ13806 batch 1) with 
a specific activity of 518 MBq/mmol was 
manufactured by Amersham Biosciences 
(Buckinghamshire, UK). The radiochemical 
purity (as determined by HPLC) was 98.8%. 
Ultima Gold scintillation fluid was purchased 
from PerkinElmer (Boston, MA, USA). N,N,N’,N’-
tetramethylethylenediamine (TEMED) was 
purchased from Sigma (St. Louis, MO, USA). 
All other chemicals were purchased from E. 
Merck (Darmstadt, Germany) and were used 
as supplied. Water was purified by the Milli-Q 
Plus® system (Millipore, Milford, USA). Blank 
human plasma originated from the Central 

 Specimen Nominal concentration* 
     ng/mL              ng/g 

Accuracy (%) 
(% DEV) 

Within-run precision 
(%) (WRP) 

Mouse 
plasma 

0.051 
0.253 

 

  - 0.81 
-5.69 

2.62 
3.35 

Brain 0.051 
0.253 

0.4   
2.1 

 1.40 
25.7 

 

3.67 
15.7 

 
Liver 0.051 

0.253 
0.3 
1.3 

32.9 
-5.89 

 

31.1 
3.22 

 
Kidney 0.051 

0.253 
0.7 
3.6 

19.3 
3.80 

 

8.73 
5.62 

 
Lung 0.051 

0.253 
0.7 
3.6 

18.2 
0.02 

 

2.62 
5.56 

 
Spleen 0.051 

0.253 
1.3 
6.3 

-0.06 
-5.45 

 

7.54 
5.82 

Heart 0.051 
0.253 

1.0 
5.1    

20.3 
0.72 

 

17.0 
2.34 

Table 3.  Accuracy (%DEV), within-run precision 
(WRP) and between-run precision (BRP) of 
topotecan in murine matrices using a calibration 
curve ranging from 0.05 to 5.0 ng/mL. Data 
was determined in 5-fold using a freshly prepared 
tissue homogenate sample spiked at two different 
concentrations.

* Tissue homogenates were spiked at two levels. As the tissues has 
been homogenized in 3 mL (brain), 5 mL (liver) or 2 mL (kidney, lung, 
spleen, heart) milliliter BSA solution, resulting in about 0.05 to 0.2 g 
tissue per mL of homogenate, the approximate corresponding to-
potecan concentrations in ng/g of tissue are depicted in the second 
column.
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Laboratory of the blood Transfusion Service 
(Sanquin, Amsterdam, The Netherlands) and 
was obtained from healthy donors. Blank 
mouse plasma and tissue homogenates 
were obtained from the Netherlands Cancer 
Institute (Amsterdam, The Netherlands).

HPLC equipments and conditions  
The HPLC system consisted of a Gyncotec 
model 300C solvent delivery system 
(Germering, Germany), a Midas autosampler 
(Spark Holland B.V., Emmen, The Netherlands) 
provided with a 100µL sample loop, a model 
FP-1520 fluorescence detector (Jasco, Hachioji 
City, Japan) and a 345 solvent recycler 

(Alltech, Deerfield, IL, USA). Chromatographic 
separation was performed using a stainless 
steel analytical Zorbax SB-C18 column 
(75 x 4.6 mm i.d., Rockland Technologies 
Inc, Newport, DE, USA). The mobile phase 
consisted of a mixture of methanol, 0.1 M 
hexane-1-sulfonic acid sodium salt (HSA), 
and 0.01 M TEMED in distilled water adjusted 
with phosphoric acid to pH 6.0 (25:10:65, 
v/v/v). After degassing by ultrasonication the 
mobile phase was delivered at a flow rate 
of 1 mL/minute. The column effluent was 
monitored fluorimetrically at an excitation 
wavelength of 380 nm and an emission 
wavelength of 527 nm with a bandwidth of 

  Freeze-thaw Storage at room temperature 

   Tissue Topotecan 

concentration  

(ng/mL) 

 Cycle 0  Cycle 3 DEV   % t = 0 h t = 24  h DEV% 

   Plasma (human) 0.70   0.7 ± 0.1 0.6 ± 0.02 - 10.1   0.7 ± 0.1 0.7 ± 0.02  - 3.2 

   Plasma (human) 40.19 38.7 ± 0.1 42.5 ± 0.7 9.8 39.0 ± 0.1 40.0 ± 0.0  - 3.3 

   Plasma (mouse) 25.12 21.7 ± 0.4 23.0 ± 0.1 6.0 24.2 ± 0.4 21.5 ± 0.2 -11.2 

   Brain 25.12 24.3 ± 0.5 21.9 ± 0.3 - 10.1 21.6 ± 0.4 21.1 ± 0.2  - 2.1 

   Liver  25.12 24.1 ± 0.3 22.2 ± 0.6 - 7.9 22.1 ± 0.1 21.8 ± 0.1  - 1.5 

   Kidney 25.12 24.2 ± 0.4 22.7 ± 0.1 - 6.3 22.9 ± 0.1 20.9 ± 0.9  - 8.5 

   Lung 25.12 23.0 ± 0.8 22.1 ± 0.3 - 3.9 22.1 ± 0.3 21.8 ± 0.3  - 1.5 

   Spleen 25.12 23.8 ± 0.4 22.0 ± 0.1 - 7.2 21.8 ± 0.3 22.3 ± 0.2   2.3 

   Heart 25.12   - 42.8 22.1 ± 0.2 17.2 ± 0.2 -22.5 

 

22.1 ± 0.1 12.7 ± 0.4

Table 4. Stability of topotecan in spiked human and mouse plasma and in mouse tissue homogenates. 
Results are expressed as mean ± SD (n=3).

 

Tissue  

t= 10 min  

HPLC       14-C       Ratio        SD  

t= 4 h 

HPLC    14-C       Ratio        SD  

Plasma  1016.8    1250.0  81.4%   0.8%     6.8    66.1 10.0%   3.7% 

Brain      15.8        21.7  76.6% 10.8%     1.0      2.2 44.6% 14.1% 

Liver  1494.4    1649.8  92.2%   7.5%   40.1    85.0 40.8% 12.6% 

Kidney  9747.4  10941.8  90.6% 10.5%   60.4    90.3 58.9% 15.8% 

Lung    290.5      389.1  77.7%   9.0%     7.7    14.4  49.4% 12.1% 

Spleen    218.4      280.7  80.0% 10.5%     5.1    10.1 50.1%   9.2% 

Heart    159.9      207.5  79.3% 10.0%     2.1      5.1 39.1% 14.6% 

Table 5. Recovery of topotecan levels in mouse plasma and tissue homogenates.   
Numbers are expressed as the mean of six animals. Animals were killed 10 min or 4h after administration of 
14C-topotecan (n=3 per cohort). Samples were homogenized and assayed for unchanged topotecan by HPLC 
and for radioactivity by liquid scintillation counting.
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40 nm. Peak detection and integration were 
performed with a Chromeleon data system 
(Dionex, Sunnyvale, CA, USA).  

Drug stock solutions  
Several stock solutions containing about 1 mg/
mL of topotecan (free base) were prepared by 
accurately weighing approximately 5 or 10 
mg of topotecan.HCL dissolved in 5 or 10 mL 
Methanol-1M HCL (1:1000; v/v). These working 
standards were further diluted in steps of  
10-fold in methanol-HCL, stored at –20°C, and 
used for construction of calibration curves. A 
separate QC working solution was prepared 
by dissolving 12.702 mg of topotecan.HCL 
in 10 mL methanol-HCL resulting in a final 
concentration of 1.0047 mg/mL (free base). 
To show the applicability of the assay for in 
vivo use we also prepared a separate stock 
solution of 0.8 mg/mL 14C-topotecan (free 
base) by dissolving approximately 5 mg of 
14C-topotecan in 5 mL of D-glucose (5% in 
water). This stock solution of 14C-topotecan 
was used the same day. 

Calibration standards and quality 
control samples  
During method development we prepared 
fresh calibration standards ranging from 
0.25 to 50.0 ng/mL with each analytical 
run in duplicate by mixing 100 µL of blank 
plasma with acidified methanol containing 
the appropriate amount of topotecan. After 
confirmation of the long-term stability (at 
least six months) in human plasma, a stock 
standard of approximately 50 ng/mL of 
topotecan in blank plasma was prepared 
by adding 250 µl topotecan (approximately 
10.000 ng/mL in methanol-HCL) to 50 mL 
blank plasma. This standard solution was 
aliquoted and stored at –20°C. From this 
standard a calibration curve was prepared 
at concentrations of approximately 0.25, 
0.50, 1.00, 5.00, 10.0, 25.0 and 50.0 ng/mL. 
Quality control samples in human plasma 
were prepared by appropriate dilution of 
a separate quality control stock solution in 
methanol-HCL in blank human plasma to 

final concentrations of 0.70, 25.0 and 40.0 ng/
mL. Quality control samples in mouse plasma 
and tissue homogenates were prepared 
by dilution of the standard in blank human 
plasma to final concentrations of 0.70, 25.0 
and 40.0 ng/mL. A second calibration curve 
was prepared at concentrations ranging from 
0.05 to 5.0 ng/mL. Quality control samples for 
this range were prepared by further dilution 
of the quality control samples in blank human 
plasma to final concentrations of 0.14, 1.25 
and 4.0 ng/mL. Quality controls in human 
plasma were aliquoted and stored at –20°C. 
Within each analytical run, these quality 
controls were assayed in duplicate.

Collection of blank murine matrices  
All experiments involving animals were 
approved by the animal ethics committee of 
our institute. Female FVB mice (9-15 weeks of 
age) were anesthetized with metoxyflurane 
and blood samples were obtained by cardiac 
puncture and collected in heparinized 
tubes. Next, the mice were killed by cervical 
dislocation and the following tissues were 
dissected; brain, liver, kidney, long, spleen, 
and heart. Blood was centrifuged (10 min, 
2000g, 4°C) to separate the plasma fraction 
and both plasma and tissue samples were 
stored at –20°C. Frozen mouse tissues were 
thawed at 4°C and homogenized (Polytron 
PT1200, Kinematica AG, Littau, Switzerland) 
in 4% (w/v) bovine serum albumin (BSA) in 
water (5, 3 and 2 mL for liver, brain and other 
tissues, respectively). Homogenized samples 
were stored at -20°C until analysis. 

Sample pretreatment  
A volume of 100 µL of plasma or tissue 
homogenate was pipetted into a 1.5 mL 
polypropylene tube (Eppendorf, Hamburg, 
Germany). After addition of 200 µL methanol 
for protein precipitation, the tubes were 
vortexed-mixed for 10 seconds and 
centrifuged for 5 minutes (plasma) or 10 
minutes (tissue homogenate) at 14000 rpm, 
4°C. Next, 100 µL of the clear supernatant 
was transferred to a clean 1.5 mL eppendorf 
tube and 200 µL 2% perchloric acid was 
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added. After centrifugation (3 minutes, 14000 
rpm, 4°C) the tubes were transferred to the 
autosampler vials and 100 µL was injected 
into the HPLC system.

Assay validation  
The topotecan assay was first fully validated 
using human plasma and next validated 
in all murine biological matrices (including 
plasma, brain, liver, kidney, long, spleen and 
heart) following the guidelines of the FDA 
(Food and Drug Administration Bioanalytical 
Method Validation 2001; www.fda.gov/cder/
guidance/4252fnl.htm). Statistical analysis 
was done with SPSS (SPSS 11.5 Inc., Chicago, 
IL, USA).

Linearity  
Calibration curves were calculated by linear 
regression analysis of the peak area of 
topotecan versus the concentration. We first 
established the most appropriate weight 
factor being 1/x2 (reciprocal of the square of 
the concentration). The F-test for lack of fit (α 
= 0.05) was used to evaluate the linearity of 
the calibration curves.

Precision and accuracy   
Control samples in human blank plasma 
were processed and analyzed in three runs 
in five fold at six concentrations: 0.251, 0.703, 
25.12, 40.19, 160.8, and 803.7 ng/mL. The 
latter two concentrations were diluted 5 
and 25 times, respectively, in order to be 
within the dynamic range of the calibration 
curve. Mouse plasma and tissue homogenate 
samples were analyzed in one run in 5-fold at 
different concentrations. The precision of the 
assay was assessed by the between-run and 
within-run precision, which were obtained 
by one-way analysis of variance (ANOVA) 
using the run day as the classification 
variable. The between-groups mean square 
(MSbet), within-groups mean square (MSwit) 
and the grand mean (GM) of the observed 
concentrations across runs were calculated 
using the software package SPSS (SPSS 11.5 
Inc., Chicago, IL, USA). The between-run 

precision and the within-run precision were 
calculated using the formulas:

Between-run precision = [SDrun/GM]*100%
Within-run precision = [(MSwit)

0.5/GM]*100%

where SDrun = [(MSbet-MSwit)/n]0.5 and n 
represents the number of replicates within each 
run. The accuracy was expressed as the mean 
percentage deviation (%DEV) calculated by: 

%DEV = [(mean observed conc. – nominal 
conc.)/nominal conc.]*100

Values within ±15% for precision and 
accuracy were considered acceptable, except 
for concentrations at the lower limit of 
quantitation (LLQ), where 20% was accepted.

Selectivity
The selectivity of the assay was assessed by 
duplicate analysis of blank human plasma 
samples from six different individuals, and 
of mouse plasma samples and mouse tissue 
homogenates obtained from six animals. 

Determination of the lower limit of 
quantitation 
Batches of blank human and mouse plasma 
were spiked with different concentrations 
(0.05 and 0.25 ng/mL) of topotecan and 
analyzed to determine the lower limit of 
quantitation (LLQ). The LLQ was accepted 
when the %DEV of all the samples was within 
±20%. 

Stability
The stability of topotecan in spiked human 
blank plasma (at two levels) and all murine 
matrices (at one level) was examined under 
two different conditions: freeze-thaw 
stability following up to three freeze-thaw 
cycles at nominally -20°C, and stability after 
24 h at room temperature. Furthermore, we 
also checked the stability in the processed 
samples kept at room temperature for up to 
seven days.
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Recovery
The recovery of the sample pretreatment 
procedure for topotecan was assessed relative 
to non-processed samples of topotecan. For 
this purpose, we diluted the stock solutions 
(in acidified methanol) used to spike plasma 
and the biological matrices with perchloric 
acid.

Long-term reproducibility
After validation this assay was used to 
conduct animal pharmacokinetic studies with 
topotecan. Reproducibility was established   
taking the results of more than 25 runs over 
a period of about five months. Between-run 
and within-run precision were calculated 
using a one-way ANOVA test (see above) 
for the quality control samples assayed in 
duplicate at the three concentrations of 0.70, 
25.0 and 40.0 ng/mL within each analytical 
run. 

In vivo recovery/applicability  
The applicability of the assay for tissue 
disposition studies in mice was further 
investigated by determining whether the 
recovery of topotecan spiked to tissue 
homogenates accurately reflects the recovery 
of topotecan distributed in the different 
tissues after in vivo drug administration. For 
this purpose, we administered approximately 
4 mg/kg of 14C-topotecan (free drug, about 
0.11 MBq) by intravenous injection into the 
tail vein of 12 female FVB mice to determine 
both radioactivity by liquid scintillation 
counting and topotecan by HPLC in the 
different tissues. Six mice were sacrificed 
10 min after drug administration and six 
others 4h after drug administration to collect 
blood and tissue samples (see collection 
of blank murine specimens). Tissues were 
homogenized and analyzed by HPLC the 
same day using the validated method as 
described in this article. Radioactivity in 
the homogenates was measured by liquid 
scintillation counting after mixing 200 µL of 
tissue homogenate or 100 µL of plasma with 
5 mL of Ultima Gold scintillation fluid.
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Purpose: The brain is a pharmacologic sanctuary site, due to the presence of the blood-
brain barrier (BBB). Whereas the effect of P-glycoprotein (P-gp) at the BBB is well 
established, the role of Breast Cancer Resistance Protein (BCRP) that is also expressed 
at the BBB is not. 

Experimental Design: We have studied the effect of BCRP by administering topotecan 
to wild-type (WT), single Mdr1a/b(-/-) and Bcrp1(-/-), and compound Mdr1a/b(-/-)Bcrp1(-/-) 
knockout mice. Drug levels in plasma and tissues were determined by high-performance 
liquid chromatography. 

Results: The area under the plasma and tissue concentration-time curve (AUC) of 
topotecan in brains of Mdr1a/b(-/-) and Bcrp1(-/-) mice was only 1.5-fold higher compared 
with WT mice, but in Mdr1a/b(-/-)Bcrp1(-/-) mice, where both transporters are absent, the 
AUC increased by 12-fold. The AUC in plasma was ~ 0.75-, 2.4- and 3.7-fold higher in 
Mdr1a/b(-/-), Bcrp1(-/-) and Mdr1a/b(-/-)Bcrp1(-/-) mice, respectively, resulting in 2.0-fold (P < 
0.01), 0.65-fold (P = not significant) and 3.2-fold (P < 0.01), respectively, higher brain-
to-plasma AUC ratios. Results using Mrp4(-/-) mice showed that this transporter had no 
effect on the brain penetration of topotecan. The P-gp/BCRP inhibitor elacridar fully 
inhibited P-gp-mediated transport of topotecan, whereas inhibition of Bcrp1-mediated 
transport by elacridar was minimal. 

Conclusions: Our results using Mdr1a/b(-/-)Bcrp1(-/-) mice clearly show the effect of Bcrp1 
at the BBB and also demonstrate how two drug transporters act in concert to limit the 
brain penetration of topotecan. We expect that this finding will also apply to other 
drugs that are substrates of both P-gp and BCRP. Consequently, to improve the brain 
penetration of such compounds for targeting intracranial malignancies in patients, it 
will be essential to use potent inhibitors of both drug transporters.
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Introduction
The blood-brain barrier (BBB) is of pivotal 
importance for the central nervous system as 
it strictly regulates the brain internal milieu. 
However, the BBB not only protects the 
brain against the influence of harmful toxic 
substances but also restricts the entry of 
potentially therapeutic agents. Inadequate 
drug delivery is generally considered to be 
a major cause of systemic chemotherapy 
failure in the treatment of brain malignancies 
(1). The principal components of the BBB 
are the brain endothelial cells, which are 
closely linked together by complex tight 
junctions that restrict the passage of most 
compounds through the intercellular space 
between the endothelial cells. Consequently, 
entry of most substances into the brain 
requires transcellular trafficking through the 
endothelial cells, which is limited, however, by 
a lack of fenestrae and low endocytic activity. 
Besides these more or less passive constraints, 
drug accumulation in the brain is further 
limited by the expression of membrane-
associated drug transporters located at the 
apical (luminal) side of the endothelial cells 
that build the BBB. The best-studied example 
in this regard is the ATP-binding cassette 
(ABC)-transporter P-glycoprotein (P-gp, 
ABCB1), which was initially discovered in 1976 
for its ability to confer multidrug resistance 
in tumor cells (2). In particular by utilizing 
P-gp knockout (Mdr1a(-/-)) mice, it has become 
clear that this transporter is responsible for 
the limited brain penetration of a wide range 
of compounds (3-5). More recently, the ABC 
half-transporter Breast Cancer Resistance 
Protein (BCRP, ABCG2; ref. 6) has been 
identified in the BBB (7-9). However, the role 
of this transporter on the brain penetration 
of compounds has not yet been so clearly 
defined. Cisternino et al. (10) demonstrated 
increased brain uptake of mitoxantrone and 
prazosin in wild-type (WT) and Mdr1a(-/-) mice 
when given together with the P-gp and BCRP 
inhibitor elacridar (GF120918) by using in situ 
brain perfusion. Whereas the results with 
mitoxantrone and elacridar were confirmed 

by Lee et al. (11), these authors also included 
Bcrp1 knockout (Bcrp1(-/-)) mice in their study 
and showed that the brain accumulation of 
mitoxantrone and dehydroepiandrosterone 
sulfate (DHEAS) was not higher compared 
with WT mice. Moreover, as elacridar also 
increased the brain accumulation in Bcrp1(-/-) 
mice, they concluded that the effect of 
elacridar was independent from Bcrp1, 
resulting in a minor role of Bcrp1 in the efflux 
of these compounds. However, more recently, 
it was shown that Bcrp1(-/-) mice accumulated 
significantly more of the anticancer agent 
imatinib than WT mice (12). Thus, whereas 
it seems that Bcrp1 may limit the brain 
penetration of xenotoxins, just like P-gp, 
the overall contribution of this transporter 
protein still needs to be established.

To study the contribution of Bcrp1 in more 
detail, we selected topotecan as model 
drug being a good substrate of Bcrp1 and a 
weaker substrate of P-gp (13, 14). Topotecan 
is a semisynthetic, water-soluble derivative 
of camptothecin that undergoes a reversible 
pH-dependent hydrolysis of its lactone 
moiety, yielding a hydroxyl carboxylate 
form. Topotecan is a potent inhibitor of 
topoisomerase I (15), a nuclear enzyme 
involved in DNA replication, repair, and 
transcription (16). Whereas lactone is most 
likely the pharmacologically active species, 
separate analysis of lactone and carboxylate 
is not critical for pharmacokinetic studies. A 
clinical pharmacokinetic-pharmacodynamic 
study showed that total topotecan levels 
(lactone plus carboxylate) correlated even 
better than lactone with biological response 
(17), which may be due to greater robustness 
of the assay and because the conversion rate 
is relatively uniform between subjects due 
to the narrow window of the physiological 
pH. Besides its well-established antitumor 
activity against recurrent small-cell lung 
and ovarian cancer, topotecan has also 
shown moderate but potentially useful 
antitumor activity in patients with brain 
metastases (18, 19) and in adults with primary 
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malignant glioma (20, 21). Thus, besides that 
topotecan is an interesting model compound, 
understanding the importance of BCRP (and 
P-gp) in the BBB penetration of topotecan,  
may also have direct clinical relevance for 
treating intracranial malignancies. Although 
a disruption of the BBB within brain tumors 
is a known phenomenon, it is still very 
plausible that the BBB restricts chemotherapy 
efficacy against intracranial malignancies. 
For example, in primary brain tumors, such 
as high-grade gliomas, areas of viable tumor 
cells that infiltrate (deeply) into the normal 
brain where the BBB is intact surrounds the 
central part that harbors the leaky vessels 
(1). Similarly, the BBB may still be functional 
in metastatic lesions when they are still small 
(micrometastases) or when proliferating 
alongside the existing vasculature (vessel 
cooptation; ref. 22). Only when metastases 
grow beyond a size that requires neo-
angiogenesis for supply of oxygen and 
nutrient, these new blood vessels may feature 
disrupted BBB properties (23).

To improve the chemotherapy of multidrug-
resistant tumors, a range of P-gp inhibitors 
has been developed (24, 25). Obviously, such 
inhibitors can also be used to increase the 
BBB penetration of anticancer agents in order 
to improve the chemotherapeutic treatment 
of patients with brain tumors. Preclinical 
studies with concomitant administration 
of P-gp inhibitors, such as cyclosporin A, 
valspodar (PSC833; refs. 24, 26, 27), elacridar 
(GF120918; refs. 28, 29) and zosuquidar (30, 
31), have shown significantly increased drug 
concentrations into brain tissue. However, 
by using paclitaxel as a model drug, it was 
shown that elacridar is the most potent 
inhibitor of P-gp at the BBB (4). Furthermore, 
as mentioned above, elacridar is also an 
efficient inhibitor of BCRP (12, 32, 33) and was 
able to reverse BCRP-mediated resistance to 
topotecan (34). Elacridar has a good safety 
profile in humans and coadministration 
to patients with solid tumors resulted in a 
significant increase of the oral bioavailability 

of topotecan from 40% without to 97.1% (35).

The present study was designed to 
investigate the role of Bcrp1 and P-gp on 
the brain penetration of topotecan in vivo. 
Experiments were conducted in wild-type 
(WT), Mdr1a/b(-/-) (P-gp knockout), Bcrp1(-/-) 
(Bcrp1 knockout) and Mdr1a/b(-/-)Bcrp1(-/-)  
(P-gp and Bcrp1 knockout) mice with or with-
out concomitant administration of elacridar. 
Our results clearly demonstrate that Bcrp1 is 
an important factor that in concert with P-gp 
limits the brain penetration of topotecan.

Results
 
Effect of genotype on the brain penetration of 
topotecan
This study was essentially designed to 
establish the effect of P-gp and Bcrp1 on the 
brain penetration of topotecan. Topotecan 
concentrations were determined in mouse 
plasma and brain as well as in a selection 
of other tissues (liver, kidney, spleen, lung, 
and heart) as reference. Plasma and tissues 
were sampled from WT, Mdr1a/b(-/-), Bcrp1(-/-) 

and Mdr1a/b(-/-)Bcrp1(-/-) mice at five different 
time points (t = 1, 4, 8, 12, and 24 h), thus 
covering the most significant part of the 
concentration versus time curves, and 
measured by a validated high-performance 
liquid chroma-tography analysis (Figure 
1). By using this approach, we were able to 
achieve highly statistically significant results 
for the differences in brain penetration (Table 
1) using an acceptable number of animals, 
despite the complex setup with four different 
genotypes. 

As topotecan is a substrate of P-gp and BCRP, 
which are both present in the BBB, it was 
anticipated that these drug transporters 
might affect the brain penetration of this drug. 
In line with these expectations, we found that 
the overall AUCbrain in Mdr1a/b(-/-)Bcrp1(-/-) mice 
was increased by 12-fold compared with 
WT mice (Table 1). Interestingly, the AUCbrain 
in Mdr1a/b(-/-) and in Bcrp1(-/-) mice was only 
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1.5-fold and 1.6-fold higher, respectively, 
compared to the AUC

brain
 in WT mice. Based 

on previous experience with other agents 
(e.g. paclitaxel; ref. 4), we had expected a 
greater effect of the absence of P-gp on 
the brain penetration of topotecan. We 
have, therefore, checked if this rather low 
brain penetration might be explained by a 
compensatory higher expression of Bcrp1 
in Mdr1a/b(-/-) mice; however, results from 
protein analysis by Western blot did not show 
a higher expression of Bcrp1 in Mdr1a/b(-/-) 

mice compared to WT mice (Figure 2). 

Because the plasma level of topotecan is 
a potentially important factor driving the 
brain penetration, we have calculated the 
tissue-to-plasma AUC ratios for the brain 
to correct for the higher plasma levels of 
topotecan in Bcrp1(-/-) and Mdr1a/b(-/-)Bcrp1(-/-) 
mice. In Mdr1a/b(-/-)Bcrp1(-/-) mice that lack 
both transporters, this ratio was >3-fold 
higher than in WT mice (Table 1). In Bcrp1(-/-) 
mice where P-gp is present, this ratio is not 
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Figure 1. The effect of P-gp and Bcrp1 on the brain penetration of topotecan. (A) Brain concentrations 
of topotecan in wild-type (WT), Mdr1a/b(-/-) (P-gp knockout), Bcrp1(-/-) (Bcrp1 knockout) and Mdr1a/b(-/-)Bcrp1(-/-) 
(compound P-gp and Bcrp1 knockout) mice at t = 1, 4, 8, 12 and 24 h after dosing. All mice received topotecan 
(5 mg/kg) i.v. with or without concomitant administration of elacridar given orally [100 mg/kg (t = -2h) and 50 
mg/kg (t = 2h, 6h)]. Colums, mean Brain concentration in ng/g (n = 5 mice per time point); bars, SE. (B) Brain 
versus plasma concentration ratios in mice receiving topotecan (single agent; left) and in combination with 
elacridar (right).
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different from WT mice showing that P-gp 
alone is sufficient to maintain a low brain 
penetration of topotecan. In Mdr1a/b(-/-) mice 
(where Bcrp1 is present), the ratio was ~2-fold 
higher compared with WT mice, but still 
significantly lower compared with Mdr1a/b(-/-)

Bcrp1(-/-) mice (P < 0.01). Thus, the presence of 
Bcrp1 alone is not sufficient to fully maintain 
the same brain penetration of topotecan as 
P-gp does, albeit that this transporter also 
offers significant protection. The tissue-to-
plasma AUC ratios in a range of other tissues 
that were tested (liver, kidney, spleen, lung 
and heart), and which are not protected by 
a barrier like the BBB, show proportional 
accumulation of topotecan into these organs. 
The only exception appears to be the kidney, 
where the tissue-to-plasma AUC ratio in 
Bcrp1 proficient mice (WT and Mdr1a/b(-/-)) is 
higher than in Bcrp1 deficient mice (Table 1). 
We have also depicted the brain-to-plasma 
concentration ratios at the various time points 
of tissue sampling (Figure 1B). This picture 
more or less conforms to the results of the 
brain-to plasma AUC ratios, where Mdr1a/b(-/-)

Bcrp1(-/-) mice present with the highest ratios. 
It should be noted, however, that although 
the differences in the ratios seem to be most 
pronounced at the later time points, these 
do not translate into big differences in AUC 
between the different genotypes (see Table 
1), as the concentrations in brain and plasma 
at the later time points are relatively low. 

Effect of elacridar on the brain penetration of 
topotecan
Concomitant administration of elacridar was 
performed to investigate to what extend this 
potent P-gp/BCRP inhibitor could increase the 
brain penetration of topotecan. Furthermore, 
we wanted to investigate the selectivity and 
potency of elacridar on both transporters for 
topotecan. Concomitant administration of 
elacridar to WT mice increased the AUCbrain of 
topotecan significantly by ~4.5-fold. However, 
as the AUCbrain is ~17-fold higher in Mdr1a/b(-/-)

Bcrp1(-/-) mice, it is clear that the inhibition of 
P-gp and/or Bcrp1 at the BBB by elacridar is far 
from complete. Whereas essentially the same 
AUCbrain was achieved in WT and Mdr1a/b(-/-) 
mice, the AUCbrain of topotecan in Bcrp1(-/-) 
mice that received elacridar was significantly 
higher. Taking into account the AUCplasma of 
topotecan, the brain-to-plasma AUC ratio 
in Bcrp1(-/-) mice (which are P-gp proficient) 
receiving elacridar was not significantly 
different from Mdr1a/b(-/-)Bcrp1(-/-) mice (which 
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Figure 3. Plasma concentrations of topo-
tecan with or without elacridar. (A) Plasma 
concentration-time profile of topotecan in wild-
type (WT), Mdr1a/b(-/-), Bcrp1(-/-) and Mdr1a/b(-/-)

Bcrp1(-/-) mice receiving topotecan as single agent 
and (B) in combination with elacridar. As a refer-
ence, the concentration-time profile in Mdr1a/b(-/-)

Bcrp1(-/-) mice receiving topotecan alone has been  
included in this graph.

W
T

W
T

M
d

r1
a/

b
-/-

)

M
d

r1
a/

b
(-/

-)

M
d

r1
a/

b
(-/

-)

W
T

B
cr

p
1(-

/-)

M 1:1  1:2  1:4 1:1 1:2  1:4

Bcrp1

-/-
)

(-/
-)

(-/
-)/-)

A

(-/
-)

(/
-)

Bcrp1

M
d

r1
a/

b
-/-

) /
B

cr
p

1(
-/-

)
-/-

)
(-/

-)
(-/

-)
(-/

-)

(-/
-)

B

M
d

r1
a

/b
-/-

) /
B

cr
p

1(
-/-

)
-/-

)
(-/

-)
(-/

-)
(-/

-)

M
d

r1
a

/b
-/-

) /
B

cr
p

1(
-/-

)
-/-

)
(-/

-)
(-/

-)
(-/

-)

Figure 2. Bcrp1 expression in the brain homoge-
nates of WT, Mdr1a/b(-/-) and Mdr1a/b(-/-)Bcrp1(-/-)  mice 
(A) using samples from two animals per genotype 
and (B) of serial dilutions (undiluted, 1:2, 1:4) of sam-
ples from one other animal per genotype. Results did 
not indicate differences in expression of Bcrp1 be-
tween Mdr1a/b(-/-) vs WT mice. M: marker.
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are P-gp deficient) receiving topotecan with 
or without concomitant elacridar, showing 
that elacridar is sufficiently potent to (almost) 
fully inhibit P-gp-mediated transport of 
topotecan at the BBB. In contrast, however, 
elacridar is a much less potent inhibitor of 
Bcrp1-mediated transport of topotecan at 
the BBB because the brain-to-plasma AUC 
ratio in Mdr1a/b(-/-) mice receiving elacridar 
was not different from WT mice receiving 
elacridar. The brain-to-plasma AUC ratios in 
Mdr1a/b(-/-)Bcrp1(-/-) mice that receive elacridar 
are not different from Mdr1a/b(-/-)Bcrp1(-/-) 
mice receiving topotecan as single agent, 
suggesting that there are no other elacridar 
sensitive transporters for topotecan present 
at the BBB.

Role of drug transporters in the excretion/
elimination of topotecan 
It is known that drug transporters can be 
involved in the excretion of unchanged drug 
from the body, thus changing the clearance 
of such a compound. This study was not 
designed to provide an in-depth analysis 

of the consequences of P-gp and/or Bcrp1 
deficiency or inhibition on the disposition 
of topotecan, but primarily to establish 
the plasma AUCs in the various cohorts 
because this factor is important for the brain 
accumulation. The AUCplasma in Mdr1a/b(-/-) 
mice was moderately, but significantly (P 
= 0.04) lower than in WT mice in this series. 
Although this would imply that the clearance 
(which is inversely related) would be higher in 
mice lacking P-gp, the overall higher plasma 
level of topotecan at the later time points 
suggest that P-gp does play an, albeit very 
minor, role in the elimination of this drug. In 
contrast, the AUCplasma was much higher in 
Bcrp1 deficient mice. Bcrp1(-/-) mice showed 
higher plasma concentrations than WT and 
Mdr1a/b(-/-) mice at all time points. When 
P-gp was also absent, the AUCplasma increased 
further. Overall, the AUCplasma in Bcrp1(-/-) and 
in Mdr1a/b(-/-)Bcrp1(-/-) mice were 2.5- and 3.1-
fold higher, compared with WT mice (Figure 
3A; Table 1). These results show that, in 
particular, Bcrp1 is an important factor in the 
excretion of topotecan from the body.

 
 
Single agent 

Plasma 
 

Brain Liver Kidney Spleen Lung  Heart 

WT     475 ± 49 150 ± 19 

(0.32) 
4807 ± 610 

(10.1) 
16197 ± 4495 

(34.1) 
4672 ± 214 

(9.8) 
1951 ± 400 

(4.1) 
1190 ± 107 

(2.5) 

Mdr1a/b(-/-) 
 

   352 ± 17 226 ± 21 

(0.64, P<0.01*) 
3884 ± 377 

(11.0) 
10985 ± 4445 

(31.2) 
3427 ± 159 

(9.7) 
1277 ± 72 

(3.6) 
933 ± 66 

(2.7) 

Bcrp1 (-/-)  1118 ± 109 239 ± 20 

(0.21, NS *) 
 10143 ± 513 

(9.1) 
10367 ± 467 

(9.3) 
6109 ± 365 

(5.5) 
4456 ± 443 

(4.0) 
2893 ± 209 

(2.6) 

Mdr1a/b(-/-)Bcrp1 (-/-)  1759 ± 118 1794 ± 58 

(1.02, P<0.01*) 
 14573 ± 781 

(8.4) 
19506 ± 3802 

(11.1) 
16263 ± 1240 

(9.3) 
6936 ± 597 

(3.9) 
4270 ± 281 

(2.4) 

With  elacridar 

       

WT     1332 ± 93 680 ± 45 

(0.51, P<0.05**) 
16111 ± 1328 

(12.1) 
17500 ± 1348 

(13.1) 
18844 ± 1025 

(14.2) 
5698 ± 328 

(4.3) 
3789 ±257 

(2.8) 

Mdr1a/b(-/-)   1395 ± 40 651 ± 33 

(0.47, P<0.05**) 
 16233 ± 699 

(11.6) 
17234 ± 855 

(12.4) 
 15025 ± 668 

(10.8) 
5101 ± 174 

(3.7) 
3323 ± 91 

(2.4) 

Bcrp1 (-/-) 2226 ± 179  
 

2209 ± 85 

(0.99, P<0.01**) 
22106 ± 1823 

(9.9) 
21768 ± 1687 

(9.7) 
20885 ± 750 

(9.4) 
8807 ± 637 

(4.0) 
4987 ± 408 

(2.2) 

Mdr1a/b(-/-)Bcrp1 (-/-) 2264 ± 133 2526 ± 137 

(1.12, NS **) 
 22152 ± 420 

(9.8) 
23687 ± 1601 

(10.5) 
27240 ± 2164 

(12.0) 
11204 ± 2532 

(5.0) 
5028 ± 374 

(2.2) 

 

Table 1. AUC and tissue-to-plasma AUC ratios of topotecan.

NOTE: Distribution study of topotecan administered i.v. (5 mg/kg) with or without the P-gp/BCRP inhibitor elacridar given 
orally (100 mg/kg (t=-2h) and 50 mg/kg (t = 2 h, 6 h) in wild-type (WT), Mdr1a/b(-/-) (P-gp knockout), Bcrp1(-/-) (Bcrp1 knockout) 
and Mdr1a/b(-/-)Bcrp1(-/-) (compound P-gp and Bcrp1 knockout) mice (n = 25 mice per cohort).  AUCplasma (ng/mL x h; mean ± SE) 
and AUCtissue (ng/g x h). Tissue-to-plasma AUC ratios are presented in italics and between parenthesis.
Abbreviation: NS, not significant.
*  Tissue-to-plasma AUC ratios of WT vs Mdr1a/b(-/-), Bcrp1(-/-) and Mdr1a/b(-/-)Bcrp1(-/-) mice

** Tissue-to-plasma AUC ratios within same genotype without elacridar vs with elacridar.
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When elacridar was coadministered, the 
AUCplasma in WT and Mdr1a/b(-/-) mice increased 
to values of ~60% of those in Mdr1a/b(-/-)

Bcrp1(-/-) mice, whereas the AUCplasma in 
Bcrp1(-/-) mice was comparable to Mdr1a/b(-/-)

Bcrp1(-/-) mice (Figure 3B). This result suggests 
that P-gp-mediated excretion was fully 
inhibited by elacridar, whereas Bcrp1 was not. 
Intriguingly, concomitant administration of 
elacridar increased the AUCplasma in Mdr1a/b(-/-)

Bcrp1(-/-) mice significantly by another 30%, 
indicating that elacridar also inhibits other 
pathways involved in the elimination of 
topotecan.   

The role of Mrp4 in the brain penetration of 
topotecan
Since it was recently reported that Mrp4 
would be involved in the brain penetration 
of topotecan (39), we have also studied the 
brain accumulation of topotecan using 
Mrp4(-/-)  mice of 99% pure (eight back-crosses) 

FVB background strain receiving 5 mg/kg of 
topotecan. In contrast to the previous claims, 
we could not confirm that Mrp4(-/-) mice 
accumulate more topotecan in the brain 
(Figure 4). Because our conditions differed 
from those in the previous article (39), we 
have repeated this experiment by pair-wise 
analyses of cohorts of Mrp4(-/-) versus WT mice 
using a dose level of 2 mg/kg instead of 5 mg/
kg, a sampling time point of 6 h post drug 
adminstration and by comparing gender 
and strain background influences. However, 
also under all these different conditions, we 
were unable to show a higher penetration of 
topotecan in Mrp4(-/-) mice (Figure 4).   

Discussion
This study clearly shows, for the first time, 
how the two transporter proteins P-gp and 
Bcrp1 in concert limit the brain penetration 
of a substrate agent (topotecan). Only by 
using compound P-gp and Bcrp1 knockout 
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Figure 4. Topotecan concentration in brain and plasma from Mrp4(-/-) mice versus  WT controls.  
(A) First, topotecan was administered at 5 mg/kg to female Mrp4(-/-) mice of FVB background. Colums, mean 
values in brain and corresponding plasma samples of animals (n = group size) killed at 4 and 8 h; bars, SE. In 
subsequent experiments, topotecan was dosed at 2 mg/kg to female (B) or male (C) FVB mice and to female 
mice of B16:FVB mixed background (D) and brain and tissue samples were harvested at 6 h (B-D).  The large 
error bar in Mrp4(-/-) mice in C was caused by one high value, which was omitted in the bar designated by 
Brain*.
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(Mdr1a/b(-/-)Bcrp1(-/-)) mice as a reference, we 
were able to show that the presence of P-gp 
(in single Bcrp1 knockout mice) or Bcrp1 (in 
single P-gp knockout mice) could fully or partly 
return the brain-to-plasma AUC ratios to that 
in WT mice. Coadministration of elacridar, a 
dual P-gp/BCRP inhibitor in WT mice resulted 
in improved topotecan penetration into brain 
tissue. However, based on results in the single 
knockout mice, inhibition of P-gp appears to 
be (almost) complete, whereas inhibition of 
Bcrp1 was minimal. These results highlight 
the great value of Mdr1a/b(-/-)Bcrp1(-/-) mice 
in assessing the impact of these prominent 
transporters at the BBB. 

Although the presence of BCRP in the BBB has 
been well established (7-9), the importance 
of this drug transporter in limiting the brain 
accumulation has not yet been clearly shown. 
In part, this may be due to the fact that many 
of the BCRP substrates are also a substrate of 
P-gp, which may cause P-gp to conceal the 
effect of BCRP. The prominent role of P-gp 
in the BBB has clearly been demonstrated 
by utilizing P-gp knockout mice (3). By now, 
many papers using these P-gp knockout 
mice have been published and have shown 
that all substrates, even relatively weak ones, 
are efficiently extruded from the brain. Thus 
far, the more recently described Bcrp1(-/-) mice 
(37) have not yet been so widely used for 
studying the brain penetration of compounds. 
Lee et al. (11) concluded that Bcrp1 plays 
only a minor role based on their results with 
[3H]-DHEAS and [3H]-mitoxantrone using 
Bcrp1(-/-) mice. However, at the same time, 
they showed, by using Mdr1ab(-/-) mice, that 
P-gp also limits the brain uptake of these 
compounds, which may thus also explain 
why DHEAS and mitoxantrone levels were 
not higher in Bcrp(-/-) mice and increased 
significantly by concomitant elacridar. On the 
other hand, Breedveld et al. (12) have found 
2.5-fold higher [14C]-imatinib levels in the 
brains of Bcrp1(-/-) mice, which, based on these 
current results, may come somewhat as a 
surprise because imatinib is also an excellent 

P-gp substrate (31). By using Mdr1ab(-/-) mice 
(Bcrp1 proficient) versus Mdr1a/b(-/-)Bcrp1(-/-) 
mice (Bcrp1 deficient), we are now able to 
show unambiguously the impact of Bcrp1 on 
the brain penetration of topotecan and we 
expect that this observation with topotecan 
will be broadly applicable to other BCRP 
substrate drugs that are also a substrate of 
P-gp. Importantly, however, this could only 
be shown in a P-gp deficient background 
as single Bcrp(-/-) mice did not demonstrate 
a higher brain penetration of topotecan 
because of the action of P-gp. There may 
even be a compensatory higher expression 
of P-gp in Bcrp(-/-) mice, as there seems to be a 
trend to a lower brain-to-plasma AUC ratio in 
Bcrp1(-/-) versus WT mice. 

Obviously, the impact of BCRP may differ from 
compound to compound as was previously 
found for P-gp and thus the effects may be 
greater or lesser for any particular drug. For 
example, the differences in brain penetration 
between WT and Mdr1a(-/-) knockout mice 
of ivermectine, vinblastine and paclitaxel 
(3-5) was much larger (10 to 50-fold) than for 
doxorubicin (2 to 3-fold; ref. 42), which may 
have been due to differences in affinity for 
P-gp, but also by differences in their affinity 
for brain tissue itself (tissue binding) and/
or the involvement and affinity of other 
transporters. This latter reason appears to 
be important in case of topotecan, where we 
had also expected much higher topotecan 
levels in Mdr1a/b(-/-) mice. In particular, the 
observation that P-gp appears to have weak 
to moderate affinity for topotecan (13, 43), 
whereas the affinity of BCRP for topotecan 
is quite high (14), could explain the fairly 
limited increase of topotecan in the brain in 
Mdr1a/b(-/-) mice. Moreover, Cisternino et al.  
(10) reported that the mRNA levels of Bcrp1 
in brain microvessels of Mdr1a(-/-) mice were 
3-fold upregulated in the BBB relative to WT 
mice, and such a compensatory mechanism 
may also have a further impact on the 
drug accumulation in the brain. Based on 
our western blot data, we were not able to 
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confirm an overall higher expression of Bcrp1 
protein in brain homogenates in our mice, 
suggesting that normal levels of Bcrp1 are 
already sufficient to limit the BBB penetration 
of topotecan. However, since we did not 
enrich our samples for brain microvessels, 
it is possible that a moderately increased 
expression of Bcrp1 in this compartment did 
occur. 

Within this study we have investigated the 
potency of elacridar to inhibit P-gp and 
Bcrp1 mediated transport of topotecan in 
vivo. Obviously, this is of importance when 
using such inhibitors for improving the BBB 
penetration of chemotherapeutics for the 
treatment of intracranial tumors. By using 
single Mdr1a/b(-/-) and Bcrp1(-/-) mice versus 
Mdr1a/b(-/-)Bcrp1(-/-) mice we were able to 
demonstrate that elacridar could fully inhibit 
P-gp mediated efflux of topotecan at the BBB 
but Bcrp1 mediated efflux of topotecan only 
partially. This incomplete inhibition of Bcrp1 
mediated transport of topotecan by elacridar 
was not due to inadequate dose levels as we 
previously showed that the current dose-
regimen of elacridar will result in plasma 
levels between 500 and 1000 ng/ml for the 
24h period, which is in the higher range of 
what can be achieved in humans (44). Based 
on previous studies, elacridar appears to be 
about 10-fold more potent in inhibiting P-gp 
than BCRP. Hyafil et al. (29) reported that 0.05-
0.10 µM of elacridar was sufficient to fully 
reverse P-gp mediated multidrug resistance 
in several drug resistant cell lines exposed 
to vincristine or doxorubicin, whereas half-
maximal inhibition (IC50) was about 0.02 
µM. Similarly, Traunecker et al. (45) using 
Mes-Dx5 cells reported IC50 values between 
0.007 to 0.091 µM of elacridar, depending 
on the cytotoxic drug that was used. In 
contrast, a recent study from Boumendjel et 
al. (46) reported that the IC50 of elacridar for 
inhibition of mitoxantrone efflux from ABCG-2 
transfected HEK-293 cells was 0.41 µM. Thus, 
the higher potency of elacridar for inhibiting 
P-gp together with the fact that topotecan is a 

better substrate for Bcrp1 than P-gp provides 
a reasonable explanation why elacridar was 
hardly able to inhibit Bcrp1 mediated efflux 
of topotecan whereas inhibition of P-gp 
mediated efflux was virtually complete. As 
expected, elacridar also reduced the plasma 
clearance of topotecan, and also in this case 
full inhibition of Bcrp1 mediated transport 
of topotecan appears to be more difficult 
to achieve than inhibition of P-gp mediated 
transport. Moreover, the further reduction in 
plasma clearance of topotecan in Mdr1a/b(-/-)

Bcrp1(-/-) mice when given in combination 
with elacridar, suggests that this was also 
due to inhibition of other elimination routes 
besides Bcrp1 and P-gp mediated excretion. 
Due to the higher plasma levels by elacridar, 
the gain in brain penetration of topotecan 
(tissue-to-plasma AUC ratio) in WT mice is only 
about 1.6-fold relative to topotecan given as 
single agent instead of the about 3-fold gain 
that might be obtained by full inhibition of 
both Bcrp1 and P-gp-mediated efflux at the 
BBB. This finding may limit the usefulness of 
combining topotecan with elacridar for the 
purpose of better treatment of intracranial 
malignancies. 
Just recently, results on the brain penetration 
of topotecan when given with or without 
gefitinib also showed an about 1.6-fold higher 
brain extracellular fluid AUC vs plasma AUC 
ratio (47). Although this effect was considered 
to be due to inhibition of Bcrp1, it may well be 
that most of this gain is due to inhibition of 
P-gp as gefitinib is also an inhibitor of P-gp 
(48). Our results suggest that inhibition of 
P-gp mediated efflux of topotecan at the 
BBB is more easily achieved than inhibition 
of Bcrp1 mediated efflux. Moreover, gefitinib 
may also elicit effects independent from 
P-gp and Bcrp1. By using our set of knockout 
mice these possible interactions can easily be 
distinguished. 

By using Mrp4(-/-) mice, it was previously 
reported that Mrp4 would be implicated 
in the BBB penetration of topotecan (39). 
However, taking into account our findings 
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demonstrating that the presence of P-gp 
and Bcrp1 resulted in efficient exclusion of 
topotecan from the brain, this claim was in 
marked contrast to our results since both 
transporters are still present in Mrp4(-/-) 
mice. In order to clarify this discrepancy, we 
performed additional experiments in Mrp4(-/-) 
mice using both the conditions (dose level, 
sampling times) of our study as well as those 
more similar as in the previous study. Clearly, 
our data in Mrp4(-/-) mice does not support the 
claim that this transporter has a significant 
impact on the penetration of topotecan into 
brain tissue, at least not when P-gp and/or 
Bcrp1 are present. 

Besides their role in the BBB penetration, 
P-gp and BCRP are also involved in the 
excretion / elimination of many drugs. 
Although this study was not set up to provide 
a comprehensive analysis of the impact of 
these drug transporters on the disposition 
of topotecan, our results demonstrate that 
Bcrp1 has a much greater impact than P-gp 
on the plasma clearance of topotecan in 
mice. Both in mice and humans, a substantial 
fraction of the topotecan dose is excreted via 
the kidneys into the urine (49, 50). Bcrp1 is 
highly expressed in the kidney of mice (51, 52) 
and the markedly reduced plasma clearance 
of topotecan may therefore be explained by 
a reduced renal excretion in the absence of 
Bcrp1. However, the lower tissue-to-plasma 
AUC ratio in kidney of Bcrp1 deficient mice 
relative to Bcrp1 proficient mice suggests that 
the absence of Bcrp1 has more impact on the 
influx of topotecan from the blood into the 
kidney than on the efflux from the kidney 
into the urine. In humans, the expression of 
Bcrp1 relative to other tissues in the body 
is much lower than in mouse kidney (6, 53) 
and, therefore, other drug transporters may 
be more important for the renal excretion 
in humans. Obviously, more research is 
warranted to better understand the role of 
BCRP on the plasma clearance of topotecan 
and the potential of drug interactions with 
BCRP inhibitors. 

In conclusion, by using the present study 
setup we were able to provide a definitive 
proof of the concept that Bcrp1 and P-gp are 
two dominant transporters at the BBB that 
work in concert in limiting brain penetration 
topotecan and we expect that this obser-
vation will also apply for other dual-substrate 
drugs. Unfortunately, inhibition of Bcrp1-
mediated efflux of topotecan at the BBB 
by elacridar, in order to improve the brain 
penetration of this drug, was only minimal 
under the current conditions and this may  
limit the clinical usefulness of this com-
bination for targeting brain malignancies. 
Consequently, more potent BCRP inhibitors 
are required. Our study underlines that 
BCRP is also an important component of the 
BBB that may act as a major hurdle in the 
delivery of therapeutic drugs into the brain 
for instance when targeting malignancies in 
the CNS.
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Material and methods

Reagents 
Topotecan and elacridar (GF120918) were 
kindly provided by GlaxoSmithKline (Research 
Triangle Park, NC, USA). All other chemicals 
were purchased from E. Merck (Darmstadt, 
Germany) and were used as supplied. Water 
was purified by the Milli-Q Plus® system 
(Millipore, Milford, USA).

Preparation of drug solutions
Topotecan was dissolved in glucose (5%; 
w/v) to yield a solution of 0.5 mg/mL (active 
substance). Elacridar (GF120918) was prepared 
freshly the day before each experiment 
and suspended at 5 mg/mL in a mixture of 
hydroxypropyl methylcellulose (0.5 g/L)/1% 
polysorbate 80 (v/v) with the aid of a Polytron 
PT1200 homogenizer (Kinematica AG, Littau, 
Switzerland). The suspension was kept 
protected from light and stirred continuously 
during administration.

Animals 
Animals used in this study were female 
wild-type (WT), Mdr1a/b(-/-) (P-gp knockout; 
ref. (36), Bcrp1(-/-) (Bcrp1 knockout; ref. (37) or 
Mdr1a/b(-/-)Bcrp1(-/-) (P-gp and Bcrp1 knockout; 
ref. (38) mice of a FVB genetic background 
within the age of 9-15 weeks. Mrp4(-/-) mice 
were generated previously (39) and further 
crossed into FVB genetic background (40). 
Animals were housed and handled according 
to institutional guidelines complying 
with Dutch law. The mice were kept in a 
temperature-controlled environment with 
a 12-h light- 12-h dark cycle and were given 
a standard diet (AM-II; Hope Farms B.V., 
Woerden, The Netherlands) and acidified 
water was provided ad libitum. The animal 
ethics committee of our institute approved 
all experiments involving animals.

Study design and drug administration 
This study comprises eight cohorts of animals 
receiving 5 mg/kg topotecan by intravenous 
injection in the tail vein, with or without 

elacridar administered orally by gavage 
into the stomach at a dose of 100 mg/kg (t 
= 2 h before topotecan administration) and 
50 mg/kg (t = 2 h and 6 h after topotecan 
administration). Each cohort consisted of 
25 animals in which 5 animals were used 
per time point (t = 1, 4, 8, 12 and 24 h after 
topotecan administration). At these different 
time points, mice were anesthetized with 
metoxyflurane and blood samples were 
obtained by cardiac puncture and collected 
in tubes containing potassium EDTA as 
anticoagulant, which were centrifuged (10 
min, 4000g, 4°C) to separate the plasma 
fraction. The supernatant plasma fractions 
were transferred into clean vials and stored 
at -20°C until analysis. Immediately after 
cardiac puncture, the mice were sacrificed 
by cervical dislocation and brain, liver, kidney, 
lung, spleen, and heart tissues were dissected. 
Tissues were put in preweighted polyethylene 
vials and kept on dry ice. Vials were weighted 
again to determine the tissue weight and 
stored at -20°C until further analysis. 

Bioanalysis of topotecan 
Frozen mouse plasma and tissues were 
thawed on ice and tissues were thoroughly 
homogenized (Polytron PT1200) in 4% (w/v) 
bovine serum albumin (5, 3 and 2 mL for liver, 
brain, and other tissues, respectively). Total 
topotecan levels (lactone plus caboxylate 
form) in plasma and tissues were determined 
using a validated reversed-phase high 
performance liquid chromatographic method 
with fluorescence detection (41). In short: 100 
µL of biological sample were mixed with 200 
µL of methanol for protein precipitation and 
centrifuged at 20.000g for 10 min. Next, 100 
µL of the supernatant fraction were mixed 
with 200 µL of perchloric acid (2% in water). 
After centrifugation (3 min. 20000g, 4°C), the 
tubes were transferred to the autosampler 
vials and 100 µL was injected into the HPLC 
system. The lower limit of quantitation was 
50 pg/mL in plasma and tissue homogenates.
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Pharmacokinetic and statistical analysis
By standard mathematical equations (see 
formulas below), we have calculated the area 
under the plasma and tissue concentration-
time curve (AUC) using the linear trapezoidal 
rule and the SE of the AUC (SEAUC) by the 
law of propagation of error from time point 
0 h to the last sampling point where the 
concentration was above the lower limit of 
quantitation using the software package 
Quattro Pro (Corel Corp, 1996; version 6.02).

with timen = 0 and Concentrationi and Sei 
being the mean concentration and SE at each 
time point, respectively. Next, the tissue-to-
plasma AUC ratios were calculated using the 
formula

The SE of the tissue-to-plasma AUC ratios 
were calculated using the formula

The two-sided unpaired Student’s t-test was 
used for statistical analysis and a P < 0.05 was 
regarded as statistically significant.

Protein analysis
Membrane fractions from brain tissue were 
prepared by homogenizing brain tissues 
at 0.1 g wet weight/mL in homogenization 
buffer (1 mol/L Tris , 1 mol/L Sucrose, 0.5 
mol/L Na-EDTA), containing a standard 
cocktail of proteases inhibitors (Complete; 
Roche, Basel, Switzerland) and centrifuged at 
5000 g for 15 min at 4°C. The supernatant was 
concentrated by ultracentrifugation (rotor 
SW40, 100.000 g, 30 min, 4°C) and the pellet 

was resuspended in 0.5 mL homogenization 
buffer and stored at -80°C until analysis. 
Protein concentrations were determined 
with the Bradford protein assay (Bio-Rad 
Laboratories, Munich, Germany). Proteins 
were subjected to SDS-PAGE and transferred 
to nitrocellulose (Bio-Rad laboratories, 
Hercules, USA). The membranes were blocked 
for 1 h at room temperature in 0.1 mol/L 
Tris, 0.2% (v/v) Tween 20, 5% (w/v) with 5% 
milk powder. Incubation with the primary 
antibody against Bcrp1/Abcg2 (BXP-53, 1:400, 
a gift from Dr. A.H. Schinkel, Department of 
Experimental Therapy, Netherlands Cancer 
Institute, Amsterdam, The Netherlands) 
was performed overnight at 4°C. Bcrp1 was 
detected by incubation of the blot with 
horseradish peroxidase-conjugated rabbit 
anti-rat IgG for 1 h at room temperature (1:1000, 
Dako, Glostrup, Denmark). The enhanced 
chemiluminescence signal (Amersham, 
Buckinghamshire, UK) was detected by film 
(exposure time 10 min). Equal protein loading 
was confirmed by Poncheau S staining of the 
membranes after transfer (data not shown).
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Glioblastoma multiforme is among the deadliest and most devastating of human 
cancers. The anticancer drug temozolomide is one of the very few drugs that exerts 
a meaningful, albeit moderate, response in this disease and has become part of the 
standard treatment of these tumors. Clinical efficacy appears to be dose dependent. We 
here show that temozolomide is a substrate of both P-glycoprotein (P-gp) and Breast 
Cancer Resistance Protein (BCRP), two transporters that are located in the blood-brain 
barrier where they are involved in limiting the brain uptake of xenotoxins. The brains 
of knockout mice that are deficient for both transporters accumulated 50 percent 
more temozolomide than those of wild-type controls (P<0.001) without increasing the 
systemic drug exposure. Moreover, the same promising increase was achieved when 
temozolomide was given in combination with the dual P-gp/BCRP inhibitor elacridar 
(GF120918). The antitumor efficacy of temozolomide against an intracranial tumor 
model was significantly enhanced when P -gp and Bcrp1 were deficient or inhibited 
in recipient mice. Our findings strongly advocate clinical testing temozolomide 
in combination with elacridar for the treatment of brain cancer, as this offers the 
perspective of further augmenting the antitumor efficacy of this already active agent.
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Absence or inhibition of Breast Cancer Resistance Protein 
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antitumor efficacy of temozolomide
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Introduction
High-grade malignant gliomas (glioblastoma 
multiforme; GBM) are refractory to virtually 
all chemotherapy regimens. Whereas it is 
possible that the heterogeneity within these 
tumors favor the presence of innately resistant 
tumor cells, inadequate drug-exposure 
of tumor cells because of the blood-brain 
barrier is most likely also a major cause of 
the general lack of efficacy of chemotherapy. 
The blood-brain barrier (BBB) restricts the 
entry of virtually all commonly used agents 
(1). Although this barrier is disrupted in those 
parts of the tumor where VEGF-driven micro-
vascular proliferation occurs, as visualized by 
contrast-enhanced MRI, it is still functional 
in the more peripheral regions that harbor 
viable and proliferating tumor cells. Moreover, 
brain tumor cells have the propensity to 
migrate deep into the surrounding normal 
brain tissue, where the BBB is also fully intact 
(2). The principal components of the BBB are 
the endothelial cells that are linked together 
by complex tight-junctions (3) limiting para-
cellular movement of substances. Moreover, 
transcellular passaging is restricted by 
the absence of fenestrae and the low 
endocytic activity of endothelial cells in the 
brain. Besides these more or less passive 
restraints, the BBB is also equipped with 
transport proteins such as P-glycoprotein 
(P-gp, ABCB1) which is responsible for the 
limited brain penetration of a wide range 
of compounds (4). More recently it has been 
shown that the ABC half-transporter Breast 
Cancer Resistance Protein (BCRP, ABCG2) also 
limits the brain penetration of potentially 
important substances such as topotecan (5) 
and imatinib (6).

For a long time the standard treatment of 
GBM consisted of surgery followed by local 
radiotherapy, with or without nitrosourea-
based chemotherapy. However, a large 
number of adjuvant nitrosourea-based 
chemotherapy trials have been performed, 
but did not demonstrate significant survival 
benefit (7,8). More recently, temozolomide, an 

orally bioavailable alkylating agent was found 
to have significant activity in the treatment 
of recurrent grade 3 and grade 4 gliomas, 
with objective response rates of 35% and 
8% respectively, and an additional marked 
percentage of disease stabilization (9-11). 
Progression free survival was significantly 
longer following temozolomide compared 
to procarbazine (10). Moreover, a large 
phase III trial showed a significant survival 
benefit for radiotherapy in combination with 
concomitant and adjuvant temozolomide 
compared to radiotherapy alone (12) and 
this study provided the basis for the new 
standard treatment of newly diagnosed 
GBM, where patients start temozolomide 
(75 mg/m2/day for 42 days) concomitantly 
with radiotherapy, subsequently followed 
by temozolomide monotherapy (150 to 
200 mg/m2/day for 5 days with a 23 day 
rest period). Temozolomide monotherapy 
remains to be indicated for patients with 
recurrent GBM or anaplastic astrocytoma. 
Patients with hypermethylation of the O6-
methylguanine-DNA-methyltransferase 
(MGMT) promoter appear to fair better on 
temozolomide chemotherapy. Nevertheless, 
this drug is currently being prescribed 
to most patients because there is no real 
alternative, and it is generally well tolerated. 
Moreover, laboratory tests to determine 
MGMT promoter methylation status may not 
yet be reliable enough to identify all patients 
that may benefit from temozolomide.
Despite the fact that the brain penetration 
of temozolomide is apparently already high 
enough to elicit a modest though meaningful 
antitumor response, we here show that 
P-gp and BCRP collectively limit the brain 
penetration of this drug. By using knockout 
mouse models we show that the brain 
penetration is 50% increased when these 
two drug transporters are absent or inhibited 
without affecting the plasma clearance of 
this drug. We also show that the efficacy 
of temozolomide against an experimental 
intracranial tumor model is significantly 
improved when P-gp and BCRP are absent.
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Results
 
In vitro transport assays
Because the stability of temozolomide in 
culture medium at 37°C is limited (a half-life 
of about 30 min), transwell experiments were 
carried out slightly differently than usual 
for this kind of experiment. First, we took 
samples every 30 min for up to 2 h instead of 

every hour for up to 4 h. Secondly, to maintain 
adequate temozolomide levels at the donor 
side throughout the experiment we replaced 
1 ml of the 2 ml of medium at the donor side 
of the transwell at each sampling time by 1 ml 
of a freshly prepared temozolomide solution 
in medium. 
We have investigated P-gp mediated 
transport of temozolomide (40 µg/ml) using 
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Figure 1. In vitro transport assays with temozolomide.
Temozolomide was added to the basolateral or apical compartment of the transwell to measure basolateral-
to-apical (b-->a) or apical-to-basolateral (a-->b) transport, respectively, using LLC-PK1 (parent) versus Mdr1a 
(mouse) and MDR1 (human) transduced sublines or using MDCKII (parent) versus Bcrp1 (mouse) and BCRP 
(human) transduced sublines. Because temozolomide is unstable at pH 7.4 (about 50% degradation in 30 
min), half the volume of the donor compartment was replaced by a freshly prepared drug solution every 30 
min. The transport of temozolomide is depicted as percentage of temozolomide initially present at the donor 
compartment. Because degradation will also take place in the acceptor compartment during the experiment, 
this value will be an underestimation of the fraction that is actually translocated. Temozolomide transport 
by Mdr1a/MDR1 was not readily detected by this assay. Transport by Bcrp1 / BCRP was evident; transport by 
the human BCRP transduced is less because the relatively poor quality of expression of BCRP in this cell line. 
(Putative) inhibitors of Bcrp1 were added at the depicted concentrations.
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polarized monolayers of porcine kidney 
(LLC-PK1) cells and its murine (LLC-Mdr1a) 
and human (LLC-MDR1) P-gp transduced 
subclones. Our results show very limited, if any, 
evidence for transport by murine or human 
P-gp (see Figure 1). Similar experiments were 
conducted in the parental canine MDCK cells 
and its transduced murine Bcrp1 or human 
BCRP sublines. Whereas murine MDCK-
Bcrp1 cells showed clear vectorial transport, 
a more moderate transport was seen in the 
human BCRP subline. This, however, is most 
likely not because temozolomide is a weaker 
substrate of human BCRP than of mouse 
Bcrp1, since much less efficient translocation 
by the human BCRP tranduced subline is 
seen with all drugs we have tested so far 
(results not shown) and probably reflects a 
lower expression level and/or not completely 
apical location of BCRP in this subline. Bcrp1 
mediated transport was (almost) completely 
abrogated when elacridar (GF120918; 5 µM), 
gefitinib (10 µM) or erlotinib (10 µM) was 
present in the medium. A concentration of 50 
µM of novobiocin was not sufficient. Together 
with these experiments we performed 
control experiments using well-established 
P-gp and BCRP substrates that were available 
to us as radioactively labeled compounds 
(14C-trabectedin and 14C-Indisulan or 14C-
topotecan). These experiments showed that 
20 µM of gefitinib was sufficient to inhibit 
P-gp mediated transport (results not shown). 
Moreover, the integrity of all monolayers 
was checked using 3H-inuline as marker 
compound. Wells showing more than 1.5% 
translocation of inuline per 30 min were 
considered to be leaky and excluded from 
the analysis. These in vitro results clearly 
show that whereas temozolomide is a good 
substrate of Bcrp1 it is much less efficiently 
transported by P-gp.

In vivo pharmacokinetics
To investigate the impact of Bcrp1 and P-gp 
on the disposition of temozolomide in vivo 
we have performed experiments in wild-
type, Bcrp1 knockout, Mdr1ab knockout, 

and compound Bcrp1/Mdr1ab knockout 
mice. All animals received temozolomide 
by i.v. injection in the tail vein in order to 
minimize the inter-animal variability that 
might be higher after oral dosing, although 
it is acknowledged that the oral route is 
the standard route for clinical use of this 
drug. Interestingly, the brain accumulation 
of temozolomide was significantly (P<0.01) 
higher in both of the single knockout mice 
strains compared to the wild-type control 
group (Table 1). Although the in vitro results 
suggested that P-gp does not transport 
temozolomide, the brain of Mdr1ab knockout 
mice accumulated about 20% more 
temozolomide. The same enhancement was 
seen in single Bcrp1 knockout mice, whereas 
compound Bcrp1/Mdr1ab knockout mice 
accumulated 50% more (P<0.001) drug in the 
brain (Figure 2A). Although a 50% increase 
is modest compared to results previously 
observed with other substrate drugs, we 
expect this to be highly relevant for treatment 
of brain cancer patients. The absence of 
drug transporters did not affect the plasma 
clearance of this drug (Figure 2B, Table 1) 
nullifying the chance that the higher brain 
levels are due to higher plasma levels. In fact, 
the decline of temozolomide from plasma 
follows first-order elimination kinetics with 
a half-life of 0.7 h, in line with the fact that 
temozolomide is unstable at physiological pH 
being non-enzymatically degraded into its 
metabolite 3-methyl-(triazen-1-yl)imidazole-
4-carboximide (18).

To investigate the possibility of enhancing 
the brain accumulation of temozolomide by 
inhibition of P-gp and BCRP we have used the 
dual P-gp/BCRP inhibitor elacridar. Elacridar, 
given to wild-type mice at a single oral dose 
of 100 mg/kg resulted in temozolomide 
brain-to-plasma ratios that were significantly 
(P=0.001) higher than wild-type controls and 
similar to those achieved in compound Bcrp1/
Mdr1ab knockout mice (Figure 2C). Moreover, 
no further significant enhancement in the 
brain penetration of temozolomide was seen 
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Figure 2. In vivo pharmacokinetics of temozolomide.
(A) temozolomide (TMZ) levels in brain homogenates and (B) plasma of wild-type (WT), Bcrp1, Mdr1ab and 
Bcrp1/Mdr1ab knockout (KO) mice (50 mg/kg of TMZ by i.v. injection). Cohorts of mice were killed at several 
time points between 15 min and 7 h. Levels were analyzed by high-performance liquid chromatography.   
(C) Brain and plasma concentration of TMZ in WT and Bcrp1/Mdr1ab KO mice at 2 h after drug administration with 
 or without elacridar or (D) gefitinib  [100 mg/kg of TMZ by  i.v. injection 2 h after oral elacridar (100 mg/kg) or 1 h  after 
oral gefitinib (100 mg/kg). Blood and brain samples were taken 2 h later]. Elacridar enhanced the brain penetration 
(brain-to-plasma ratio) significantly in WT mice (P=0.001) to levels that were similar as in Bcrp1/Mdr1ab KO mice, 
whereas the brain-to-plasma ratio between Bcrp1/Mdr1ab KO mice with or without elacridar was not significantly 
different. Administration of gefitinib did not result in a significantly enhanced brain penetration of TMZ in WT 
mice.   



86

when elacridar was given to Bcrp1/Mdr1ab 
knockout mice, demonstrating that the 
interaction by elacridar was selective for Bcrp 
and P‑gp. Gefitinib and erlotinib are epider‑
mal growth factor receptor (EGFR) tyrosine 
kinase inhibitors that are currently being 
tested in patients suffering from GBM, also in 
combination with temozolomide (19). Based 
on reports suggesting that these compounds 
may be relatively potent BCRP and P‑gp 
inhibitors (20,21), we have investigated the 
effect of concomitant gefitinib on the brain 
penetration of temozolomide. However, 
gefitinib given at 100 mg/kg, did not 
significantly enhance the brain‑to‑plasma 
ratio of temozolomide (Figure 2D). 

Since both P‑gp and BCRP may limit the 
oral bioavailability of substrate drugs, we 
have investigated the drug exposure of oral 
temozolomide in wild‑type versus Bcrp1/
Mdr1ab knockout mice using the dose that 
would be used in the subsequent in vivo 
efficacy study against intracranial xenografts 
(Figure 3). While using relatively large cohorts 
of animals (18 and 19 for wild‑type and Bcrp1/
Mdr1ab knockout mice, respectively) for 
sufficient statistical power, the plasma AUC 
was not significantly different in the Bcrp1/
Mdr1ab knockout mice (Table 1B).

In vivo efficacy study
To confirm the relevance of the higher brain 
penetration for treatment of intracranial 
tumors we first performed an in vivo efficacy 
study using Mel57 melanoma cells that were 
stereotactically implanted in the brains 
of recipient wild‑type and Bcrp1/Mdr1ab 
knockout nude mice. By using gadolinium‑
DTPA magnetic resonance imaging we have 
previously shown that the BBB within these 
brain lesions is relatively intact (16). Whereas 
a very modest efficacy of temozolomide (100 
mg/kg/day x 5) against Mel57 tumors was 
observed in wild‑type mice, the antitumor 
response when grafted in Bcrp1/Mdr1ab 
knockout nude mice was significantly 
higher (Figure 4A).  We, next, repeated this 
experiment using the same cell line injected 
in recipient wild‑type nude mice that were 
treated with temozolomide as single agent 
or with concomitant elacridar (100 mg/kg/
day x 5) and found that the efficacy was 
significantly higher with elacridar (Figure 
4B). As a final check that this was not due to 
differences in blood levels of temozolomide, 
we collected small blood samples from the 
tails to compare the levels of temozolomide 
in tumor bearing animals with and without 
elacridar and found that elacridar did not 
have a marked effect (Figure 4C).
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Figure 3. Plasma concentration-time curves of 
TMZ after oral administration. TMZ (100 mg/kg) was 
given orally to wild‑type (n=18) and Bcrp1/Mdr1ab 
knockout mice (n=19) and serial blood samples were 
drawn from the tail vein. Depicted is the curve of the 
main ± SE concentrations.

 

Genotype 

AUC 0-7 h brain 

µg/g.h 

AUC 0-7 h plasma 

µg/ml.h 

T½ plasma  

h 

Wild -type  36.81 ± 1.11  65.40 ± 2.00  0.689 ± 0.019  

Bcrp1 knockout  44.78 ± 1.88 1 62.96 ± 2 .14 ns  0.719 ± 0.017 ns 

Mdr1ab knockout  44.51 ± 1.56 1 62.16 ± 2.05 ns  0.757 ± 0.021 ns 

Mdr1ab knockout 57.09 ± 1.32 2,3  64.47 ± 1.29 ns  0.705 ± 0.014 ns 

 

 

Genotype 

AUC 0-7 h plasma 

µg/ml.h 

Wild- type 154.2 ± 4.1  

Bcrp1;Mdr1ab knockout 164.5 ± 4.5  ns  

 

A

B

Bcrp1;

Table 1. Pharmacokinetic parameters of temozo-
lomide (A) after i.v. administration of 50 mg/kg or (B)
after oral administration of 100 mg/kg.

1 P < 0.01 relative to wild‑type mice
2 P < 0.001 relative to wild‑type mice
3 P < 0.01 relative to Bcrp1 and Mdr1ab knockout mice 
ns Not significant relative to wild‑type mice
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Discussion
This study shows that the absence of 
both P-gp and Bcrp1 enhances the brain 
penetration of temozolomide by 50 percent 
without altering the body clearance of this 
drug. A similar effect on the brain penetration 
was seen in wild-type mice that received the 
dual P-gp and BCRP inhibitor elacridar. The 
increased brain penetration translated into a 
significantly better antitumor response in an 
experimental intracranial tumor model. Most 
likely, this 50% gain in brain penetration of 
this drug that already elicits meaningful 
clinical responses against primary brain 
cancer may provide another step forward 
in the treatment of this devastating disease. 
Consequently, our results provide a solid basis 
for further clinical testing of combinations 
of elacridar and temozolomide in patients 
suffering from malignant glioma.

The finding that temozolomide is a substrate 
of P-gp was not very clear from the in vitro 
results, whereas, in contrast, temozolomide 
was clearly transported by Bcrp1 in our in vitro 
assay. Most likely, temozolomide is quite a 
weak substrate of P-gp and the in vitro system 
was just not sensitive enough. Moreover, the 
in vitro transwell assay is also complicated 
by the instability of temozolomide in the 
transport medium that has a pH of 7.4. 
Because of this instability of temozolomide in 
the transport medium, it is also not possible 
to calculate the permeability in moles per 
cm². But taking into account this instability, 
the finding that at least 5% of the dose is 
recovered in the acceptor compartment after 
30 min suggests that temozolomide readily 
permeates membranes, which is an important 
characteristic for a compound to be able to 
penetrate the BBB (22). The lower apparent 
transport by human BCRP is probably an 
underestimation of the real capacity of human 
BCRP relative to the murine isoform. Most 
if not all compounds that have been tested 
by others and ourself in our institute were 
much less efficiently translocated by this cell 
line, indicating that the location/expression 
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Figure 4. In vivo efficacy studies with 
temozolomide. Efficacy of temozolomide (TMZ) 
without (A) or with GF120918 (B) against  intracranial 
tumors implanted in wild-type and Bcrp1/Mdr1ab 
deficient nude mice. Mel57-luc cells were injected 
stereotactically in the brain and monitored using in 
vivo bioluminescence imaging on an IVIS200 camera. 
Treatment with TMZ (100 mg/kg/day x5) given 20-30 
min after oral elacridar (GF120918, 100 mg/kg/day 
x5) was started 7 days after tumor cell injections. 
(A) Tumors in Bcrp1/Mdr1ab knockout mice respond 
significantly better to treatment temozolomide 
than tumors in wild-type mice (P=0.037). (B) Tumors 
treated with the combination of TMZ and elacridar 
were significantly smaller at day 13 (P=0.012) then 
tumors treated with TMZ alone. (C) Plasma level of 
TMZ after oral administration with or without oral 
GF120918 in tumor bearing wild-type nude mice. 
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of BCRP in this subline is different from that 
of Bcrp1. Importantly, however, despite this 
relatively weak affinity, especially for P-gp, 
the presence of these drug transporters 
in the BBB still significantly reduces the 
brain penetration of temozolomide. This 
result stresses the efficiency by which 
these transporters operate at the BBB. Drug 
transporters appear to be much more 
efficient in restricting the entry of substrate 
drugs into the brain than preventing uptake 
from the gut. For example, the substrate drug 
imatinib has an excellent oral bioavailability 
(>90%; ref. 23), but a poor brain penetration 
that is significantly enhanced in Bcrp1/
Mdr1 knockout mice (6). Many studies have 
demonstrated that the brain penetration 
of substrate drugs can be substantially 
reduced by drug transporters at the BBB. For 
example, we found that the paclitaxel brain 
penetration in Mdr1ab knockout mice was 
more than 5-fold higher than in wild-type 
controls (17). In that perspective, the 1.5-
fold (e.g. 50%) enhancement of the brain 
penetration of temozolomide may seem very 
modest. However, the fact that temozolomide 
is an active agent (one of the very few) 
against GBM in patients indicates that the 
brain penetration must be reasonable and 
probably higher than that of many other 
drugs. Not unlikely, temozolomide would 
have been an inactive drug against GBM, had 
its affinity for P-gp and/or BCRP been more 
similar to that of paclitaxel and P-gp.

The improved BBB penetration of temo-
zolomide translated into a better tumor 
response using an intracranial tumor model. 
Although the Mel57 is not a GBM derived 
cell line such as for example the frequently 
used U87 cell line, we have chosen the Mel57 
line because brain tumors formed by these 
cells have a functional BBB (16). Whereas 
GBM is characterized by regions where 
VEGF driven microvascular proliferation 
results in a disrupted BBB, it is also a very 
invasive tumor and especially this invasive 
component of the tumor renders this disease 

incurable by current treatment modalities. 
In order to target these invasive tumor cells, 
agents should be capable to penetrate the 
BBB. Consequently, it is important to test the 
antitumor efficacy of agents using models 
that do not have a very leaky BBB as this will 
result in an overestimation of the potency 
of the agent under study. Tumors with leaky 
vessels, such as U87 can be very sensitive 
to temozolomide. In fact, one single dose 
of 25 mg/kg of temozolomide was already 
sufficient to cause a significant antitumor 
response against this tumor (results not 
shown).

Obviously, the finding of this study can only 
be exploited in patients when inhibitors of 
P-gp and BCRP are available. Fortunately, the 
BBB penetration and antitumor efficacy of 
temozolomide was also improved by using 
the dual P-gp/BCRP inhibitor elacridar and, 
importantly, this was achieved using doses 
of elacridar that result in plasma levels in 
mice that can also be achieved in patients 
(24). We have also tested several other known 
inhibitors of P-gp and BCRP, including the 
EGFR inhibitor gefitinib, but unfortunately 
have not yet been able to identify other 
potential candidates for clinical testing. 
Although the clearance of temozolomide 
was unaffected, the combined use of 
temozolomide with P-gp and BCRP inhibitors 
may have an impact on the toxicity profile. 
Currently, two regimens of temozolomide are 
standardly being used for treatment of brain 
tumors. In recurrent GBM, the intermittent 
scheme of temozolomide (150-200 mg/m²/
day) is given for 5 days followed by a 23-day 
rest period, whereas the more continuous 
schedule of temozolomide (75 mg/m²/day) 
for 42 days with concomitant radiotherapy 
is applied for newly diagnosed GBM patients. 
Besides, reports where temozolomide (150 
mg/m²) was given every 2 weeks for 7 days 
followed by a 7 days rest period suggested 
that further dose-intensification may 
improve the efficacy of this drug (25). All 
schedules have a good safety profile, with 
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bone marrow toxicity as main dose-limiting 
toxicity (26). Given that P-gp and BCRP are 
expressed in bone marrow stem cells (27, 28), 
their long-term inhibition in combination 
with the administration of a cytotoxic drug 
may enhance the myelotoxic effects. We 
expect that this effect will be less when using 
the intermittent temozolomide schedule. 
Besides the expression of drug transporters, 
stem cells are also relatively insensitive 
to chemotherapeutic drugs because of 
their relatively low proliferation rate. Upon 
peripheral neutropenia, feedback signaling 
may drive stem cell proliferation to recruit 
more progenitor cells, and these cycling stem 
cells may be more vulnerable to cytotoxic 
drugs. However, as the white blood cell nadir 
occurs days after the last dosing at a time that 
temozolomide and the inhibitor are already 
cleared from the body, the additional toxic 
effects on the stem cell population may be 
minimal. Obviously, the effect on the toxicity 
of temozolomide by a P-gp/BCRP inhibitor 
needs to be monitored closely when such a 
combination is tested in clinical trial.

In conclusion, we have demonstrated 
that the brain penetration and antitumor 
efficacy of temozolomide can be increased 
by concomitant use of the dual P-gp / 
Bcrp1 inhibitor elacridar. We expect that 
this combination may further enhance the 
efficacy of temozolomide against GBM, which 
should be explored in subsequent clinical 
trials.

Materials and methods

Reagents 
Temozolomide (Temodal® 20 mg hard 
capsules) originated from Schering Plough 
BV (Utrecht, The Netherlands). Elacridar 
(GF120918) was a generous gift from 
GlaxoSmithKline Wellcome, Inc. (Research 
Triangle Park, NC, USA). Erlotinib was a 
generous gift of OSI Pharmaceuticals, Inc., 
Melville, NY, USA). Zosuquidar was a generous 
gift of Eli Lilly and Company (Indianapolis, IN, 
USA). Gefitinib was purchased from Sequoia 
Research Products Ltd (Pangbourne, UK). 
Bovine Serum Albumin (BSA), fraction V, was 
purchased from Roche Diagnostics GmbH 
(Mannheim, Germany).  All other chemicals 
were purchased from E. Merck (Darmstadt, 
Germany) and were used as supplied. Water 
was purified by the Milli-Q Plus® system 
(Millipore, Milford, USA).

Preparation of drug solutions
The contents of a temozolomide capsule 
containing 20 mg of active substance was 
dissolved in 0.4 ml ethanol and 3.6 ml saline 
to yield a solution of 5.0 mg/ml. Elacridar 
(GF120918) was prepared freshly the day 
before each experiment and suspended 
at 5 mg/ml in a mixture of hydroxypropyl 
methylcellulose (0.5 g/l)/1% polysorbate 80 
(v/v). The suspension was mixed for 2 minutes 
using a Polytron PT1200 homogenizer 
(Kinematica AG, Littau, Switzerland). 
Additionally, the suspension was kept 
protected from light and stirred continuously 
before and during administration. Gefitinib 
was suspended in 0.5% (v/v) Tween 20 and 
0.25% (w/v) carboxymethylcellulose in water 
at a concentration of 10 mg/ml.

Analytical methods
Based on previous work by Kim et al. (13) we 
have developed a high-performance liquid 
chromatographic assay for quantification 
of temozolomide in medium used for 
transwell experiments and in mouse plasma 
and brain tissue homogenates for in vivo 
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pharmacokinetic studies. Separation/
quantification was achieved using a  
Symmetry® C18 column (150 x 2.0 mm; 
ID) together with a mobile phase of 7.5% 
of methanol in 0.5% acetic acid in water, 
delivered at a flow rate of 0.2 ml/min and UV 
detection at 330 nm (PDA996 photodiode 
array detector; Waters, Milford, MA, USA or 
SF 757 detector; Kratos, Ramsey, NJ, USA). 
Medium from transwell experiments was 
diluted by 10-fold with 0.2% acetic acid 
in water and 50 µl was injected directly 
into the HPLC system. Temozolomide was 
extracted from the acidified plasma and 
brain tissue homogenate samples (200 µl) 
with 1.0 ml ethyl acetate. The dried extracts 
were subsequently dissolved in 100 µl of 5% 
methanol in 0.2% acetic acid in water and 50 
µl was injected into the HPLC system. External 
calibration was performed since no internal 
standard was available. The lower and upper 
limit of quantitation was 0.020 and 10.0 µg/
ml, respectively. Samples above the upper 
limit of quantification were first diluted with 
acidified blank human plasma. All samples 
from in vivo studies were analyzed in twice in 
2 independent analytical series and repeated 
once more when the results differed by more 
than 10%.

In vitro transport experiments
The parental LLC pig-kidney (PK1) cell line 
and sublines transduced with murine Mdr1a 
or human MDR1 (14) and the parental Madine 
Darby Canine Kidney (MDCK) and murine 
Bcrp1 or human BCRP transduced sublines 
(15) were seeded on Transwell microporous 
polycarbonate membrane filters (3.0 µm 
pore size, 24 mm diameter; Costar Corning, 
NY, USA) at a density of 1x106 cells per well in 
2 ml of MEM medium (Invitrogen Corporation, 
Carlsbad, California) containing 10% v/v fetal 
calf serum. Cells were incubated at 37ºC in 
5% CO2 for three days with one medium 
replacement after the first day. Two hours 
before the start of the experiment the medium 
in both compartments was replaced with 2 
ml of OptiMEM medium (InVitrogen Corp.). 

At the start of the experiment the medium 
in the apical or basolateral compartment 
was replaced with 2 ml of freshly prepared 
OptiMEM medium containing 40 µg/ml 
of temozolomide. The P-gp and/or BCRP 
inhibitors elacridar (5 µM), gefitinib (5, 10 µM), 
erlotinib (5, 10 and 20 µM) or novobiocin (10 
and 50 µM) were added to both the apical 
and basolateral compartment. Zosuquidar 
(LY335979, 5 µM) was always added to the 
medium when doing experiments with 
MDCK cell lines to inhibit endogenous 
canine P-gp. Samples of 50 µl were collected 
every 30 min, for up to 2 h after start of 
the experiment. Because temozolomide is 
instable in medium at 37°C, we replaced one 
ml of the donor compartment by a freshly 
prepared aliquot every 30 min. [3H]-inulin 
(approximately 7 kBq per well) was added 
to the same compartment as temozolomide 
to check the integrity of the cell layer. Wells 
showing a leakage of more than 1.5% per 
hour were excluded.

Animals 
Animals used in the pharmacokinetics studies 
were male wild-type, Bcrp1 knockout, Mdr1ab 
knockout and Bcrp1/Mdr1ab knockout mice 
of a FVB genetic background within the 
age range of 8 to 15 weeks. Animals used 
for efficacy studies were athymic (nude) 
mice of FVB background of wild-type or 
Bcrp1/Mdr1ab knockout genotype. Animals 
were housed and handled according to 
institutional guidelines complying with Dutch 
law. The mice were kept in a temperature-
controlled environment with a 12-hour light- 
12-hour dark cycle and were given a standard 
diet (AM-II; Hope Farms B.V., Woerden, 
The Netherlands) and acidified water was 
provided ad libitum. All experiment involving 
animals were approved by the local animal 
ethics committee.

In vivo pharmacokinetics studies 
The brain penetration study comprised 
cohorts of animals receiving temozolomide 
(50 mg/kg) by intravenous injection in the 
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tail vein.  Each cohort consisted of at least 40 
animals in which at least 6 animals were used 
per time point (t= 15 min, 1, 2, 4 and 7 hours 
post temozolomide administration). Separate 
cohorts of wild-type and P-gp/Bcrp1 knockout 
mice received temozolomide (50 mg/kg) as 
single agent versus 2 h after elacridar (100 
mg/kg) administered orally by gavage into 
the stomach or a single agent versus 1 h after 
oral gefitinib (100 mg/kg). The mice were 
anesthetized with metoxyflurane and blood 
samples were obtained by cardiac puncture 
and collected on ice in tubes containing 
potassium EDTA as anticoagulant. The tubes 
were placed in melting ice, centrifuged within 
60 min (10 min, 5000g, 4°C) to separate the 
plasma fraction, which was transferred into 
clean vials, mixed with 1 M hydrochloric 
acid (10 + 1; v/v) and stored at -20°C until 
analysis. Immediately after cardiac puncture 
the mice were killed by cervical dislocation 
and the brains were dissected and placed on 
ice. Within 60 min they were weighed and 
homogenized in 3 ml of ice-cold 1% of BSA 
in 0.05 M phosphate buffer adjusted to pH 
2 and stored at -20°C until further analysis.
We also established the drug exposure in 
wild-type (n=18) and Bcrp1/Mdr1ab knockout 
mice (n=19) receiving an oral dose of 100 mg/
kg by gavage. Blood was sampled from the 
tail at 15, 30 min and 1, 4 and 7 h post drug 
administration to obtain a full curve from 
each animal.

In vivo efficacy studies
Mel57-luc cells (100,000 cells/2 µl) were 
injected stereotactically in the brain as 
described in detail elsewhere (16). Seven 
days later, bioluminescence imaging using an 
IVIS200 camera (Caliper Life Science, Alameda, 
CA, USA) was performed to establish tumor 
load in each animal at the start of therapy. 
In the first experiment, the animals were 
stratified according to genotype (wild-type 
or Bcrp1/Mdr1ab knockout) and tumor load 
and received oral temozolomide 100 mg/kg/
day x5 by gavage or no treatment (control 
group). In a second experiment we used 

only wild-type nude mice that were treated 
with oral temozolomide (100 mg/kg/day 
x5) alone or with concomitant oral elacridar 
(100 mg/kg/day x5) given 20-30 min prior to 
temozolomide. Bioluminescence imaging 
was repeated at subsequent days to establish 
the efficacy of the therapy. The amount 
of bioluminescence in each animal was 
calculated relative to the first measurement 
when therapy was initiated (arbitrarily set at 
100%) and was log converted prior to data 
analysis.

Data analysis
Plasma and brain AUC0-7h values and 
standard errors were calculated by the linear 
trapezoidal rule using standard equations 
(17). The plasma half-life of temozolomide 
was calculated by linear regression analysis 
after log transformation of the concentration 
data using Microsoft Excel 2003. The brain-
to-plasma ratio was calculated for each 
individual animal. The two-sided unpaired 
Student’s t-test was used for statistical analysis 
of AUC values and for analyzing the results of 
the in vivo efficacy study. Bonferroni’s test for 
multiple comparisons was calculated using 
SPSS (v12.0.1; SPSS Inc, Chicago, IL, USA) for 
brain and plasma levels and brain-to-plasma 
ratios determined at 2 h post temozolomide 
administration with the inhibitors.
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Purpose: Erlotinib (Tarceva®, OSI-774) is a novel molecular-targeted inhibitor of the 
epidermal growth factor receptor (EGFR) tyrosine kinase. As high-grade gliomas 
frequently show amplification, overexpression and/or mutation of EGFR, this drug is 
being tested in several clinical trials with glioblastoma patients.

Study design: The effects of the drug efflux transporters P-glycoprotein (P-gp) and 
Breast Cancer Resistance Protein (BCRP) on the brain penetration of erlotinib (50 
mg/kg) after i.p. administration was studied in wild-type (WT), Mdr1ab-/- (single P-gp 
knockout), Bcrp1-/-  (single Bcrp1 knockout) and Mdr1ab-/-Bcrp1-/- (compound P-gp and 
Bcrp1 knockout) mice. Drug levels in plasma and tissues were determined by reverse-
phase high-performance liquid chromatography.

Results: Relative to Mdr1ab-/-Bcrp1-/- mice that are deficient for both drug transporters, 
the area under the concentration time curve in brain tissue (AUC)brain of erlotinib was 
reduced significantly by 37% in Mdr1ab-/-  mice where Bcrp1 is present (49.6 ± 3.95 
versus 31.1 ± 1.7, µg/g*h; P < 0.01). In Bcrp1-/-  mice, were P-gp is present, a 72% reduction 
to 13.0 ± 0.70, µg/g*h (P < 0.01) was observed, which is close to the 78% reduction in the 
AUCbrain of erlotinib found in WT mice where both drug transporters are present (11.0 
± 1.35). The plasma clearance of erlotinib was similar in mice deficient for P-gp and/or 
Bcrp1 compared with wild-type mice. In all other tissues the differences between the 
genotypes were negligible.

Conclusions: Both P-gp and Bcrp1 reduce the brain penetration of erlotinib. Although 
P-gp appears to be the most effective factor limiting the brain penetration of erlotinib, 
the highest brain accumulation was observed when Bcrp1 was also absent. Inhibition 
of P-gp and BCRP may be a useful strategy to improve delivery of erlotinib to the brain, 
and this may be of interest in the treatment of intracranial malignancies.
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Introduction  
Tyrosine kinases are key regulators of 
intracellular signaling (1) and genetic or 
molecular alterations of tyrosine kinases 
contribute to the development and 
progression of tumors. The human Epider-
mal Growth Factor Receptor Type 1/
Epidermal Growth Factor Receptor (HER1/
EGFR) is a tyrosine kinase that is known to be 
amplified and mutated in many neoplasms, 
including glioblastoma multiforme (GBM) 
(2). The finding that EGFR is involved in many 
common tumor types has triggered several 
pharmaceutical companies to develop agents 
that specifically target this receptor. These 
include the small-molecule tyrosine kinase 
inhibitors gefitinib (Iressa®, ZD-1839) and 
erlotinib (Tarceva®, OSI-774), which compete 
with the binding of adenosine triphosphate 
(ATP) to the intracellular tyrosine kinase 
domain of the epidermal growth factor 
receptor, and thereby inhibit receptor 
autophosphorylation and block downstream 
signal transduction. 

In patients with non-small cell lung cancer, 
erlotinib as monotherapy has been shown 
to confer a clinical benefit (3), and tumors 
with mutations in the EGFR kinase domain 
have been associated with better response 
rates compared to tumors with wild-type 
EGFR (reviewed in ref. 4). Furthermore, 
improvements in overall survival and 
progression-free survival were seen in 
patients with pancreatic cancer (5).

High grade gliomas, [WHO grade III (anaplastic 
astrocytoma, oligodendroglioma and oligo-
astrocytoma) and WHO grade IV (GBM)], 
are the most common primary intracranial 
malignancies and among the deadliest of all 
human cancers. Also in primary glioblastoma, 
EGFR amplification and overexpression is 
found in up to ~ 60% of the tumors (6) and 
associated with a poor prognosis, especially 
when occurring in younger patients (7, 8). 
Furthermore, EGFRvIII, a constitutively active 
genomic deletion variant of EGFR is frequently 

present [in 60% to 70% of EGFR-overexpressing 
glioblastomas (9-11)], and EGFRvIII-positive 
tumors are reported to be associated with a 
worse prognosis and shorter life expectancy 
(8). More recently, novel missense mutations 
in the extracellular domain of EGFR have 
been reported with potentially activating 
properties (12). Consequently, tyrosine kinase 
inhibitors have been tested in clinical trials for 
GBM patients as well. Overall efficacy of both 
gefitinib and imatinib in unselected patients 
was minimal and results were disappointing 
(13-15). In case of erlotinib, however, Phase 
I and II studies with erlotinib alone or in 
combination regimens (with temozolomide 
or radiotherapy) in patients with malignant 
GBM have reported encouraging activity and 
a reasonable safety profile (16-18). Moreover, 
correlations between molecular biomarkers 
and responses or survival in gliomablastoma 
patients treated with erlotinib have been 
suggested (19, 20). Most likely, however, a 
combination of erlotinib with other agents is 
the most promising way to use this agent as 
it was very recently shown that the efficacy of 
erlotinib as a single agent was insufficient in 
unselected GBM patients as documented in a 
randomized Phase II study of erlotinib versus 
temozolomide or carmustine. Moreover, this 
study was unable to identify a biomarker that 
was associated with improved outcome (21).

GBM is associated with an aggressive 
course and dismal prognosis. The efficacy of 
systemically administered drugs is limited, 
which is largely due to restricted brain 
penetration of most potent anticancer drugs 
by the blood-brain barrier (BBB) (22). Drug 
transporters located in brain endothelial 
capillaries that build the BBB are critically 
involved in reducing the brain entry of many 
chemotherapeutic agents, as they actively 
transport agents back into the blood (23, 24). 
Several tyrosine kinase inhibitors have 
been shown to be a substrate of the ATP-
binding cassette drug efflux transporters 
P-glycoprotein (P-gp; MDR1, ABCB1) and/or 
the more recently identified Breast Cancer 
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Resistance Protein (BCRP; ABCG2). In vitro 
and in vivo studies have demonstrated that 
imatinib (Gleevec®, STI-571), a PDGFR tyrosine 
kinase inhibitor, is a substrate for both P-gp 
and BCRP (25-29). Furthermore, gefitinib 
has been shown to be actively extruded by 
BCRP (30-32). Several other in vitro studies 
reported that gefitinib and imatinib are able 
to reverse BCRP-mediated (33-37) and, to a 
lesser extent, P-gp-mediated drug resistance 
(30, 38). Additionally, in vivo studies also 
indicated that gefitinib is able to modulate the  
function of P-gp and BCRP, leading to an 
increased oral absorption and a reduced 
topotecan clearance (39), and to enhanced 
antitumor activity and oral bioavailability 
of irinotecan in mice (30, 40). Furthermore, 
it was reported that gefitinib enhanced the 
brain penetration of topotecan in mice (41). 
Preclinical studies evaluating the affinity 
of erlotinib for drug efflux transporters are 
limited. In vitro, it was shown that erlotinib 
is a substrate for BCRP at relatively low 
concentrations, whereas high concentrations 
of erlotinib significantly reverses P-gp- and 
BCRP-mediated multidrug resistance in 
cancer cells by directly inhibiting the drug 
efflux function of P-gp and BCRP (32, 42). 

More recently, we showed that erlotinib was 
actively transported by P-gp and BCRP/Bcrp1 
but not by MRP2, and demonstrated that 
the absence of P-gp and Bcrp1 significantly 
enhanced the oral bioavailability of erlotinib 
(43). The present study was performed to 
investigate the role of P-gp and Bcrp1 on 
the brain penetration of erlotinib in vivo. By 
using wild-type (WT), Mdr1ab-/- (single P-gp 
knockout), Bcrp1-/- (single Bcrp1 knockout) 
and Mdr1ab-/-Bcrp1-/- (compound P-gp and 
Bcrp1 knockout) mice, we clearly demonstrate 
experimental evidence that Bcrp1 together 
with P-gp limit the brain penetration of 
erlotinib.

Results and Discussion
To investigate the effect of P-gp and Bcrp1 
on the brain penetration of erlotinib, we 
made use of wild-type, Mdr1ab-/-, Bcrp1-/-, 
and Mdr1ab-/-Bcrp1-/- knockout mice. The 
mice were sacrificed at 1, 4 and 8 h after i.p. 
erlotinib administration (50 mg/kg), and 
erlotinib concentrations were determined 
in mouse plasma and brain homogenates 
as well as in a selection of other tissues 
(liver, kidney, spleen, lung, and heart) using 
a validated HPLC assay. By using compound 
P-gp and Bcrp1 knockout (Mdr1ab-/-Bcrp1-/-) 
mice as a reference, we were able to clearly 
demonstrate that both P-gp and Bcrp1 play 
an important role in the brain penetration of 
erlotinib (Figure 1A). The AUCbrain of erlotinib in  
Mdr1ab-/-Bcrp1-/- mice of 49.6 ± 3.95 µg/g*h 
was significantly reduced to 31.1 ± 1.7, µg/
g*h (P < 0.01) in Mdr1ab-/- (Bcrp1 proficient) 
mice (Table 1). In Bcrp1-/- mice, where P-gp 
is present, a decrease in the AUCbrain to 13.0 
± 0.70, µg/g*h (P < 0.01) was found, which is 
close to the AUCbrain of erlotinib found in WT 
mice (11.0 ± 1.35, P < 0.01; see Table 1). 

 Plasma 
 

Brain Liver Kidney Heart 

                WT  80.2 ± 3.5 
 

11.0 ± 1.35 489 ± 33.7 176 ± 18.3 74.3 ± 5.3 

Mdr1ab-/- 76.7 ± 4.8 
 

31.1 ± 1.70** 423 ± 27.2 111 ± 6.4** 70.5 ± 5.5 

Bcrp1-/- 90.7 ± 5.4 
 

13.0 ± 0.70 662 ± 49.8* 147 ± 10.7 79.2 ± 5.5 

    Mdr1ab-/-
Bcrp1-/ 

86.0 ± 4.8 
 

49.6 ± 3.95** 550 ± 32.9 125 ± 7.6* 74.5 ± 6.6 

 
-

Table 1. AUC (mean ± SE) of erlotinib in plasma 
(µg/g x h) and tissues (µg/g x h).

Distribution of erlotinib administered i.p (50 mg/kg) at t = 1, 

4 and 8 hours in wild-type (WT), Mdr1ab-/- (single P-gp knock-

out), Bcrp1-/- (single Bcrp1 knockout) and Mdr1ab-/-Bcrp1-/- 

(compound P-gp and Bcrp1 knockout) mice. AUCplasma  

(ng/ml x h); mean ± SE, and AUCtissue (ng/g x h); mean ± SE.

*  AUCtissue of WT versus Mdr1ab-/- and Mdr1ab-/- 

               Bcrp1-/- mice (P < 0.05)

** AUCtissue of WT versus Mdr1ab-/- and Mdr1ab-/- 

              Bcrp1-/- mice (P < 0.01)
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Figure 1. The effect of P-gp and Bcrp1 on the brain penetration of erlotinib. Brain (A) and plasma (B) 
concentration of erlotinib in wild-type (WT), Mdr1ab-/- (single P-gp knockout), Bcrp1-/- (single Bcrp1 knockout) 
and Mdr1ab-/-Bcrp1-/- (compound P-gp and Bcrp1 knockout) mice at t = 1, 4 and 8 h after i.p. injection (50 mg/
kg). Brain concentration in ng/g (mean ± SE), plasma concentration in ng/ml (mean ± SE); n = 4/5 mice per time 
point.

Figure 2. Tissue concentrations of erlotinib. Liver (A), kidney (B) and heart (C) concentration of erlotinib in 
wild-type (WT), Mdr1ab-/- (single P-gp knockout), Bcrp1-/- (single Bcrp1 knockout) and Mdr1ab-/-Bcrp1-/- (com-
pound P-gp and Bcrp1 knockout) mice at t = 1, 4 and 8 h after i.p. injection (50 mg/kg). Tissue concentration in 
ng/g (mean ± SE); n = 4/5 mice per time point.
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The importance of Bcrp1 could not be shown 
by only using single Bcrp1-/- mice because 
erlotinib is also a substrate of P-gp, wich 
is an important drug efflux transporter in 
limiting the BBB penetration of many agents 
as demonstrated by utilizing Mdr1ab-/- mice 
(44). Using these Mdr1ab-/- mice, it has been 
demonstrated that all substrates, even rela-
tively weak ones, are efficiently extruded 
from the brain by P-gp. The finding that Bcrp1 
is important at the BBB, but that its impact is 
obscured by the action of P-gp when using 
single knockout mice, may also be applicable 
for other drug transporters that are present 
at the BBB. For example, we have previously 
shown that the potential impact of Mrp4 at 
the BBB in reducing the brain penetration of 
topotecan was obscured by P-gp and Bcrp1 
(45). In order to achieve maximal therapeutic 
drug accumulation in the treatment of brain 
tumors (and/or other intracranial diseases), 
it will be important to simultaneously inhibit 
all transporters that are relevant for this 
particular agent. 

The enhanced brain accumulation was 
accomplished without changing the systemic 
drug exposure (Figure 1B, Table 1). Similarly, 
the AUC levels in all other tissues that were 
tested (liver, kidney, lung, spleen and heart) 
and which are not protected by a barrier like 
the BBB, did not differ between genotypes 
[Figure 2 and Table 1, data are only shown for 
liver (2A), kidney (2B), and heart 2C)]. There 
is a trend that Bcrp1 deficient mice have 
higher AUC of erlotinib in the liver, which 
appears to be mainly due to higher levels 
at the later time points (4 and 8 h) and this 
may point to a role of Bcrp1 in the hepato-
biliary excretion of erlotinib. Furthermore, 
the levels of erlotinib in the kidney of wild-
type animals at the 4 hour time point was 
also unexpectedly higher, but most likely this 
is a chance finding. As our main purpose was 
just to show that the increased brain levels 
in P-gp and Bcrp1 were not accompanied by 
similarly increased levels in plasma and other 
tissues, and not meant to serve as a detailed 

study on the disposition of erlotinib, we have 
not extended our observations to further 
increase the statistical power. 

The plasma level of erlotinib is very high 
and well above the levels that are reached 
in patients. Whereas it has been shown that 
erlotinib is also capable of inhibiting P-gp and 
Bcrp mediated efflux (32), it is clear from this 
study that even this very high plasma level 
was insufficient to efficiently inhibit their 
activity at the BBB, as the brain concentrations 
of erlotinib remains substantially different 
between genotypes. 

The prognosis of patients with gliomas 
remains poor with the current standard 
treatment consisting of surgery, radiotherapy 
and temozolomide. Molecular targeted 
therapies hold the promise of providing new, 
more effective treatment options with less or 
minimal toxicity than with standard cytotoxic 
drugs. Recently, it has been observed that 
expression of EGFR may play a critical role 
in primary glioblastoma multiforme (6), and 
is reported to correlate with glioma grade 
(46, 47), resistance of tumor cells to radiation 
in vitro (48, 49) and unfavorable prognosis 
in patients (7, 8). The EGFR tyrosine kinase 
inhibitor erlotinib has been demonstrated 
to suppress anchorage-independent growth 
in glioblastoma multiforme derived cell lines 
which inversely correlates with induction 
of EGFR mRNA, suggesting a therapeutic 
role for erlotinib in preventing or delaying 
glioblastoma recurrence after resection (50). 
Furthermore, differently from gefitinib (51), 
erlotinib, has been found to inhibit EGFRvIII 
(the most prevalent EGFR mutation detected 
in glioblastoma multiforme) and the growth of 
EGFRvIII-transformed cells in vitro (8, 52). Also, 
identification of EGFR-activating ectodomain 
mutations has been found in ~14% of GBMs 
which convey sensitivity toward erlotinib 
(12). Despite this presumed important role 
of EGFR in GBM, erlotinib demonstrated 
insufficient avtivity against GBM when given 
as single agent (21). Phase I and II studies 
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of erlotinib in combination regimens (with 
temozolomide or radiotherapy) in patients 
with malignant glioblastoma multiforme 
have reported more encouraging activity and 
a reasonable safety profile (16, 17). Currently, 
several trials are ongoing or in development 
to further explore the efficacy of erlotinib 
in the treatment of malignant gliomas. 
The reason of the modest responses 
with single-targeted kinase inhibitors in 
unselected patients with malignant gliomas is 
not clear, but most likely due to the existence 
of multiple parallel or compensatory signa-
ling pathways. Malignant gliomas, like 
most other solid tumors, are genetically 
heterogeneous and therefore, targeting 
only one single tyrosine kinase may not 
be sufficient for tumor control. Therefore, 
multi-targeted kinase inhibitors have been 
developed to improve efficacy of targeted 
therapies. Furthermore, targeting of multiple 
signaling pathways might be achieved 
through combination therapies and both 
strategies are currently tested in clinical trials.

In conclusion, no matter how well an agent 
is designed to fit into its drugable target, 
it needs to reach this target at therapeutic 
levels. Unlike other solid tumors, it has been 
recognized that the BBB may be an extra 
obstacle for achieving therapeutical levels in 
glioma tumor cells. Although erlotinib and 
gefitinib are small molecules with a favourable 
lipophilicity for BBB passage (22), they are 
also substrates of the drug transporters 
P-gp and BCRP in the BBB. This study clearly 
demonstrates that both transporters are 
involved in the active extrusion of erlotinib 
from the brain. Therefore, it could be of 
interest to investigate the possible clinical 
benefit of the co-administration of erlotinib 
and P-gp/BCRP inhibitors in patients with 
primary CNS malignancies. 

Material and methods 

Chemicals and reagents
Erlotinib hydrochloride (Tarceva®, OSI-
774) was kindly provided by Roche (Basel 
Switzerland; Drs. J.W. Smit and Ch. Funk). 
All other chemicals and reagents were from 
Sigma (St Louis, MO) and of analytical grade 
or better. Water was purified by the Milli-Q 
Plus® system (Millipore, Milford, USA).

Animals  
Animals used in this study were female 
wild-type (WT),  Mdr1ab-/- (P-pg knockout), 
Bcrp1-/- (Bcrp1 knockout) and Mdr1ab-/-Bcrp1-/- 
(P-gp and Bcrp1 knockout) mice (see ref. 
45) of a comparable genetic background 
(FVB) between 10 and 14 weeks of age. 
They were housed and handled according 
to institutional guidelines complying with 
Dutch legislation. Animals were kept in a 
temperature-controlled environment with 
a 12-hours light/12-hours dark cycle and 
received a standard diet (AM-II; Hope Farms, 
Woerden, the Netherlands) and acidified 
water ad libitum. All experiments involving 
animals were approved by the local animal 
ethics committee of our institute. 

Drug preparation and administration
For in vivo studies erlotinib was first dissolved 
in DMSO and further diluted in acidified water 
pH 2.3 (ratio 1:3) to obtain a final concentration 
of 5.0 mg/ml. For pharmacokinetic studies, 
wild-type, Mdr1ab-/-, Bcrp1-/- and Mdr1ab-/-

Bcrp1-/- mice were treated i.p. with 50 mg/
kg of erlotinib. Each cohort consisted of 15 
mice in which 5 mice (or 4 in case of Bcrp1-/- 
mice) were used per time point at t = 1, 4 and 
8 hours after drug administration. At these 
time points, animals were anaesthetized 
with methoxyflurane, their blood was 
collected by cardiac puncture and collected 
in tubes containing potassium EDTA as 
anticoagulant, which were centrifuged (10 
min, 4000g, 4oC) to separate the plasma 
fraction. The supernatant plasma fractions 
were stored at -20oC until HPLC analysis. 
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Immediately after cardiac puncture, the 
mice were sacrificed by cervical dislocation 
and brain, liver, kidney, lung, spleen and 
heart tissues were dissected. Tissues were 
put into pre-weighted polyethylene vials 
and kept on dry ice. After re-weighing the 
vials to determine the tissue weight, they 
were stored at –20oC until HPLC analysis. 
Erlotinib concentrations were measured in 
plasma and tissue samples according to a 
validated HPLC analysis as described below.  

High-Performance Liquid Chromatography 
(HPLC) Analysis of erlotinib
Frozen mouse plasma and tissues were 
thawed in ice and tissues were thoroughly 
homogenized (Polytron PT1200) in 4% (w/v) 
bovine serum albumin (5, 3, 2 mL for liver, 
brain and other tissues respectively. Erlotinib 
levels in plasma and tissues were determined 
using a reverse-phase high-performance 
liquid chromatography method with UV 
detection at 330 nm. Separation was achieved 
using a Symmetry C18 column (150 x 2.1 mm; 
i.d.) and a mobile phase composed of 28% 
(v/v) methanol, 25% (v/v) acetonitrile and 47% 
(v/v) 50 mmol/L potassium phosphate buffer 
containing 0.2% triethylamine (pH adjusted 
to 6.5 with hydrochloric acid). Sample 
pretreatment involved mixing of 200 µL 
plasma (standard, quality control or unknown) 
with 50 µL internal standard (50 µg/mL of 
midazolam in water) and 1 mL of tert-butyl 
methyl ether for 5 min. After centrifugation 
(5 min, 5000 g), the aqueous layer was frozen 
on dry ice/ethanol and the organic top layer 
decanted into a clean tube and dried by 
vacuum. Following reconstitution in 100 µL of 
acetonitrile/water (20:80; v/v) by sonication/
mixing, 50 µL was subjected to HPLC. The 
calibration curve ranged from 20 to 1000 ng/
mL. Samples higher than 1000 ng/mL were 
diluted with blank human plasma to fit into 
the dynamic range of the calibration curve. 
The lower limit of quantitation of the assay 
was 20 ng/mL when using 200 µL of sample.
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High-grade gliomas are the most common primary brain tumors in adults and 
uniformly incurable, primarily due to their location and extensive infiltration into vital 
brain structures. Several strategies based on relevant genetic alterations have been 
described to establish mouse models of glioma. Following germline mutations or 
somatic mutations in newborn mice, tumors arise in a stochastic manner over several 
months. Overall, these tumors recapitulate histopathological and biological features 
of human gliomas much better than traditional xenograft models.
In this study, we describe a new spontaneous high-grade glioma mouse model. For this 
purpose we have used a replication defective, self-deleting lentiviral vector that drives 
Cre-expression under the glial fibrillary acidic protein (GFAP) promoter. Deletion or 
activation of genes was induced by stereotactic intracranial injection of the lentivirus 
into compound Cre-LoxP conditional Ink4a/Arf;K-Rasv12, Pten;Ink4a/Arf;K-Rasv12 and 
p53;Ink4a/Arf;K-Rasv12  adult mice. Histological analyses show that high-grade gliomas 
(WHO grade III anaplastic astrocytoma and grade IV glioblastoma multiforme) were 
formed that resemble many of the features that are characteristic for human high-grade 
gliomas. Because these mice also carry a conditional luciferase reporter gene, their 
tumors could be visualized non-invasively using bioluminescence imaging, thereby 
facilitating their potential use in intervention studies. We also characterized the 
blood-brain barrier (BBB) characteristics in these tumors, and found heterogeneous 
expression of BBB markers and vessel permeability in agreement with human malignant 
glioma tumors. Cell lines derived from these spontaneous tumors and reinjected into 
recipient mice also resemble glioma. This lentivirus-based high-grade glioma mouse 
model, as well as the derived cell lines, will be useful for testing rationally designed 
(targeted) therapies against glioma.
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Chapter 7

Introduction
High-grade gliomas, in particular Glio-
blastoma Multiforme (GBM), are the most 
common primary brain tumors in adults 
and among the deadliest of human cancers. 
Their location and the extensive infiltration 
of tumor cells into surrounding pivotal 
brain structures is an impediment for all 
therapeutic interventions (1). Typically, GBMs 
are composed of a central part consisting 
of necrotic and/or hypoxic regions where 
angiogenic signaling results in a leaky
vascular bed due to increased vessel density 
and a peculiar form of neovascularization, 
known as microvascular proliferation. 
Although responsible for many of the 
devastating symptoms, this more central part 
of the tumor may not be the hardest problem 
to tackle therapeutically, in particular not 
when it is amenable to surgery. The real 
challenge in improving the prognosis of GBM 
patients is to invent subsequent therapies 
that are able to target the numerous 
malignant cells that cannot be removed 
as they have migrated (deeply) into the 
normal surrounding brain parenchyma. 
Unfortunately, side effects of radiotherapy 
restrict further dose escalation. Systemic 
chemotherapy is mostly ineffective because 
these invasive tumor cells reside in regions 
where the vasculature is not (or minimally) 
disrupted and still expresses many of the 
hallmarks of the normal blood-brain barrier 
(BBB). The BBB, which is formed by brain 
endothelial cells that are interconnected by 
tight-junctions, is a major impediment to 
the delivery of systemic chemotherapy to 
the brain restricting the entry of 98% of all 
commonly marketed drugs (2). It has been 
shown that drug transporting proteins in 
the BBB play an important role in this drug 
resistance (3, 4). 

Gliomas are classified from grade I (more 
benign) to grade IV (highly malignant, also 
referred to as GBM) according to the WHO 
system (1), which is based on the presence 
or absence of the histological features, 

including nuclear atypia, mitotic activity, 
giant cells, microvascular proliferation and 
(pseudopalisading) necrosis. GBMs can be 
distinguished into two subtypes. Primary 
or de novo GBMs arise rapidly without 
clinical evidence of a previously existing 
lower-grade lesion at the time of diagnosis, 
whereas secondary GBMs develop relatively 
slowly through progression from low-grade 
astrocytomas or anaplastic astrocytomas. 
Although primary and secondary GBMs are 
histologically indistinguishable, there are 
differences in their molecular pathology (5).
During recent years, genomic analyses of 
tumor material have provided a better insight 
into the genetic alterations associated with 
high-grade gliomas. Common alterations 
include amplification or auto-activating 
mutations of EGFR, PDGFR and CDK4 and 
inactivation by mutation or deletion of the 
tumorsuppressor genes INK4A/ARF, P53, PTEN, 
and RB (for review see (6, 7). These alterations 
cause increased activation of growth factor 
signaling pathways (PI3K/AKT/mTOR and 
RAS/MAPK) and disrupted cell cycle regulatory 
pathways (INK4A/CDK4/RB and ARF/MDM2/
P53) that play critical roles in controlling 
cell proliferation, differentiation, apoptosis 
and cell cycle progression. Understanding 
the molecular pathology underlying GBM 
has allowed the design of more rationally 
designed (targeted) therapeutics (8), which 
should subsequently be tested in relevant 
GBM models. 

Xenograft models, in which established 
mouse and human glioma derived cell 
lines are implanted into the flank or brain 
of immunodeficient mice or rats (9-11), 
have been most commonly used for 
intervention studies, as it is relatively easy 
to generate reproducible tumors. Although 
orthotopically engrafted cell line models are 
already much more relevant than ectopic 
models, these do also not appropriately 
recapitulate many of the features that 
characterize high-grade gliomas. Nowadays, 
more sophisticated models that might be 
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useful for preclinical testing of anticancer 
agents are being developed by direct use of 
patient-derived surgical specimens without 
cell culturing (12, 13), and by engraftment of 
GBM derived stem cell cultures (14-16). More 
recently, germline and somatic genetically 
engineered mouse (GEM) models of glioma 
have been generated (17), which have been 
helpful for demonstrating the role of genes 
that contribute to tumorigenesis. However, 
germline (in)activation affects target gene 
expression usually at a very early stage 
during (embryonic) development and in a 
broad population of cells. As a result, only 
the more subtle initiating events in which 
tumors arise when targeted cells have 
acquired additional genetic alterations can 
be studied as strong genetic events will 
result in embryonic lethality or another 
explicit phenotype. In order to allow control 
of gene expression in both a more tissue 
and time specific manner, somatic GEM 
models have been generated. Based on 
defined genetic alterations spontaneous 
tumor formation in a more or less unaffected 
microenvironment in immunocompetent 
mice is achieved resembling many features 
of the human disease and are therefore very 
valuable for investigation of the malignant 
processes driving gliomagenesis, see review 
(6). So far, none of the glioma GEM models is 
very practical for intervention studies, due 
to their stochastic onset and the inherent 
difficulty to diagnose tumors in animals in a 
timely fashion. Moreover, little attention has 
been paid to verify the BBB characteristics 
in tumors from these glioma mouse models. 
Obviously, the complexity of the human 
disease cannot be fully encompassed in one 
single mouse model and therefore multiple 
appropriate in vivo mouse glioma models are 
needed to select new (targeted) agents and 
combination therapies that can translate this 
knowledge from preclinical studies to the 
clinic. 

In this paper we present our work to create a 
glioma GEM model that would be more easily 

applicable for intervention studies. High-
grade gliomas in adult mice were induced 
by using a replication defective, self-deleting 
lentiviral vector that mediates Cre-expression 
under the glial fibrillary acidic protein (GFAP) 
promoter, which was injected stereotactically 
into the brains of adult compound Cre-LoxP 
conditional mice for Ink4a/Arf, K-Rasv12, Pten 
and p53. Histological analyses demonstrate 
that these high-grade gliomas resemble 
many of the features that are characteristic 
for human high-grade gliomas, including 
a marked heterogeneity in markers of BBB 
characteristics and vessel permeability. 
Tumor incidence and latency was highest in 
p53;Ink4a/Arf; K-Rasv12 compound conditional 
knockout mice. The conditional Luciferase 
Reporter (LucR) gene enabled non-invasive 
detection and follow up of tumors before the 
animals developed clinical symptoms, thus 
creating a window of opportunity for tumor 
treatment.

Results

Loss of Ink4a/Arf and activation of K-Rasv12 with 
or without Pten or p53 loss give rise to grade III 
and IV high-grade gliomas
We have been successful in inducing brain 
tumors in adult mice after stereotactic 
intracranial injection of Cre recombinase 
expressing lentivirus. For this purpose, we 
made use of compound conditional knockout 
mice for genes that are frequently found to 
be deleted or mutated in human high-grade 
glioma, such as deletion of INK4A/ARF, PTEN 
and P53. Furthermore, continuous expression 
of KRAS downstream events was achieved 
by K-RasV12. Interestingly, the time lapse 
between GFAP-Cre lentivirus injection and 
lethal tumor development differed between 
the genotypes. Tumors in the p53;Ink4a/
Arf;K-Rasv12LucR mice developed with a higher 
incidence and more rapidly than in the 
Pten;Ink4a/Arf;K-Rasv12;LucR and Ink4a/Arf;K-
Rasv12;LucR  mice (Figure 1). As a control, we 
also injected K-Ras transgene negative 
animals and found that none of the Ink4a/
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vessels, and microvascular proliferation (28). 
High-grade gliomas from all genotypes 
displayed increased vascular and enlarged 
blood vessels in compact tumor areas 
(Figure 2E), but not in diffuse infiltrative 
areas. Furthermore, tumor cells migrated 
distant from the tumor center by co-option 
of existing host vessels (Figure 2F). Several 
grade IV astrocytomas demonstrated vessels 
with incipient micovascular proliferation 
(Figure 2H) or endothelial hyperplasia (Figure 
2G). However, in this mouse model we did not 
observe the overt features of microvascular 
proliferation that are seen in patients.

Invasion throughout the brain parenchyma 
is a key feature in high-grade gliomas and a 
major reason for the poor treatment response. 
Heterogeneity in growth characteristics was 
observed in the induced high-grade gliomas 
from all genetic backgrounds. Whereas a few 
tumors showed a relatively compact growth 
pattern, large areas in tumors progressed via 
perivascular growth (Figure 2I). Additionally, 
tumors also displayed diffuse infiltrative 
growth along white matter tracts in the 
brain parenchyma (Figure 2J). In contrast, 
although most of the CMV-Cre induced 
tumors showed histological features of high-
grade gliomas, also other tumor types were 
observed, e.g. one meningioma and lesions 
resembling gliosarcomas (data not shown).
A limited number of tumors that developed 
after GFAP-Cre virus injection were used 
to generate neurosphere cell lines. It was 
shown that tumorigenic, stem-cell like 
neural precursors could be isolated from 
glioblastomas, which possess ex vivo 
multipotency and the ability to establish and 
expand secondary tumors that imitate these 
primary tumors more closely than any other 
previously available cell lines (16). These cell 
lines were reinjected into recipient immuno-
deficient mice and, similar as in other studies, 
tumors formed from these neurosphere cell 
lines resembled malignant gliomas more 
closely than previous used serum derived cell 
lines (Supplemental Figure 1).

Arf;LucR, Pten;Ink4a/Arf;LucR and p53;Ink4a/
Arf;LucR mice developed tumors after follow 
up of more than one year. Furthermore, we 
injected animals with a similar replication 
defective, self-deleting Cre lentivirus contain-
ing the CMV instead of the GFAP promoter 
sequence. After stereotactic intracranial 
injection of this lentivirus, tumors developed 
in 7/7 (100%) Ink4a/Arf;K-Rasv12;LucR mice and 
6/6 (100%) p53;Ink4a/Arf;K-Rasv12;LucR mice. 
Thus, tumors developed more rapidly and 
with a higher incidence compared to the 
tumors that were induced by the GFAP-Cre 
lentivirus (Figure 1). 

Tumors were independently assessed by 
three human pathologists and graded, 
according to the WHO criteria (1). 8 out of 23 
(35%) Ink4a/Arf;K-Rasv12;LucR mice that were 
injected with GFAP-Cre lentivirus developed 
high-grade gliomas, with 6 out of 8 tumors 
graded as anaplastic astrocytomas (WHO 
grade III). Tumors were highly infiltrative 
and showed increased cell density with 
nuclear atypia and mitosis (Figure 2A). 
Moreover, 2 out of 8 tumors induced in 
this genetic background were assessed as 
GBM (WHO grade IV) as they additionally 
showed areas of pseudopalisading necrosis 
(Figure 2C). Tumors generated in Pten;Ink4a/
Arf;K-Rasv12;LucR mice (4 out of 13; 31%) were 
assessed as grade III anaplastic astrocytomas. 
However, presence of incipient microvascular 
proliferation in 2/4 tumor does suggest 
progression into grade IV gliomas (Figure 2H). 
In p53;Ink4a/Arf;K-Rasv12;LucR  mice, malignant 
gliomas were found in 12 out of 15 (80%) 
cases, with 4 out of 12 tumors being assessed 
as anaplastic astrocytomas (WHO grade III) 
and 8 out of 12 as GBM (WHO grade IV) as they 
showed typical histological characteristics 
for human GBM, like nuclear atypia, mitosis, 
giant cells (Figure 2B), and pseudopalisading 
necrosis (Figure 2D). Another GBM hallmark 
seen in patients is vascular proliferation 
that can occur in two pathologically distinct 
forms: a diffuse increase in vascular density 
provided by more densely arrayed small 
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Figure 1. Latency curves for brain tumor related death per genotype after stereotactic intracranial 
injection of GFAP-Cre or CMV-Cre lentivirus. Kaplan Meier analysis for brain tumor related survival in 
days per genotype is shown for GFAP-Cre infected Ink4a/Arf;K-Rasv12;LucR, Pten;Ink4a/Arf;K-Rasv12;LucR 
and p53;Ink4a/Arf;K-Rasv12;LucR mice. Moreover, Kaplan Meier analysis for brain tumor related survival in 
days is shown for CMV-Cre infected Ink4a/Arf;K-Rasv12;LucR and p53;Ink4a/Arf;K-Rasv12;LucR mice. Mice were 
sacrificed when significant tumor growth was shown by bioluminescence or animals displayed signs of illness. 
Furthermore, mice that were sacrificed or died for other reasons than brain tumors, are censored and depicted 
by small circles. Latency in p53;Ink4a/Arf;K-Rasv12;LucR mice shifted to the left in comparison with Ink4a/
Arf;K-Rasv12;LucR (P = 0.024) and Pten;Ink4a/Arf;K-Rasv12;LucR mice (P = 0.129). Furthermore, latency in CMV-
Cre induced tumors significantly shifted to the left compared to GFAP-Cre induced tumors from the same 
genotypes (P < 0.000). Pairwise comparison is performed by the Log Rank (Mantel Cox) test). 
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Figure 2. Intracranial injection of GFAP-Cre 
lentivirus results in WHO grade III and IV 
gliomas. Histological (Hematoxylin & Eosin) 
analysis of induced high-grade gliomas after 
intracranial injection of GFAP-Cre lentivirus in 
Ink4a/Arf;K-Rasv12;LucR, Pten;Ink4a/Arf;K-Rasv12;LucR 
and p53;Ink4a/Arf;K-Rasv12;LucR mice. Depicted 
are representative examples from tumors defined 
as WHO grade III (anaplastic astrocytomas) or 
grade IV (GBM), which show key features of human 
malignant gliomas. Independent of genotype, all 
tumors showed dense cellularity, nuclear atypia 
(A, indicated by arrows), mitosis (A, indicated by 
asterisk en also shown in insert) and in some cases 
giant cells formation (B). Tumors from Ink4a/Arf;K-
Rasv12;LucR and p53;Ink4a/Arf;K-Rasv12;LucR mice 
showed pseudopalisading necrosis (C and D). 
Vascular proliferation and enlarged vessels (E) as well 
as growth by co-option of existing blood vessels (F) 
were observed in all genotypes. Furthermore, tumors 
displayed (incipient) microvascular proliferation (G 
and H). Tumors displayed both peri-vascular invasion 
(F and I) as well as diffuse infiltration into white matter 
as indicated by high cellular density between co-
optive and peri-vascular outgrow (J, see asterisk).
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Immunohistochemistry
To demonstrate the ‘multiforme’ and highly 
proliferative nature of the gliomas, we 
performed immunohistochemical stainings 
for nestin (marker for primitive neural cells), 
GFAP (marker for glial cells) and proliferating 
cell nuclear antigen (PCNA) on the tumors 
that developed in Ink4a/Arf;K-Rasv12;LucR, 
Pten;Ink4a/Arf;K-Rasv12;LucR and p53;Ink4a/
Arf;K-Rasv12;LucR mice injected with GFAP-Cre 
lentivirus (Figure 3). Interestingly, all tumors 
of the three different backgrounds were 
highly positive for nestin. However, most of 
the GFAP positive cells within the tumors 
were reactive astrocytes, especially in the 
rim around the tumor, and most of the tumor 
cells were GFAP negative. Furthermore, 
tumors induced in all genotypes were highly 
proliferative as shown by the PCNA stainings. 
Additionally, immunohistochemical stainings 
for Pten and pAkt were performed to confirm 
that injection of GFAP-Cre lentivirus in the 
different strains results in specific molecular 
alterations. Indeed, gliomas derived in a 
Pten;Ink4a/Arf;K-Rasv12;LucR background were 
Pten negative and showed increased pAkt 
levels whereas gliomas from Ink4a/Arf;K-
Rasv12;LucR background were Pten positive 
and did not show increased pAkt levels, 
compared to the surrounding normal brain 
parenchyma. 

Tumors show heterogeneous features of BBB 
characteristics and vessel permeability
The BBB plays an important role in the brain 
penetration of chemotherapeutics. Classical 
xenograft models often contain leaky vessels 
throughout the lesion, which may lead to 
over-prediction of the efficacy of agents and 
might explain why many agents that were 
active in preclinical studies failed to work 
in clinical trials (25). Typically, GBM is very 
heterogeneous, with leaky centres existing 
next to invasive regions with (more) intact 
BBB properties. Consequently, it is essential to 
establish the status of the BBB in brain lesions 
when implementing these glioma models 
for preclinical testing of chemotherapeutic 

agents. Therefore, we have investigated 
blood vessel characteristics in the GFAP-Cre 
lentivirus-induced high-grade gliomas by 
using three markers: GLUT1, a membranous 
glucose transporter, which is specifically 
expressed on brain capillary endothelial cells 
and is also upregulated in tumor cells under 
hypoxic conditions (29, 30), BCRP, which is a 
drug efflux transporter that together with 
P-gp plays an important role in the BBB in 
restricting the entry of many agents and 
mouse Immunoglobulin G (IgG), a marker 
for more chronic leakiness of the BBB (31). 
Tumors from all genotypes exhibited large 
areas with GLUT1 positive vessels (Figure 4, 5A 
(asterisks) and 5B), indicating that tumor cells 
make use of existing vessels that express BBB 
markers. Some tumors also displayed areas 
with GLUT1 negative vessels, suggestive of 
neovascularization (Figure 5A and C, arrows). 
Disperse through the tumor, areas were 
observed where tumor cells also expressed 
GLUT1, suggestive of hypoxia (Figure 5B 
(arrow) and 5C). Hypoxia related GLUT1 
expression is induced in tumor cells within 
the compact growing areas of the tumor and 
often these regions were found adjacent to 
necrosis (32). Interestingly, even within the 
same genetic background (in this example 
p53;Ink4a/Arf;K-Rasv12;LucR), heterogeneity 
was observed between the tumors in vessel 
permeability (Figure 4). Tumor vessels also 
displayed a marked heterogeneity in BCRP 
expression. Whereas the vessels in some 
areas of the tumor were BCRP negative, other 
areas showed clearly positive endothelial 
cells that often stained even more intense 
than vessels in the surrounding normal 
brain parenchyma (Figure 4 and 5D and 
E). Overall, these results demonstrate that 
GFAP-Cre lentivirus induced gliomas display 
heterogeneous expression of BBB markers 
and vessel permeability, which is most likely 
due to the tumor microenvironment. These 
data are in agreement with human malignant 
glioma tumors.
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in invasiveness, vessel permeability and BBB 
characteristics. Additionally, intercrossing 
of the conditional Luciferase Reporter gene, 
allowed visualization of tumors several weeks 
before the animals became terminally ill, 
which may be helpful for using these models 
in intervention studies. 

Lentiviral vectors are considered attractive 
CNS gene transfer tools due to their capacity 
to transduce slowly or nondividing cells in 
the brain (33), their stable integration, the 
lack of expression of viral genes avoiding 
immune responses (34), and the possibility 
of incorporating relatively large and complex 
expression cassettes (35). Furthermore, 
lentiviral vectors have been demonstrated to 
transduce many cell types within the CNS in 
vivo (36-38). To achieve targeted expression 
of Cre recombinase in glial cells, we equipped 
the lentivirus with a mouse GFAP promoter 
that allows for genetic alteration in only a 
subset of cells in the brain. It has been shown 
previously that VSV-G pseudo-typed lentiviral 
vectors that drive the gene of interest from a 
GFAP promoter are excellent tools to achieve 
targeted transgene expression in glial cells in 
the brain (37). In contrast, when a lentivirus 
carrying a CMV-driven promoter was injected 
into the striatum, most of the cells that 
showed expression were neurons, most likely 
because the CMV promoter has a relatively 
low activity in glial cells (37). In line with these 
data, we found that intracranial injection of a 
CMV-Cre expressing lentivirus in conditional 
Ink4a/Arf;K-Rasv12;LucR and p53;Ink4a/Arf;K-
Rasv12;LucR mice resulted in a diversity in 
malignant lesions, including meningioma, 
mixed tumors (oligo-astrocytomas),sarcoma- 
like lesions and high-grade gliomas, 
sometimes combined in one animal, with 
100% tumor incidence and a short latency 
time. In contrast, when using our GFAP-Cre 
lentivirus, high-grade gliomas (grade III, 
anaplastic astrocytomas and grade IV, GBM) 
were formed with a longer latency time in 
all three genotypes, concordant with the 
smaller number and diversity of transduced 

In vivo bioluminescent imaging of spontaneous 
high-grade glioma development in mice 
Genetically induced gliomas vary in time 
of tumor onset, appearance of symptoms, 
tumor location and tumor growth rate. 
Effective utility of these biologically relevant 
glioma mouse models in preclinical testing of 
therapeutic agents depends on appropriate 
screening methods. To monitor tumor 
initiation and development non-invasively, 
we have therefore intercrossed the Luciferase 
Reporter gene in our mouse strains, generating 
Ink4a/Ar f;K- Ras v12;LucR ,Pten;Ink4a/Ar f;K-
Rasv12;LucR and p53;Ink4a/Arf;K-Rasv12;LucR 
mice. Tumor formation, which is induced by 
intracranial injection of GFAP-Cre or CMV-Cre 
lentivirus, can be monitored non-invasively 
using bioluminescence imaging as is shown 
by Figure 6. By weekly imaging, we were able 
to monitor development of spontaneous 
primary brain tumors in a timely fashion. 
When a tumor is detected, tumor growth 
can be followed for at least two additional 
weeks before we have to sacrifice the mouse. 
Ideally, drug therapies should be given in this 
time span to investigate treatment efficacy. 
Although mice carrying the lucR reporter 
gene have a somewhat higher background 
bioluminescence signal than lucR null 
mice, tumors can still be clearly detected 
and monitored during tumor progression, 
demonstrating the potential applicability of 
this glioma model in preclinical trials.

Discussion and Conclusion
We here present a strategy to model high-
grade gliomas in adult Cre/LoxP mice 
using a replication defective, self-deleting 
lentivirus. We show that stereotactic 
intracranial injection of GFAP-Cre lentivirus 
results in the spontaneous development of  
grade III and IV gliomas in Ink4a/Arf;K-Rasv12, 
Pten;Ink4a/Arf;K-Rasv12 and p53;Ink4a/Arf;K-
Rasv12 CreLoxP mice. Tumor incidence and 
grade of malignancy was highest in the latter 
genotype. All tumors resembled many of the 
histological features that are characteristic 
of human gliomas, including heterogeneity 
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Figure 3. Representative immunohistochemical stainings. Nestin, GFAP, PCNA, PTEN and  pAkt stainings 
in grade III and IV gliomas induced after intracranial injection of GFAP-Cre lentivirus in Ink4a/Arf;K-Rasv12;LucR, 
Pten;Ink4a/Arf;K-Rasv12;LucR and p53;Ink4a/Arf;K-Rasv12;LucR mice. Tumors in all backgrounds were highly 
positive for PCNA. Furthermore, tumors contained both nestin and GFAP positive cells. Tumors induced in 
Pten;Ink4a/Arf;K-Rasv12;LucR mice were clearly negative for Pten and showed increased levels of pAkt, in 
contrast to the other two, Pten proficient, backgrounds (magnification 2x and 40x).
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Figure 4. GFAP-Cre induced high-grade gliomas show heterogeneous BBB characteristics and vessel 
permeability. BBB status of the high-grade gliomas is determined by immunohistochemical stainings for the 
BBB markers GLUT1 and BCRP. Vessel permeability was determined by IgG. Displayed are four representative 
tumors induced after intracranial injection of GFAP-Cre lentivirus in p53;Ink4a/Arf;K-Rasv12 mice, but similar 
results were obtained within the other genotypes (data not shown). Many, but not all tumor vessels were 
positive for GLUT1. Besides, within tumors, some areas contained GLUT1 expressing tumor cells (tumor example 
4). Moreover, heterogeneity in BCRP expression and vessel permeability was observed in and between the 
tumors. Heterogeneity in leakiness between the tumors was observed by IgG stainings (magnification x 10, 
insert x 100). 
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Figure 5.  GFAP-Cre lentivirus induced tumors have intact BBB properties.   
Representative immunohistochemical stainings of high-grade gliomas induced after intracranial injection of 
GFAP-Cre lentivirus in Ink4a/Arf;K-Rasv12;LucR, Pten;Ink4a/Arf;K-Rasv12;LucR p53;Ink4a/Arf;K-Rasv12;LucR mice. 
(A) Most vessels were GLUT1 positive (asterisk), indicative for pre-existing vasculature. However, in some 
tumors also GLUT1 negative vessels (5A and 5C, arrows) were observed, suggestive for neovascularization. (B) 
Moreover, hypoxic tumor cells (arrow) and (C) proliferating cells around the border of necrotic areas  (asterisk) 
express GLUT1. Frequently, areas with GLUT1 negative vessels were associated with GLUT1 expresing tumor 
cells. (D and E) Elevated BCRP levels in both tumor vessels (V) and tumor cells (T) compared to BCRP levels in the 
surrounding normal brain vessels (indicated by asterisk). This was found in all mouse genotypes. Furthermore, 
a marked heterogeneity of BCRP expression within tumor areas is frequently found (magnification x20 and 
x40). 

Figure 6. Non-invasive monitoring of high-
grade glioma development by the conditional 
Luciferase Reporter. Shown are representative 
bioluminescence images of two primary tumors 
arising in p53;Ink4a/Arf;K-Rasv12;LucR mice several 
weeks( 7,8,10 and 12) after intracranial injection of 
GFAP-Cre lentivirus (photons/seconds). 

Supplemental Figure 1. Neurosphere cell lines 
derived from GFAP-Cre lentiviral induced tumors 
in p53;INK4a/Arf;K-RasV12F/F mice resemble histo-
pathological features of human high-grade gliomas 
after intracranial injection into immunodeficient 
mice. Tumors display diffuse infil-trative (A) and 
perivascular growth (B), increased vascular density, 
enlarged blood vessels and necrosis (C, asterisk).
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cells when using a glial cell specific GFAP 
promoter. GFAP-Cre lentivirus induced high-
grade gliomas recapitulate many of the histo-
pathological features observed in human 
gliomas, such as a marked heterogeneity 
and diffuse infiltration. All mouse tumors 
expressed the typical human glioma markers 
nestin and GFAP, indicative for their glial 
components (39, 40). However, whereas all 
tumors were highly nestin positive, only a 
very few tumor cells were GFAP positive. 
These data suggest that lentiviral GFAP-Cre 
mediated activation of K-RAS and loss of 
Ink4a/Arf with or without loss of Pten or p53 
results in loss of GFAP expression in most 
of the tumor cells. Whether this reflects 
differentiation of dedifferentiation cannot be 
concluded since GFAP expression has been 
noted to be expressed in both progenitor 
and more differentiated cells in the brain (41).

Although human gliomas rarely show 
mutations in RAS itself (42, 43), virtually all 
malignant human gliomas have elevated 
levels of activated RAS (44). RAS activity 
can be increased by alterations in upstream 
receptor tyrosine kinases (45), inactivation 
of negative regulators like NF1 (46, 47) and 
Rig (48) or continuous activated Raf-1 levels 
(49) that lead to continuous activation of 
the downstream RAS/MAPK and PI3K/AKT 
pathways. Indeed, several glioma mouse 
models have demonstrated the important 
role of activated RAS in glioma formation. 
For example, GFAP-driven expression of 
a constitutively active form of H-Ras (50) 
induced anaplastic astrocytoma formation 
in mice. Moreover, whereas gliomas did not 
develop in the RCAS/tv-a system after gene 
transfer of activated K-Ras only, activated 
K-Ras combined with loss of Ink4a/Arf or 
activated Akt did lead to high-grade glioma 
formation (51, 52). In this study, we made use 
of a model in which continuous expression 
of K-RasV12 turns on the K-Ras downstream 
events that are relevant in human gliomas. 
The incidence of brain tumors in our mice 
will be somewhat underestimated, because 

K-RasV12 conditional mice may develop other 
tumors later in life. In particularly female 
mice are prone to develop mammary tumors 
beyond 20 weeks of age. Consequently, male 
mice are preferred in future studies in order 
to minimize the number of animals that are 
lost while waiting for the occurrence of brain 
tumors.

In line with previous results, a combination 
of continuous expression of K-Ras and 
loss of Ink4a/Arf was sufficient to initiate 
the formation of high-grade gliomas in 
about 35% of the animals. Additionally, if 
continuous expression of K-Ras and loss of 
Ink4a/Arf was combined with loss of function 
of p53, the tumor latency was significantly 
reduced, which was best seen in cohorts 
that were injected on the same day with the 
same batch of GFAP-Cre lentivirus, as day-
to-day variations in tumor induction were 
observed within one batch upon storage as 
well as between virus batches. Moreover, the 
incidence increased and tumors were mostly 
of grade IV (8/12 (66%). These data are in 
agreement with previously studies of Zhu et 
al. (53) and Marumoto et al. (54). Interestingly, 
the implementation of p53 inactivation for 
developing mouse models of primary GBM 
has gained relevance since recently published 
studies have shown that inactivation of 
p53 is also a key event in primary GBM (55-
57) and not, as was previously assumed, 
predominantly involved in initiation of low 
grade astrocytomas that later developed into 
secondary GBMs. In contrast to the deletion of 
p53, Pten deletion does not appear to shorten 
the latency. Unfortunately, while waiting for 
the occurrence of brain tumors, a substantial 
fraction of the (predominantly female) 
Pten;Ink4a/Arf;K-Rasv12 mice died from other 
tumors. Intracranial injection of GFAP-Cre in 
p53;Ink4a/Arf mice resulting in loss of Ink4a/
Arf and p53 without activation of mutant 
KRas did not result in tumor formation. 

Recently, targeted agents such as gefitinib 
and erlotinib, that interfere with molecular 
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abnormalities commonly found in GBM, have 
been tested in clinical trials, but unfortunately 
without much success (reviewed in (58). 
Genetic heterogeneity of the tumor with 
multiple and overlapping aberrant signal 
transduction pathways may be one of the 
reasons for their lack of efficacy. Consequently, 
targeting multiple signaling pathways and/
or different targets in the same pathway 
through combination therapy might be a 
strategy to improve treatment efficacy. It is 
clear that selection of the most promising 
(combination of) agent(s) would benefit from 
the availability of accurate preclinical models. 
To date, several GEMs, have been described 
for modeling human gliomas (6). In particular 
somatic GEMs based on relevant genetic 
alterations recapitulate biological features 
of gliomas relatively well, based on relevant 
genetic alterations and are widely used in 
the study of gliomas. Nevertheless, to date 
these models have not yet been extensively 
used in testing (targeted) therapeutic agents 
although they hold great promise to test new 
intervention strategies (59). 

Another important aspect is that most 
(targeted) agents, like the EGFR tyrosine 
kinase inhibitors, are not primarily developed 
to target brain tumors. Instead, such agents 
are developed for other (major) tumor types 
and considered for testing in GBM patients 
because they share aberrant molecular 
pathways with these other cancers. Since 
these agents may not have the optimal 
molecular structure to allow sufficient 
penetration of the BBB, they may not reach 
all tumor cells at therapeutically effective 
concentrations. Normal brain vessels 
consist of endothelial cells that are linked 
together by tight-junctions and contain 
drug efflux transporters, such as P-gp and 
BCRP, comprising the blood-brain barrier 
(BBB). Consequently, this barrier restricts the 
permeability of brain vessels and thereby 
the entry of drugs. High-grade gliomas in 
humans consist of a more central, highly 
angiogenic region that harbor leaky blood 

vessels (60). As the BBB in this part of the 
tumor is disrupted, drugs may be capable of 
entering into this region, as is also visualized 
by contrast-enhanced MRI (61). However, 
diffuse infiltrative glioma cells make use of 
pre-existing vasculature that have intact BBB 
properties (62). Recently, it was demonstrated 
that also the more novel molecular targeted 
agents are inhibited by drug transporters and 
thus poorly penetrate the BBB (63, 64). This 
may be one of the reasons why molecular 
targeted agents are relatively inefficacious 
against high-grade glioma (58, 65). Thus, in 
order to test the many potential therapeutic 
combinations in an appropriate system that 
resemble the human disease, models should 
not only mimic the genetic alterations and 
biological features of glioma but should also 
share the heterogeneous BBB characteristics 
of the vasculature within these tumors. To 
investigate the integrity of the BBB status in 
our high-grade glioma model, we performed 
immunohistochemical stainings for GLUT1 
and BCRP, which are two BBB markers. All 
tumors contain capillaries expressing BBB 
markers as shown by GLUT1. However, in 
some tumors there are areas that also contain 
GLUT1 negative vessels. It is generally 
believed that the GLUT1 positive vessels are 
pre-existing vessels with more intact BBB 
properties, whereas newly formed vessels by 
angiogenesis are GLUT1 negative and more 
leaky. Indeed, in our model newly formed 
leaky vessels were predominantly seen in 
areas of compact tumor growth where tumor 
cells express GLUT1 due to hypoxia. Notably, 
however, even leaky vessels may express BBB 
markers. For example, U87MG xenografts 
are expansively growing tumors with leaky 
vessels, yet these tumors do harbor GLUT1 
positive vessels (25). Beside GLUT1 expression 
in endothelial cells, we also observed GLUT1 
positive tumor cells, indicating hypoxic stress. 
When tumor cells become hypoxic, HIF-1α 
proteasomal degradation is diminished and 
consequently, HIF-1 accumulation in the 
cell triggers a cascade of events including 
enhanced GLUT1 expression (66, 67) and VEGF 
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expression (68). A marked heterogeneity 
in BCRP expression levels was observed 
within individual tumors as well as between 
tumors. In agreement with a previous study 
in glioma patients (69), capillaries in the 
tumor express the drug efflux transporter 
BCRP, indicating that these tumors may be 
capable to restrict drugs entering the tumor. 
Additionally, upregulated BCRP levels were 
observed in the tumor vessels, compared 
to the vessels in normal brain structures. 
Furthermore, BCRP seems to be expressed 
by tumor cells as well (Figure 5). Vascular 
permeability was investigated by performing 
stainings for IgG. GFAP-Cre lentiviral induced 
high-grade gliomas demonstrate a marked 
heterogeneity in vasculature within the 
tumors. Although several of the tumors 
demonstrate a permeable vasculature by IgG 
leakage, many of these tumors still contain 
substantial regions with vessels that are 
positive for GLUT1 and BCRP, which may still 
restrict the entry of drugs into the tumor. 

Currently, we are isolating more neurosphere 
cell lines from our lentiviral induced primary 
high-grade gliomas. It was shown that 
tumorigenic, stem-like neural precursors 
could be isolated from glioblastomas which 
possess ex vivo multipotency and the 
ability to establish and expand secondary 
tumors that recapitulate characteristics of 
the primary tumor closer than any other 
previously available cell lines (16). Intracranial 
injection of these cells into immunodeficient 
mice resulted in rapid reproducible diffuse 
infiltrating high-grade gliomas. Using these 
cell lines, we may be able to investigate 
the effects of specific genetic alterations, 
expression of BBB markers and vasculature on 
treatment response. As we have intercrossed 
all our mice with the Luciferase Reporter 
gene, it is possible to visualize tumors and 
tumor derived cell lines non-invasively. We 
expect that these cell lines will be valuable 
for preclinical evaluation of novel (targeted) 
agents and combinations of drugs that 
specifically target the INK4a/CDK4/RB, RAS/

MAPK, PI3K/AKT/mTOR and ARF/MDM2/p53 
signaling pathways. 

In conclusion, we have developed a strategy 
to generate spontaneous high-grade gliomas 
in mice by intracranial injection of a GFAP 
driven Cre expressing lentivirus in adult Cre/
LoxP mice. Tumors exibited the considerable 
heterogeneity similar to what is found in 
human malignant glioma patients with respect 
to their genetics, invasive growth, histological 
and vascular features. Furthermore, tumors 
show BBB characteristics reminiscent to those 
observed in human gliomas. The expression 
of the Luciferase Reporter gene allows the 
monitoring of tumor development several 
weeks before the animals start to suffer from 
symptoms. Because of the relatively high 
incidence, short latency and high malignancy 
in p53;Ink4a/Arf;K-Rasv12;LucR  mice, these 
mice may be particularly useful for future 
preclinical efficacy studies.

Material and Methods

Plasmid design and production of lentivirus
A self-deleting GFAP-iCre lentivirus was 
constructed by replacing the CAGG promoter 
from a pBob-CAGG-iCre-SD lentiviral vector 
(18) with a 256-base pair DNA sequence 
of the GFAP-promoter region which was 
previously reported to be the minimal 
element for efficient and astrocyte-specific 
expression (19). Primers were designed 
to amplify the 256 bp region of the GFAP 
promoter, using DNA from wild-type FVB 
mice as a template. The resulting PCR product 
was then cloned into topo v2.1 (Invitrogen 
Corp., Carlsbad, CA, USA). Incorporated 
into the primers were ClaI restriction sites 
(5’: GTAATCGATAGCTGTTTCCTCGGCCC; 3’: 
CTGACCACCGTCTCGGAGGCATA) used for 
subcloning this fragment from the topo 
v2.1 into the ClaI-XbaI sites of the lentiviral 
packaging construct, pBob-iCre-SD. 
 
Virus was generated using a third-generation, 
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tat-free packing system. Human kidney 293T 
cells (2.5 x 106) were plated on 10 cm culture 
dishes and transfected the next day with the 
VSV-G envelope expression plasmid (pMD2G 
3.5 ug),  the packaging plasmid (pMDLg/pRRE, 
6 ug), the Rev-expression plasmid (pRSV Rev, 
2.5 ug) and the relevant vector construct 
(pBob-GFAP-iCre 10ug) by the standard 
calcium phosphate method. Medium was 
changed 3 hours before transfection and 
24 h post-transfection. Virus particles were 
collected 48 h post-transfection. Cell debris 
was removed by centrifugation (2500 rpm, 10 
min, 4°C) and filtration (0.45 µm). Additionally, 
virus particles were concentrated over 1000-
fold using ultracentrifugation (20 krpm, 2h) 
in Beckman Centifuge tubes (Beckman 
Instruments Inc., CA, USA) and the pellet 
was resuspended in 300 μl sterile HBSS 1x 
(Invitrogen). Total vector concentrations were 
determined using anti-p24 immunoassay 
(Alliance HIV-1 Elisa Kit, Perkin Elmer, USA). 

Conditional mice  
Ink4a/Arf, K-Rasv12, Pten, p53 and LucR Cre-
LoxP-based conditional mice generated in 
our institute have been described earlier (20-
24) and were cross-bred to generate different 
combinations of compound conditional 
mice; Ink4a/Arf;K-Rasv12;LucR, Pten;Ink4a/Arf;K-
Rasv12;LucR and p53;Ink4a/Arf;K-Rasv12;LucR. 
All mice were genotyped routinely by 
PCR (for list of primers, see supplemental 
in formation). Animals were housed and 
handled according to institutional guidelines 
complying with Dutch law. The mice 
were housed in a temperature-controlled 
environment (22-25 °C) with a 12-hour light- 
12-hour dark cycle and were given a standard 
diet (AM-II; Hope Farms B.V., Woerden, The 
Netherlands) and acidified water ad libitum. 
All animal experiments performed have been 
approved by the animal ethics committee of 
our institute.

Stereotactic intracranial injections 
For lentiviral injections, 2 μl of virus 
suspension (p24 concentration of 4.5 μg/ml 

for GFAP-cre and 7.6 μg/ml for CMV-Cre) was 
injected intracranially in Ink4a/Arf;KRasv12;LucR, 
Pten;Ink4a/Arf;K-Rasv12;LucR and p53;Ink4a/
Arf;K-Rasv12;LucR conditional mice. For 
orthotopic transplantation studies, 2 μl of 
cell suspension containing 10.000 or 100.000 
cells were injected in immunodeficient 
male and female FVB mice (FVBnude). Mice 
were between 8 and 12 weeks of age and 
were maintained in specific pathogen-free 
environment by using filtertop cages and 
handling in laminar airflow. Injections were 2 
mm lateral and 1 mm anterior to the bregma 
and 3 mm below the skull at a rate of 0.5 μl/
min using a stereotact as described in detail 
previously (25). All animal experiments 
performed have been approved by the 
animal ethics committee of our institute.

In vivo bioluminescence imaging of intracerebral 
glioma formation
After lentiviral injection mice were monitored 
weekly for the development of tumors by 
i.p injection of 150 mg/kg luciferin in PBS. 
Light acquisition was performed using the 
Xenogen IVIS 200 Imaging system (Xenogen, 
Corporation, Alameda, CA, USA) as described 
previously in more detail (25). 

Isolation and culture of tumor cells
Tumors that developed after lentiviral 
infection with GFAP-Cre in Ink4a/Arf;K-
Rasv12;LucR,  Pten;Ink4a/Arf;K-Rasv12;LucR and 
p53;Ink4a/Arf;K-Rasv12;LucR conditional mice 
were isolated after mice were killed using 
CO2. Additionally, that part of the brain 
containing the tumor was isolated and 
placed in ice-cold CA2+ and Mg2+ free HBSS 
(Gibco). Next it was resuspended in normal 
HBSS (Gibco) and subsequently triturated 
mechanically. Cell suspensions were washed 
for two times, passed through cell strainers 
and plated on ultra low binding 6 well plates 
(Corning) in defined serum-free neurosphere 
medium (DMEM-F12 supplemented with 
modified N2 medium composed of 100 
mg/L apo-transferrin, 25 mg/Lrecombinant 
human insulin, 100 μM putrescine, 20 nM 
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progesterone, and 30 nM sodium selenite 
(all Sigma),  2 mM glutamine (Gibco), 6 mg/
ml glucose, 14 mM NaHCO3 and 5mM HEPES 
(Sigma)) containing 20 ng/ml EGF and bFGF 
(R&D systems) as described previously (26).

Histological and immunohistochemical 
analysis
Mice were sacrificed at 15-20% weight 
loss or after they developed symptoms of 
neurological illness. Brains were removed, 
fixed in a ethanol-glacial acetic acid mix-
ture containing 4% formaldehyde (EAF), 
embedded in paraffin and cut into 4 μm thick 
coronal slices. Next, sections were stained 
with haematoxylin and eosin and analyzed 
microscopically. Immunohistochemical stain-
ings were performed as follows: for Nestin 
and PCNA stainings, antigen was retrieved 
by boiling in Citrate buffer (100 mM pH 6.0).
Endogenous peroxidase activity was 
removed by applying 3% H2O2 for 10 min-
utes. Primary antibodies (GFAP 1:400, DAKO, 
Nestin 1:300, BD Pharmingen, ß-Tubulin III 
1:1000, Sigma, phospho-p44/42MAPK 1:50 
Cell Signaling, PCNA 1:500, Santa Cruz and 
PTEN 1:100, Cell Signaling) were added 
overnight in 5% normal goat serum (DAKO). 
GFAP, ß-Tubulin III, phospho-p44/42MAPK 
and PTEN were detected using the 
envision detection system in combination 
with DAB. Nestin and PCNA were visualized 
by applying biotinylated goat-anti-mouse 
IgG in combination with the StreptAB-
complex/HRP system (DAKO). Expression 
of BBB markers was investigated by stain-
ings for Glut-1 (DAKO, Glostrup, Denmark) 
according to previously described proto-
cols (27) and BCRP. Sections were stained 
for BCRP (BXP53 1:400, Abcam) using Citrate 
buffer (100mM, pH 6.0) and the StreptAB-
complex/HRP system. BCRP was visualized by 
AEC Chromogen (DAKO). To detect vascular 
permeability, sections were stained with 
HRPO-labeled anti-mouse IgG as described 
before (27). In all stainings, a negative control 
was included in which primary antibodies were 
omitted. These controls were always negative.

Supplemental Information

Supplemental PCR primers
Primer sequences were Ink4aF-1: CCT GAC 
TAT GGT AGT AAA GTG G, Ink4aF-2: ACG 
TGT ATG CCA CCC TGA CC, Ras-1: Cag TgC 
AAT gAg ggA CCA g, Ras-2: CAC CCT gTC 
TTg TCT TTg CTg, LucR-1: AGA ATC GTC GTA 
TGC AGT GA, LucR-2: CTA TGC AAG GAC TCT 
GGC AC, Pten-1: GCCTTACCTAGTAAAGCAAG, 
Pten-2: GGCAAAGAATCTTGGTGTTAC, p53-1: 
AAGGGGTATGAGGGACAAGG, and p53-2: 
GAAGACAGAAAAGGGGAGGG
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High-grade gliomas are among the most lethal of human cancers and the marginal 
improvement made during previous decades marks the challenge of discovering more 
efficacious treatments that will more substantially improve the overall survival of 
glioma patients. The work presented in this thesis provides further insight into the role 
of drug efflux transporters located at the blood-brain barrier in the chemo-resistance 
of high-grade glioma. Importantly, we have now unambiguously shown that besides 
P-glycoprotein (P-gp), Breast Cancer Resistance Protein (BCRP) also plays an important 
role in restricting the penetration of compounds into the brain. It appeared that these 
transporters are also involved in reducing the brain penetration of temozolomide, 
which is the only drug that exerts a modest but meaningful effect in patients (1). With 
respect to this latter drug we could demonstrate that the dual P-gp/BCRP inhibitor 
elacridar significantly improved drug accumulation in the brain, implying for the 
necessity to use dual P-gp/Bcrp1 inhibitors in treatment against intracranial tumors. 
Moreover, we generated a spontaneous high-grade glioma mouse model for the use of 
intervention studies.

Conclusions and Perspectives

Glioma related therapeutic resistance
A central issue in this thesis is the fact that 
high-grade gliomas are highly resistant to 
therapy and uniformly incurable. One of the 
reasons for this general chemo-resistance 
phenotype is the location of the tumor and 
the property of glioma cells to extensively 
infiltrate into vital brain structures. Although 
loco-regional treatments as gross surgical 
resection and external beam radiotherapy 
may improve survival and quality of life in 
glioma patients, treatment is only palliative 
and usually short-lasting. In fact, high-grade 
glioma is a disease that is systemic to the 
brain and, as a consequence, therapeutic 
interventions should also be capable of 
reaching the more remote tumor cells in the 
brain. 

The brain is among the best-perfused 
organs of the body, and therefore, systemic 
drug administration would seem to be an 
ideal route to deliver drugs throughout the 
whole brain. In the human brain, there are 
approximately 100 billion capillaries of a total 
length of 400 miles (or 644 km; ref. 2). Brain 
endothelial capillaries are interspaced at a 

distance of approximately 40 µm and provide 
a total surface area of about 20 m². In fact, 
almost every neuron in the brain is being 
supplied by its own microvessel (3). However, 
in contrast with capillaries throughout the  
rest of the body, capillaries in the brain 
are very different in their permeability for 
substances, and form an effective blood-
brain-barrier which is an obstacle for drug 
delivery into the brain (Chapter 1). 

BBB related therapeutic resistance: drug efflux 
transporters
The BBB is formed by the brain capillary 
endothelial cells that are interconnected 
by tight junctions which limit paracellular 
transport. Consequently, substances have to 
enter into the brain by transcellular movement 
either by passive diffusion or by  using a direct 
transport system. Furthermore, drug entry is 
also reduced by drug efflux transporters in 
the BBB (4). These transporters are located at 
the apical membrane of the brain endothelial 
cells and restrict the entry of many potentially 
useful drugs (2). The best known drug efflux 
transporter is P-glycoprotein (P-gp, MDR1, 
ABCB1) that has a high affinity for a wide 
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range of compounds, including a variety of 
structurally divergent drugs in clinical use 
today (5). The use of P-gp-expressing cell 
lines, the generation of P-gp (Mdr1a/b-/-) 
knockout mice as well as studies with P-gp 
inhibitors in animals have contributed to a 
better understanding on the role of this drug 
transporter in limiting brain penetration (6, 7). 
More recently, the ABC half-transporter Breast 
Cancer Resistance Protein (BCRP, ABCG2) was 
identified in the BBB (8-10). First results using 
single Bcrp1 knockout mice suggested that 
the functional impact of this drug transporter 
at the BBB was minimal (11). However, by 
generating Mdr1a/b(-/-)Bcrp1(-/-) mice, we were 
able to demonstrate the important role of 
Bcrp1 as another gate-keeper, next to P-gp, in 
the BBB. Importantly, previous studies were 
unable to demonstrate the impact of BCRP 
due to the overlapping substrate specificity 
of the probe drugs with P-gp. This thesis 
demonstrates that Bcrp1 is an important 
factor at the BBB which, in concert with P-gp, 
limits the brain penetration of topotecan 
(Chapter 4), temozolomide (Chapter 5) and 
erlotinib (Chapter 6). Subsequently, the 
absence of P-gp and Bcrp1 or their inhibition 
by elacridar resulted in significantly improved 
antitumor response of temozolomide in an 
experimental intracranial tumor model that 
does not have a leaky BBB. In order to target 
invasive tumor cells which are perfused by pre-
existing vessels that exhibit BBB properties, 
agents should be capable to penetrate the 
BBB. Consequently, it is important to test the 
antitumor efficacy of agents using intracranial 
tumor models that do not have a very leaky 
BBB, as this may result in an overestimation 
of the potency of the agent under study and 
will not appropriate reflect the response in 
glioma patients. Currently, only a few models 
have been tested for their BBB characteristics 
and obviously better glioma mouse models 
are crucial to better predict the efficacy of 
anticancer drugs in patients.

Apart from P-gp and BCRP, several other drug 
transporters are also expressed in BBB, such 

as MRP1-6 (Multidrug Resistance associated 
Proteins) and several members of the organic 
anion transporting(-polypeptide) (OAT/
OATP) family. However, the exact subcellular 
localization of most of these transporters 
in brain capillary endothelial cells and their 
functional importance in limiting the entry 
of substances into the brain remains to be 
determined (12). Notably, transporters that 
are expressed at the apical side of the brain 
capillary endothelium may be the most 
relevant in restricting entry of compound 
into the brain. In contrast to a previous study 
(13), we were not able to show a role for MRP4 
in the brain penetration of topotecan in the  
presence of both P-gp and Bcrp1. We have 
shown that this is due to the overlapping 
substrate specificities of P-gp and Bcrp1. 
However, this transporter might still be 
involved in restricting entry of compounds 
into the brain and further research into the 
role of this and other transporters is required, 
and will have to be addressed in future 
studies using for instance compound P-gp/
Bcrp1/Mrp4 knockout mice.

BBB and drug development
Despite the significant problems of the poor 
drug penetration into the BBB, only a few 
pharmaceutical companies in the world have 
a BBB drug targeting program. It is reported 
that only in 1% of all newly developed drugs  
attention is paid to CNS drug delivery through 
the BBB (14).
Recently, small molecule tyrosine kinase 
inhibitors (e.g. gefitinib, erlotinib and 
lapatininb) have been developed. These 
agents are supposed to have a favorable 
lipophilicity for transcellular passage and 
are promising drugs for specific inhibition 
of signaling pathways that promote tumor 
cell growth. However, unlike the successful 
use of tyrosine kinase inhibitors in the 
treatment of e.g. leukaemia (imatinib) and 
NSCLC (erlotinib), results from clinical 
trials in glioblastoma patients have been 
disappointing, thus far (15, 16). Reasons for 
the modest responses with single-targeted 
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kinase inhibitors in unselected patients with 
malignant gliomas are not clearly understood. 
Most likely, these disappointing results may 
be caused by the existence of multiple and 
parallel or compensatory signaling pathways. 
In addition, malignant gliomas are genetically 
heterogeneous, thus targeting only a single 
kinase or pathways may not be sufficient for 
tumor control. As a result, strategies have been 
developed to improve efficacy of targeted 
therapies by using multi-targeted kinase 
inhibitors or targeting multiple signaling 
pathways through combination therapies, 
which are currently tested in clinical trials. 
Obviously, these agents must cross the BBB 
at therapeutically active concentrations in 
order to have any effect.

Strategies to enhance drug delivery into the 
brain
Much effort is directed towards drug delivery 
and drug targeting into the brain to reverse 
therapeutic resistance. Besides the design of 
drugs with the correct intrinsic properties for 
a good BBB penetration,  also strategies will  
have to be developed to modulate the BBB 
penetration for other drugs, as it is unlikely 
that we can always design drugs that are both 
effective in inhibiting its pharmacological 
target and sufficiently able to cross the 
BBB. Inhibition of drug transporters may 
be an option to achieve this goal, as we 
have shown that it is possible to increase 
the brain concentrations of potentially 
therapeutic drugs resulting in improved 
treatment against intracranial tumors. As 
demonstrated for temozolomide, the dual 
P-gp and BCRP inhibitor elacridar (GF120918) 
might be an excellent candidate. It is known 
that co-administration of elacridar in patients 
is generally well tolerated with only minimal 
side-effects and resulted in a significant 
increase in the systemic exposure of oral 
topotecan (17, 18). For topotecan, however, 
we showed that elacridar fully inhibited 
P-gp mediated transport, but inhibition of 
Bcrp1-mediated transport was only minimal. 
As topotecan has shown moderate but 

potentially useful antitumor activity in 
patients with brain metastases (19, 20), and 
primary malignant glioma (21, 22), increased 
levels may have direct clinical relevance for 
treating intracranial malignancies. However, 
elacridar may not be the most appropriate 
candidate to enhance the brain penetration of 
topotecan in treatment of brain malignancies 
and consequently, more potent BCRP and 
P-gp/BCRP inhibitors are required. 

So far, it has not been firmly established 
whether a significantly higher drug pene-
tration into the brain can also be achieved 
in humans using drug transporter inhibitors. 
Most studies that have been reported to 
date have used first- or second-generation 
P-gp inhibitors, such as cyclosporin A, 
which may not be potent enough to 
achieve substantial inhibition of P-gp at 
the BBB. Third-generation inhibitors, such 
as elacridar and tariquidar, which are also 
inhibitors of BCRP, are now available and 
from our preclinical results, these appear to 
be suitable candidates for clinical testing.
Obviously, there are also safety concerns 
when enhancing the brain uptake of drugs, 
as this may augment neurotoxicity. Moreover, 
it is uncertain whether frequent and/or 
chronic administration of drug transporter 
inhibitors is feasible given the protective 
role of these transporters in various other 
cell types and organs. These safety issues 
need to be addressed in clinical trials, but 
based on previous clinical experiences when 
using these agents in combination with other 
cytotoxic drugs, short-term inhibition of 
drug efflux transporters by administration of 
specific inhibitors might be a useful starting 
point to test this strategy of increasing drug 
delivery into the brain. 

Other promising approaches to enhance 
drug penetration into the brain, but not 
investigated in this thesis, are by-passing 
drug efflux transporters at the BBB with 
antibody coupled immunoliposome-based 
drug delivery systems (23) or drug-containing 
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polymer nanoparticles (24-26), which deliver 
compounds into the brain by endocytosis. 
Currently, experiments are ongoing with 
convection-enhanced delivery of agents 
(27) of e.g. nanoparticles (28) and gene/
virus therapy (29). However, whether these 
modalities may improve the prospects for 
brain cancer patient is still conjecture.

More recently, identification of cancer stem 
cells (or tumor-initiating cells) in GBM has 
provided a new way of thinking in neuro-
oncology research (30). Understanding of 
the cancer stem cell hypothesis is essential. 
It has been suggested that these cells play 
a role in promoting angiogenesis (31) and 
contribute to therapeutic resistance of the 
tumor cells (32). Targeting cancer stem cells 
may therefore represent a new therapeutic 
approach in glioblastomas. However, even 
in the case that these tumor-initiating cells 
should be the primary target of our drug 
intervention efforts, these drugs still need to 
penetrate the BBB in sufficient amounts. 
Interestingly, it has also been demonstrated 
that systemically administered neural 
stem/progenitor cells are able to migrate 
into the brain and infiltrate primary and 
metastatic brain tumors. Consequently, 
these cells can be used as vehicle to deliver 
genes that have been shown to improve 
the antitumor response in animal models 
of intracranial brain tumors (33). Although 
further understanding about the biology of 
stem cells and the molecular mechanisms 
that mediate their tumor-tropism is needed, 
this approach should be explored in further 
clinical trials. 

Glioma mouse models
Many new targeted agents that might also 
be potentially useful for treatment of GBM 
have been developed. Most likely, these 
agenst may need to be used in combination 
regimens. However, an almost limitless 
number of combinations will be possible, and 
testing of all these combinations in patients 
is not a feasible option. Therefore, preclinical 

models for determining the most promising 
candidates, combination therapies and/or 
delivery methods are urgently needed. Over 
the past years, several high-grade glioma 
mouse models have been described. The 
majority of preclinical studies are performed 
in xenografts. Although these models are 
standardized and generate reproducible 
tumors, they have been less predictive of 
human response to drugs than one would 
like. Nowadays, more sophisticated models 
that might be more useful for preclinical 
testing of anticancer agents are being 
developed by direct use of patient-derived 
surgical specimens without cell culturing (34, 
35) and by engraftment of GBM derived stem 
cell cultures (36, 37). 

Genetically engineered mouse models are 
now being developed by several groups 
and are expected to be more predictive 
than  traditional xenografts in preclinical 
trials. Firstly, because genetic models can be 
designed in such a way that they mimic the 
genetic alterations that are causally related 
to the development of the tumor. Secondly, 
genetically induced tumors arise in situ  
through multiple steps, and recapitulate 
the heterogenic makeup of human tumors 
more closely. Unfortunately, however, none 
of the developed glioma GEM models to date 
is very practical for the use in intervention 
studies, due to their stochastic onset and 
the inherent difficulty to diagnose tumors 
in animals in a timely fashion in order to 
have a window of opportunity for treatment. 
We therefore generated a new high-grade 
glioma model utilizing a replication defective, 
self-deleting GFAP-Cre lentivirus in Cre/loxP 
conditional mice (Chapter 7).  The  conditional 
Luciferase Reporter gene allows for non-
invasively monitoring of tumor induction and 
response, making this model more suitable 
for intervention studies. Although further 
optimization of this model is ongoing, it clearly 
has potential for application in preclinical 
studies. Besides these spontaneous tumors,  
neurosphere-derived cell lines isolated from 
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these primary lentiviral-induced high-grade 
gliomas may also be usefull for  investigating 
the effects of specific genetic alterations, 
expression of BBB markers and vasculature 
on treatment response. These cell lines might 
be very valuable for preclinical evaluation of 
novel (targeted) agents and combinations of 
drugs that specifically target the Ink4a/CDK4/
RB, Ras/MAPK, PI3K/Akt/mTOR and ARF/
MDM2/p53 signaling pathways. Furthermore, 
by intracranial injection of these cell lines 
in various drug transporter knockout 
mice, the role of drug efflux transporters 
in drug resistance and penetration can be 
investigated.

In conclusion, further genomic charac-
terization of GBM will be helpfull to identify 
new targets and promising agents for 
treatment of this disease. The continuous 
challenge will be to select and design the 
most optimal combinations of these agents 
and to make sure that they are able to reach 
their pharmacological targets at therapeutical 
levels. Appropriate preclinical models should 
be very helpful to address these issues. 
As glioblastoma patients currently have very 
limited treatment options, we should be 
dedicated to further enhance our preclinical 
models in order to support the ongoing world-
wide efforts of improving the prospects for 
patients suffering of this devastating disease.
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Oncogenesis is a multistep process in which 
each step reflects a genetic alteration that 
contributes to the transformation of normal 
cells into (highly) malignant cancer cells. 
Acquisition of abnormalities in the genetic 
material of a cell and its progeny disrupt 
the balance between proliferation and 
programmed cell death and result in tumor 
formation. There are more than 100 distinct 
types of cancer which can be further divided 
into various subtypes of tumors within a 
specific organ. Primary brain tumors, which 
arise directly from central nervous system 
(CNS) tissue, account for less than 2% of all 
cancers in adults. The most frequent primary 
brain tumor is glioblastoma multiforme 
(GBM) that accounts for approximately 12-
15% of all intracranial neoplasms and for 60-
75% of astrocytic tumors. In most European 
and North American countries, the incidence 
is in the range of 3-4 new cases per 100.000 
individuals per year. Nevertheless, GBM is 
among the most devastating and lethal of 
all cancers. Prognosis is dependent on the 
Karnofsky Performance Score, the age of the 
patient, and treatment, but in general the 
overall survival of patients with GBM is less 
than 1 year. Clearly, more effective therapies 
against high-grade gliomas than currently 
available are urgently needed, which is 
ultimately the aim of the research described 
in this thesis. 

The efficacy of therapies against high-grade 
gliomas is limited due to a variety of factors. 
First of all, the anatomic location of brain 
tumors is an impediment to treatment. 
The brain is an extremely specialized and 
complex organ and serves as the control 
center for functions of the body. Due to the 
location and extensive diffusively infiltrative 
nature of high-grade gliomas, complete 
surgical removal is impossible. Although 
adjuvant radiotherapy improves overall 

survival, toxicity to normal brain structures 
and related side effects restricts further dose 
escalations. Secondly, the blood-brain barrier 
(BBB), which serves as a physical barrier 
between blood and brain, is an impediment 
for drug delivery. Although this barrier is 
biologically intended to protect the brain, 
and of pivotal importance for maintenance 
of the CNS homeostasis, its presence also 
restricts the passive and transcellular entry of 
many anticancer agents from the blood into 
the brain. Thirdly, the BBB is equipped with 
drug efflux transporters that drive the cellular 
extrusion of many therapeutic drugs, resulting 
in inadequate drug concentrations in the 
brain. Finally, genetic heterogeneity between 
patients can be responsible for alterations 
in drug metabolism, drug targets or drug 
transporters. Enhanced understanding of the 
underlying mechanisms of drug resistance is 
a prerequisite for improving drug therapy by 
preventing or reverting resistance.

This thesis describes the role of the drug 
efflux transporters P-glycoprotein (P-gp; 
MDR1; ABCB1) and Breast Cancer Resistance 
Protein (BCRP; ABCG2) in limiting the brain 
penetration of cytotoxic (topotecan and 
temozolomide) and molecular-targeted 
(erlotinib) anticancer agents using preclinical 
models (drug transporter knockout 
mice models and orthotopic xenografts). 
Appropriate glioma mouse models that may 
predict clinical outcome more accurately, 
are needed. Therefore, we have developed 
a new glioma mouse model in which 
implementation of a Luciferase Reporter 
gene allows preclinical testing of novel 
therapeutics using bioluminescense imaging. 
Future research will be performed to show 
whether such model will be helpful to 
improve the selection of novel (combinations 
of) compounds for clinical trials. 
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Chapter 1 outlines the impact of the blood-
brain barrier in the treatment of (primary) 
brain cancer and discusses the efforts that 
have been made to enhance the drug 
exposure to brain tumors. Typically, GBMs 
are composed of a central part consisting 
of necrotic and/or hypoxic regions where 
angiogenic signaling results in a leaky 
vascular bed. Although responsible for many 
of the devastating symptoms, this part of the 
tumor may not be the hardest problem to 
tackle therapeutically, in particular not when 
it is amenable to surgery. The real challenge 
in improving the prognosis of GBM patients is 
to invent subsequent therapies that are able 
to target the numerous malignant cells that 
cannot be removed as they have migrated 
(deeply) into the normal surrounding brain 
parenchyma.

Chapter 2 provides an overview of the 
high-grade glioma models that have been 
established with emphasis on their potential 
applicability for preclinical testing. It is 
generally expected that preclinical testing of 
potentially therapeutic drugs and the effects 
of enhanced delivery strategies may benefit 
from the availability of glioma animal models 
that more closely resemble the human 
disease. So far, however, most preclinical 
studies have been conducted using xenograft 
models in which glioma derived cell lines are 
implanted into the flank (ectopically) or into 
the brain (orthotopically) of immunodeficient 
mice or rats. Clearly, in many aspects, these 
xenograft models are very different from 
GBM in patients. During recent years, several 
genetically engineered mouse (GEM) models 
have been described in the literature, which 
have already advanced our knowledge about 
gliomagenesis. 

As the brain is among the best-perfused 
organs of the body, improved vascular 
delivery of potential therapeutic anticancer 
drugs into the brain is the most promising 
strategy to enhance treatment efficacy. 
Enhanced understanding of the role of 

drug efflux transporters in drug resistance is 
essential in improving drug therapy. Whereas 
the effect of the drug transporter P-gp in the 
BBB is well established, less is known about 
the more recently identified drug transporter 
BCRP. We therefore have investigated the 
role of this transporter in restricting the 
brain penetration of drugs. Chapter 3 
describes the validation of a sensitive and 
selective reversed-phase high-performance 
liquid chromatography (HPLC) assay for the 
quantification of total topotecan levels in 
human and mouse plasma and in mouse 
tissue samples. This method is applied to 
study the pharmacokinetics of topotecan in 
mouse plasma and brain samples.

In Chapter 4, we provide experimental 
evidence that Bcrp1 is an important factor at 
the BBB which, in concert with P-gp, limits 
the brain penetration of topotecan. The area 
under the plasma and tissue concentration-
time curve (AUC) of topotecan in brains of 
Mdr1a/b(-/-) (P-gp knockout) and Bcrp1(-/-) 
(Bcrp1 knockout) mice was only 1.5-fold 
higher compared to wild-type mice, but 
increased by 12-fold in Mdr1a/b(-/-)Bcrp1(-/-) 
(P-gp and Bcrp1 knockout) mice. Furthermore, 
chapter 4 also demonstrates that concomitant 
administration of the dual P-gp and BCRP 
inhibitor elacridar (GF120918) fully inhibited 
P-gp mediated transport of topotecan, but, 
unfortunately, only minimally inhibited Bcrp1 
mediated transport of topotecan. 

We expected that BCRP would not only play 
an important role in the brain penetration of 
topotecan, but also apply to other drugs that 
are substrates of both P-gp and BCRP. Indeed, 
Chapter 5 demonstrates that delivery of 
temozolomide (TMZ) into the brain is also 
limited by both efflux transporters. This result 
was surprising as TMZ was not previously 
identified to be a substrate of P-gp or BCRP. 
Moreover, TMZ is the only systemically 
administered drug with meaningful activity 
against GBM and improved delivery by 
inhibition of drug transporters may be of great 
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clinical importance. The brains of Mdr1a/b(-/-)

Bcrp1(-/-) mice (deficient for both transporters) 
accumulated 50% more temozolomide 
than those of wild-type controls, without 
increasing the systemic drug exposure. A 
similar effect on the brain penetration was 
seen in wild-type mice that received elacridar. 
Importantly, the improved brain penetration 
translated into a significantly better antitumor 
response in an experimental intracranial 
tumor model. 

Improved understanding of the altered 
molecular pathways that drive tumors has 
shifted drug development from classical 
cytotoxic agents to rationally designed 
molecularly targeted agents, such as receptor 
tyrosine kinase inhibitors. In line with in vitro 
data showing that erlotinib, an epidermal 
growth factor receptor tyrosine kinase 
inhibitor, is a substrate of P-gp, we found in 
vivo an almost 3-fold higher brain penetration 
of erlotinib in Mdr1a/b(-/-) mice compared to 
wild-type mice, whereas single Bcrp1(-/-) mice 
showed no enhanced brain penetration of 
erlotinib (Chapter 6). Moreover, absence of 
both transporters resulted in 4.5-fold higher 
brain concentrations of erlotinib, indicating 
that although P-gp is the most important 
factor limiting the brain penetration of 
erlotinib, Bcrp1 also contributes to a reduced 
exposure of erlotinib into the brain when 
P-gp is absent. Results from Chapter 4, 5 
and 6 imply the necessity to use a dual P-gp/
Bcrp1 inhibitor to achieve the maximum drug 
accumulation in the brain when trying to 
target intracranial tumors. Importantly, most 
novel molecularly targeted agents have been 
developed for other (major) tumor types 
and are subsequently being considered for 
clinical testing against GBM when they target 
a pathway that may also be disrupted in GBM. 
However, these agents may not sufficiently 
penetrate the BBB and might therefore not 
reach all tumor cells.  

Although several GEM models have 
been described which recapitulate histo-

pathological and biological features of 
human gliomas much better than traditional 
xenograft models, none of these models have 
been used for intervention studies, so far. This 
is mainly because of the intrinsic problem 
with these models to identify diseased 
animals before they have become terminally 
ill. We reasoned that implementation of 
bioluminescence as a non-invasive imaging 
modality would enable timely identification 
and, consequently, provide a window of 
opportunity for therapeutic intervention. 
Chapter 7 describes a new high-grade 
glioma model utilizing a replication defective, 
self-deleting lentiviral vector that drives Cre-
expression under the glial fibrillary acidic 
protein (GFAP) promoter. Deletion or activa-
tion of genes, that are known to contribute to 
gliomagenesis in human glioma patients, was 
induced by stereotactic intracranial injection 
of the lentivirus into compound Cre-LoxP 
conditional Ink4a/Arf;K-Rasv12, Pten;Ink4a/
Arf;K-Rasv12 and p53;Ink4a/Arf;K-Rasv12 mice. 
Histological analyses demonstrated that 
high-grade gliomas (WHO grade III anaplastic 
astrocytoma and grade IV glioblastoma 
multiforme) were formed which resemble 
many of the features that are characteristic 
for human high-grade gliomas, including 
heterogeneous expression of BBB markers 
and vessel permeability. Because these mice 
also carry a conditional luciferase reporter 
gene, their tumors could be visualized non-
invasively using bioluminescence imaging, 
thereby facilitating their potential use in 
intervention studies. We expect that this 
new high-grade glioma mouse model as well 
as the neurosphere-cell lines will be useful 
for testing rationally designed (targeted) 
therapies against malignant gliomas.

In conclusion, studies described in this thesis 
clearly underline that, besides P-gp, Bcrp1 
is also an important component of the BBB 
that may act as a major hurdle in the delivery 
of therapeutic drugs into the brain when 
targeting malignancies in the CNS. We have 
shown that Bcrp1 and P-gp are two dominant 
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transporters at the BBB that work in concert 
in limiting the brain penetration of several 
agents, including novel molecularly targeted 
drugs. We expect that this will also apply for 
other dual-substrate drugs. Consequently, 
our results provide a solid basis for further 
clinical testing of combinations of anticancer 
agents with drug transporter inhibitors in 
patients suffering from malignant glioma.
The new high-grade glioma mouse model 
described in this thesis may have potential 
applicability for preclinical testing of new 
therapies against malignant gliomas.

Summary



Nederlandstalige
samenvatting





149

Nederlandstalige samenvatting

Het ontstaan van een tumor is een 
multi-step proces, waarin elke stap een  
genetische verandering weergeeft die leidt 
tot de transformatie van normale cellen 
naar kwaadaardige kankercellen. Opeensta-
peling van abnormaliteiten in het genetisch  
materiaal van een cel en zijn nakomelingen 
ontwricht de balans tussen gereguleerde 
celdeling (celgroei) en geprogrammeerde 
celdood. Hierdoor kan een cel ongecon-
troleerd doordelen, wat resulteert in het 
ontstaan van tumoren. Tumoren kunnen 
goedaardig (benigne) of kwaadaardig  
(maligne) zijn. Kwaadaardige tumoren zijn, 
in tegenstelling tot goedaardige tumoren, 
in staat om zich uit te breiden in het om-
liggende weefsel van het orgaan waarin ze 
ontstaan en dit weefsel te vernietigen en te 
beschadigen (invasieve groei of infiltratie). 
Eventueel kunnen ze zich ook uitzaaien (ook 
wel metastasering of secundaire tumoren 
genoemd) via de bloed- en lymfestroom 
om zo in andere organen terecht te komen. 
Er zijn meer dan 100 verschillende kanker-
soorten die nog eens verder onderverdeeld 
kunnen worden in verschillende subtypes 
van tumoren binnen een specifiek orgaan.  
Primaire hersentumoren ontstaan in het 
hersenweefsel zelf (in tegenstelling tot  
secundaire hersentumoren wat uitzaai-
ingen zijn van een andere vorm van kanker 
naar de hersenen) en zijn verantwoordelijk 
voor minder dan 2% van alle kankersoorten 
bij volwassenen. De meest voorkomende 
primaire hersentumor is glioblastoma multi-
forme (GBM), welke verantwoordelijk is voor 
ongeveer 12-15% van alle intracraniële 
neoplasmen (tumoren in de hersenen) en 
60-75% van astrocytomen (kwaadaardige 
hersentumoren die ontstaan uit astrocyten; 
een type cellen in het hersenweefsel). De  
incidentie van primaire hersentumoren ligt in 
de meeste Europese en Noord-Amerikaanse 
landen rond de 3 tot 4 nieuwe gevallen per 

100.000 individuen per jaar. Alhoewel dit 
percentage maar een relatief kleine groep 
mensen betreft, is GBM de meest verwoes-
tende en dodelijke vorm van alle kanker-
soorten. De prognose is afhankelijk van de 
Karnofsky Performance Score (een score voor 
het meten van de kwaliteit van leven, waarbij 
een lage score duidt op slecht onafhankelijk 
functioneren), de leeftijd van de patiënt en 
de behandeling, maar over het algemeen is 
de overlevingskans van patiënten met GBM 
minder dan 1 jaar. Het is dus duidelijk dat  
effectievere behandelingen (dan momenteel 
beschikbaar) voor hoog-gradige gliomen 
dringend noodzakelijk zijn. Dit is dan ook het 
uiteindelijke doel van het onderzoek dat in 
dit proefschrift beschreven is.

De effectiviteit van therapieën tegen hoog-
gradige gliomen is beperkt, wat een gevolg 
is van verschillende factoren. Ten eerste 
is de anatomie van de hersenen zelf een 
grote belemmering in de behandeling. De 
hersenen zijn een extreem gespecialiseerd  
en gecompliceerd orgaan dat dient als 
controle centrum voor het functioneren van 
het lichaam. Zowel de locatie van de tumor 
als het extensieve diffuus infiltratieve karakter  
van hooggradige gliomen maken het 
onmogelijk om de tumor volledig operatief 
te verwijderen. Alhoewel aanvullende 
radiotherapie de overlevingskans verbetert, 
wordt een hogere dosering belemmerd door 
toxiciteit (schade) aan normaal hersenweefsel 
en door toxiciteit van gerelateerde bij-
werkingen. Ten tweede is de bloed-hersen 
barrière (BHB) een belemmering voor 
transport van (antikanker) geneesmiddelen 
naar de hersenen. Deze BHB fungeert als 
een fysieke barrière tussen het bloed en de 
hersenen. Deze barrière is biologisch gezien 
bedoeld om de hersenen te beschermen 
(tegen de invloed van schadelijke stoffen in 
het bloed) en van ontzettend groot belang 
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voor het in stand houden van de homeostase 
(zelfregulering, chemisch en fysiologisch 
evenwicht van het interne milieu) in het 
hersenweefsel. Echter, deze barrière is helaas 
ook verantwoordelijk voor de zeer beperkte 
toegang van passief en transcellulair transport 
van vele antikanker geneesmiddelen vanuit 
het bloed naar de hersenen. Ten derde 
bevat deze BHB “geneesmiddelen efflux 
transporters”. Dit zijn eiwitten die werken 
als een soort pomp. Deze “pompen” zijn in 
staat vele (antikanker) geneesmiddelen, die 
toch door de barrière komen, weer in bloed 
terug te transporteren. Dit resulteert in te 
lage concentraties van geneesmiddelen in 
de hersenen. Als laatste kan de genetische 
heterogeniteit tussen patiënten een oorzaak 
zijn voor veranderingen in het metabolisme 
van geneesmiddelen, veranderingen in 
plaatsen waar geneesmiddelen op aan-
grijpen, of voor veranderingen in de efflux 
transporters. Verrijking van het inzicht over de 
onderliggende mechanismen van resistentie 
tegen geneesmiddelen is een vereiste om 
behandelingen te verbeteren door middel 
van het voorkomen of het terugdraaien van 
geneesmiddelen resistentie. 

Dit proefschrift beschrijft de rol van de 
geneesmiddelen efflux transporters “P-glyco-
proteïne” (P-gp, MDR1, ABCB1) and “Breast 
Cancer Resistance Proteïne” (BCRP, ABCG2) 
in het beperken van de hersenpenetratie 
van cytotoxische (topotecan en temo-
zolomide) en moleculair-gerichte (erlotinib) 
antikanker geneesmiddelen door middel 
van preklinische modellen. Hiervoor hebben 
we gebruik gemaakt van zowel muizen die 
geen P-gp en/of BCRP transporter meer 
tot expressie brengen (“geneesmiddelen 
transporter knockout muismodellen”) en 
controle muizen die wel beide transporters 
tot expressie brengen, als van “orthotopische 
xenografts”. Glioma muismodellen (muizen 
met kwaardaardige hersentumoren, gliomen) 
die beter in staat zijn om de klinische 
waarde te voorspellen, zijn hard nodig. Om 
deze reden hebben we een nieuw glioma 

muismodel ontwikkeld. Dit muismodel bevat 
het Luciferase-Reporter gen, waardoor het 
mogelijk is om preklinisch het effect van 
nieuwe (combinaties van) geneesmiddelen 
te testen met behulp van “bioluminiscentie 
imaging”. (Bij deze techniek wordt het 
Luciferase gen van het vuurvliegje ingebouwd 
in het genoom van een muis. Vervolgens kan  
de groei van tumorcellen in het lichaam van 
de muis gevolgd worden door het maken van 
opnamen met een specifieke camera. Op deze 
manier is het mogelijk tumor groei en respons 
op medicijnen te volgen terwijl het dier nog 
leeft). In de toekomst zal verder onderzoek 
moeten uitwijzen of dit nieuwe muismodel 
ook echt waardevol is om nieuwe antikanker 
geneesmiddelen beter te kunnen selecteren 
voor gebruik in klinische studies.

Hoofdstuk 1 beschrijft de impact van de 
bloed-hersen barrière in de behandeling van 
(primaire) hersentumoren en bediscussieert 
de verschillende pogingen die zijn uitgevoerd 
om de blootstelling van hersentumoren aan 
geneesmiddelen te verbeteren. Kenmerkend 
voor GBM is een centraal deel in de tumor 
dat bestaat uit necrotische (gebieden 
waarin ongecontroleerde celdood heeft 
plaatsgevonden) en/of hypoxische (gebieden 
waar een verminderd zuurstofgehalte is) 
gebieden waar angiogene signalering 
(signalen afgegeven door de tumoren voor 
nieuwvorming van bloedvaten om zo vol-
doende voedingsstoffen en zuurstof te 
ontvangen) resulteert in een lek vaatbed. 
Alhoewel dit centrale deel verantwoordelijk 
is voor veel van de vernietigende symptomen, 
is dit deel van de tumor therapeutisch niet 
het moeilijkste om aan te pakken, zeker niet 
wanneer dit deel chirurgisch verwijderd kan 
worden. De echte uitdaging in het verbeteren 
van de prognose van GBM patiënten is om 
aansluitende therapieën te ontwikkelen die 
zorgen dat de vele kwaadaardige cellen, die 
niet operatief verwijderd kunnen worden 
omdat ze (diep) in het omliggende normale 
hersenweefsel gemigreerd zijn, alsnog 
opgeruimd worden. 
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Hoofdstuk 2 geeft een overzicht van alle 
hooggradige glioma muismodellen die tot 
nu toe ontwikkeld zijn en hun potentiële 
geschiktheid voor gebruik in preklinische 
studies. We verwachten dat het testen van 
potentieel therapeutische geneesmiddelen 
in preklinische studies en de effecten van 
verbeterde strategieën om geneesmiddelen 
beter de hersenen in te krijgen, geopti-
maliseerd zullen worden met behulp van 
glioma diermodellen welke de humane 
situatie zo goed mogelijk nabootsen. Echter, 
tot nu toe zijn de meeste preklinische studies  
uitgevoerd in xenograft modellen, waarbij 
cellijnen afkomstig uit gliomen worden 
geïmplanteerd in de flank (ectotopisch) of 
in de hersenen (orthotopisch) van immuun-
deficiënte muizen of ratten. Het is duidelijk 
dat deze xenograft modellen in vele 
opzichten verschillen van GBM in patiënten. 
De afgelopen jaren zijn er in de literatuur 
verschillende genetisch “engineered” muis 
modellen beschreven die onze kennis in de 
gliomagenese (het ontstaan van gliomen) 
vergroot hebben.

De hersenen zijn één van de best doorbloede 
organen en daarom is verbeterd vasculair 
transport (transport van geneesmiddelen via 
het bloed) van potentieel therapeutische 
antikanker geneesmiddelen in de hersenen 
een veelbelovende strategie om effectiviteit 
van de behandeling te verbeteren. Om  
behandeling met geneesmiddelen te kunnen 
verbeteren is het essentieel om een beter 
inzicht te verkrijgen in de rol van de efflux 
transporters in geneesmiddelen resistentie. 
Terwijl de effecten van P-gp in de BHB uit-
gebreid beschreven zijn, is er weinig bekend 
over de rol van de recenter geïdentificeerde 
efflux transporter BCRP. Wij hebben daarom 
de rol van deze transporter onderzocht in 
het belemmeren van de hersenpenetratie 
van antikanker geneesmiddelen. Hoofdstuk 
3 beschrijft de validatie van een gevoelige 
en selectieve “reversed-phase high-per-
formance liquid chromatography” (HPLC) 
detectie methode voor het kwantificeren 

van totale topotecan waarden in humaan 
en muis plasma en in muizen weefsels. Deze 
methode is gebruikt om de farmacokinetiek 
van topotecan te bestuderen in muis plasma 
en hersenweefsels.

In Hoofdstuk 4 geven we experimenteel 
bewijs dat Bcrp1 een belangrijke factor 
is in de BHB, die, samen met P-gp, de 
hersenpenetratie van topotecan remt. De 
plasma en weefsel AUC (Area Under the 
Concentration-time curve) van topotecan in 
de hersenen van Mdr1a/b(-/-) (P-gp deficiënte) 
and Bcrp1(-/-) (Bcrp1 deficiënte) muizen was 
maar 1.5-maal hoger in vergelijking met de 
controle muizen. Echter, in Mdr1a/b(-/-)Bcrp1(-/-) 
muizen (die geen P-gp en Bcrp1 hebben) 
was deze AUC 12 keer hoger. Daarnaast 
toont Hoofdstuk 4 ook aan dat gelijktijdige 
toediening van de P-gp en BCRP remmer 
elacridar (GF120918) het P-gp-gemedieerde 
transport van topotecan volledig remt, 
maar het Bcrp1-gemedieerde transport van 
topotecan maar minimaal kan remmen.

We verwachtten dat BCRP niet alleen 
een belangrijke rol zou spelen in de 
hersenpenetratie van topotecan, maar ook in 
de hersenpenetratie van andere antikanker 
geneesmiddelen die substraten zijn voor 
P-gp en BCRP. In Hoofdstuk 5 tonen we  
inderdaad aan dat ook het transport van 
temozolomide (TMZ) in de hersenen geremd 
wordt door beide efflux transporters. Dit 
resultaat was verrassend omdat TMZ niet 
bekend stond als een substraat voor P-gp en 
BCRP. Bovendien is TMZ het enige systemisch 
(via het bloed) toegediende geneesmiddel 
met een betekenisvolle activiteit tegen 
GBM. Om deze reden kan een verhoogde 
penetratie van TMZ in de hersenen, door 
middel van remming van P-gp en BCRP, van 
groot klinisch belang zijn.

Onze kennis over veranderingen in 
moleculaire “signaling pathways” die leiden 
tot het ontstaan van tumoren is de laatste 
jaren enorm toegenomen. Hierdoor heeft 
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er een verandering plaatsgevonden in 
de ontwikkeling van antikanker genees-
middelen van algemene cytotoxische 
antikanker geneesmiddelen (die alle cellen 
doden, dus ook gezonde cellen) naar rationeel 
ontworpen moleculair-gerichte antikanker 
middelen zoals de receptor tyrosine kinase 
remmers (TKIs). Overeenkomstig met onze 
in vitro resultaten waarin we laten zien 
dat erlotinib, een epidermale groeifactor 
receptor (EGFR) tyrosine kinase remmer, een 
substraat is voor P-gp, vonden we in vivo een 
bijna 3-maal hogere hersenpenetratie van 
erlotinib in Mdr1a/b(-/-) muizen in vergelijking 
met wild-type muizen, terwijl Bcrp1(-/-) 
muizen geen verhoogde hersenpenetratie 
van erlotinib vertoonden (Hoofdstuk 6). De 
afwezigheid van beide geneesmiddelen 
efflux transporters resulteerde bovendien 
in 4.5-maal hogere erlotinib concentraties 
in de hersenen. Ook al is P-gp de meest 
belangrijke factor in het beperken van het 
transport van erlotinib naar de hersenen, 
indiceren deze resultaten dat ook Bcrp1 
bijdraagt aan lagere erlotinib concentraties 
in de hersenen in afwezigheid van P-gp. 
De in Hoofdstuk 4, 5 en 6 beschreven 
resultaten impliceren de noodzaak om bij 
de behandeling van intracraniële tumoren 
remmers te gebruiken die zowel P-gp als 
BCRP remmen om zo hopelijk een maximale 
accumulatie van antikanker geneesmiddelen 
in de hersenen te bereiken. Belangrijk is 
dat de meeste nieuwe moleculair-gerichte 
antikanker geneesmiddelen ontwikkeld 
zijn voor het gebruik voor andere tumor 
types (die veel meer voorkomen, zoals  
borstkanker). Vervolgens wordt er gekeken 
of deze geneesmiddelen ook te gebruiken 
zijn in de behandeling tegen GBM wanneer 
ze ook aangrijpen op veranderingen in 

“signaling pathways” die bij het ontstaan 
van GBM betrokken zijn. Het nadeel is dat 
deze geneesmiddelen dus niet specifiek 
ontwikkeld zijn tegen de behandeling van 
hersentumoren. Het is dus mogelijk dat deze 
geneesmiddelen niet, of in onvoldoende 
mate, de hersenen binnenkomen en daardoor 

wellicht niet alle tumorcellen bereiken.

Ondanks dat er verschillende “genetisch 
gemanipuleerde” muismodellen zijn be-
schreven die de histopathologische en 
biologische eigenschappen van humane 
gliomen veel beter nabootsen dan 
traditionele xenograft modellen, is tot nu 
toe geen van deze modellen gebruikt voor 
interventie studies. Dit is voornamelijk 
omdat deze modellen een intrinsiek 
probleem hebben om tumoren in dieren te 
identificeren voordat deze dieren erg ziek 
zijn. Wij beredeneerden dat implementatie 
van bioluminiscentie als een niet-invasieve 
imaging strategie het mogelijk zou moeten 
maken om tumoren op tijd te kunnen 
identificeren. Hierdoor is het tevens mogelijk 
om therapeutische interventie studies uit te 
voeren. Hoofdstuk 7 beschrijft een nieuw 
hooggradig glioma muismodel door gebruik 
te maken van een replicatie-defectief, “self-
deleting”, lentivirale vector die Cre-expressie 
aandrijft onder de “glial fibrillary acidic protein” 
(GFAP) promoter. Deletie of activatie van 
genen, waarvan bekend is dat ze betrokken 
zijn bij het ontstaan van gliomen in humane 
patiënten, worden geïnduceerd door middel 
van een stereotactisch intracraniële injectie 
van het lentivirus in Cre-LoxP conditionele 
Ink4a/Arf;K-Rasv12, Pten;Ink4a/Arf;K-Rasv12 
en p53;Ink4a/Arf;K-Rasv12 muizen. (Dit zijn 
gezonde muizen, waarbij de genen Ink4a/
Arf, Pten, p53 en K-Rasv12 omgeven zijn door 
een soort “vlaggetje”. Wanneer Cre in de 
hersenencellen opgenomen wordt, bindt het 
aan deze “vlaggetjes”. Hierdoor worden genen 
die zich tussen deze “vlaggetjes” bevinden, 
verwijderd of juist geactiveerd). Histologische 
analyseringen van de ontstane tumoren 
werden gekarakteriseerd als hoog-gradige 
gliomen (WHO graad III anaplastische 
astrocytoma’s en graad IV glioblastoma 
multiforme) en toonden gelijkenissen met 
vele van de karakteristieke kenmerken van 
humane hoog-gradige gliomen, waaronder 
heterogene expressie van BHB markers en 
vaatpermeabiliteit. Omdat deze muizen 
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beschikken over een conditioneel Luciferase 
Reporter gen, kunnen de tumoren niet-
invasief gevisualiseerd worden met behulp 
van “bioluminiscentie imaging”. Hierdoor zijn 
deze muizen zeer geschikt om te gebruiken 
in interventie studies. De verwachting is dat 
dit hooggradige glioma muismodel, alsmede 
de “neurosphere-cellijnen” afkomstig van de 
tumoren, geschikt zijn voor het testen van 
rationeel ontwikkelde (moleculair-gerichte) 
therapieën tegen maligne gliomen.

Samenvattend laten de studies die be-
schreven zijn in dit proefschrift duidelijk 
zien dat, naast P-gp, ook Bcrp1 een 
belangrijke component is in de BHB en een 
grote belemmering in het transport van 
therapeutische antikanker geneesmiddelen 
naar de hersenen bij de behandeling van 
maligniteiten in het brein. Wij hebben 
aangetoond dat Bcrp1 en P-gp twee 
dominante transporters zijn in de BHB 
die samenwerken in het belemmeren van 
de hersenpenetratie van verscheidene 
antikanker geneesmiddelen, waaronder ook 
de nieuwe moleculair-gerichte antikanker 
geneesmiddelen. Wij verwachtten dat 
deze resultaten ook toepasbaar zullen zijn 
op andere geneesmiddelen wanneer dit 
substraten zijn voor beide efflux transporters. 
Onze resultaten geven een solide basis 
voor verder klinisch onderzoek naar het 
gebruik van antikanker geneesmiddelen in 
combinatie met remmers voor “genees-
middelen efflux transporters“ in patiënten  
met maligne gliomen. Het hoog-gradige 
glioma muismodel dat in dit proefschrift 
beschreven wordt, lijkt zeer geschikt voor 
het preklinisch testen van nieuwe therapieën 
tegen maligne gliomen.
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Promoveren is een bijzondere ervaring. 
Zoals gebruikelijk waren er soms frustraties 
en dacht ik wel eens dat het er nooit 
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promotietijd uit vreugdemomenten, plezier 
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vrienden. Een aantal personen wil ik graag in 
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zijn geweldig!!

Lieve marlies, ik ben super trots op alle 
dingen die je doet en kan!! Succes met alles! 
Ontzettend leuk dat je zo enthousiast bent en 
fijn dat je straks naast me staat als paranimf!

Daarnaast wil ik ook een aantal personen 
bedanken die mij de ruimte hebben gegeven 
om dit promotieonderzoek te starten: 
Gerben Kingma, u heeft mij laten zien dat 

met een goede dosis doorzettingsvermogen 
en motivatie, niets onmogelijk is! Bedankt 
hiervoor! 

Mijn promotor Prof. dr Jos Beijnen en co-
promotor Dr. Olaf van Tellingen wil ik graag 
bedanken voor de gelegenheid die ze mij 
geboden hebben om het in dit proefschrift 
beschreven onderzoek uit te voeren. 
Beste Olaf, ik waardeer je enthousiasme 
en gedrevenheid voor het onderzoek 
enorm. Als enige onderzoeker in de “van 
Tellingen Research Group” hadden wij een 
1:1 verhouding waarin ik werkelijk voor alles 
bij je terecht kon en ontzettend veel van je 
geleerd heb. Ik besef dat het zeer uniek is 
om zoveel tijd samen met je co-promotor/ 
directe begeleider op het lab, in de celkweek, 
en tijdens de vele (muis)experimenten door 
te brengen. Bedankt voor de ontspannen 
sfeer, je kennis en kritische blik. Ik hoop straks 
net zo plezierig met je te kunnen blijven 
samenwerken! Beste Jos, bedankt voor je 
waardevolle input en kritische blik op het 
project en mijn manuscripten. Ook al was het 
maken van een muismodel niet geheel jouw 
expertise, toch bleef je altijd zeer enthousiast, 
geïnteresseerd en kritisch. De leden van mijn 
promotiecommissie wil ik hartelijk bedanken 
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in mijn werk gehad zonder alle geweldige 
collega’s!!  
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werkomgeving. Tessa, bedankt voor alles 
tijdens de afgelopen jaren in de “van Tellingen 
Research Group”. Lin Fan, you will take it over. 
I’m sure you will enjoy this period and I wish 
you all the best! Ook wil ik de studenten van 
harte bedanken voor hun enthousiasme, 
inzet en hulp bij de experimenten. Lieve Arifa 
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Fazalalikhan, ontzettend bedankt voor al 
je hulp en je gezellige lach! Heel veel geluk 
in de toekomst! Emily Kroon bedankt voor 
het homogeniseren en meten van de vele 
topotecan monsters. Special thanks also to 
Jin Zhou for all the work in the determination 
and validation of the HPLC assay for erlotinib.
Lieve Arianne, Marian, Dorothé en Tiny, 
bedankt voor jullie interesse in mijn project 
maar zeker ook in mijn persoonlijke leven. 
Ik denk met veel plezier terug aan de fijne 
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etentjes. Ik hoop dat je een geweldige tijd in 
Engeland zult hebben!

Ook op (het oude) H6 was ik regelmatig 
te vinden voor vertier en serieuze zaken. 
Allereerst de Schinkel groep, “afdeling drug 
transploft”: Beste Alfred, hartelijk bedankt 
voor je advies en kennis. Els, Evita, Marijn, 
Robert, Jurjen, Dilek,  Anita en Corina, bedankt 
voor al jullie kennis, hulp, en interesse, maar 
vooral ook voor de gezellige etentjes, feestjes, 
uitjes en alle andere momenten. Ik bewonder 
jullie manier van werken: effectief, maar met 
veel grappen en lol!! Marijn, Jurjen en Robert, 
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succes met de laatste loodjes! 
Lieve Evita, elke dag met jou in de auto is 
weer even gezellig. Je lach werkt aanstekelijk 
en doet menig file overleven. Ontzettend 
bedankt voor alle gezelligheid als “OIO-
retreat-roommate”, carpoolvriendinnetje, 
voor alle onzin en serieuze gesprekken in de 
rode racewagen of op onze “lekkere carpool”!! 
Ik ben blij met jou als paranimf! Nog een 
jaartje knallen en dan ben jij aan de beurt!! 
Het gaat je zeker lukken!
Ook de Schellens groep (Roos, Maarten, 
Lotte,  Dick, Suzanne en Serena) en de rest 
van H6 (in het bijzonder Sari, Moniek, Saske, 
Marion en Hans) wil ik graag bedanken voor 
alle hulp, belangstelling en gezelligheid.  
Lieve Roos, bedankt voor de enorm leuke tijd, 
waarin we vooral veel hebben kunnen lachen 
om al onze OIO-ervaringen!

Verder wil ik iedereen van alle andere 
afdelingen hartelijk bedanken: Anita en 
Frank van de FACS, Minze en Erwin van de 
cryostorage, iedereen van proefdierpathologie 
voor de ladingen coupes en kleuringen, 
Johan Westerga uit het Slotervaart Ziekenhuis 
voor het beoordelen van alle coupes en 
Martin en Ji-Ying. Natuurlijk wil ik ook alle 
fantastische proefdierverzorgers op G1, G2 en 
G3 bedanken, die altijd paraat stonden voor 
hulp waar dat nodig was. Willem Boogerd en 
Dieta Brandsma, bedankt voor jullie interesse, 
suggesties en kritische blik.

Dan de mensen uit de GBM-werkgroep in 
het AMC: bedankt voor jullie interesse, het 
meedenken en de suggesties. Dokter Joost, 
bedankt voor de geweldige trip naar San 
Diego, wat hebben we gelachen. Ik blijf me 
vermaken om jouw humor. Martin, thanks 
a lot for our nice cooperation. Tijana, thanks 
for the time in San Diego where we shared a 
room. Good luck with your project! Jan-Paul 
Medema, bedankt dat je me geintroduceerd 
hebt binnen de GBM-werkgroep. Ook je 
advies, kritische blik op het glioma project en 
enthousiasme heb ik bijzonder gewaardeerd. 

Graag wil ik William Leenders en Pieter 
Wesseling uit NIjmegen bedanken voor de 
plezierige samenwerking en hulp bij het 
glioma-project.

Jolanda, ontzettend bedankt voor al je hulp 
bij alle formulieren en regeldingetjes de 
laatste maanden rondom mijn promotie.

Een speciaal woord voor alle vrienden en 
familie die laten zien dat er vooral nog 
zoveel mooie dingen bestaan naast het werk. 
Promoveren is zeker geen standaardbaan 
en het is niet altijd makkelijk voor jullie een 
voorstelling te maken bij het (soms rare) 
onderzoekswereldje. Ik hoop dat jullie door 
middel van de Nederlandse samenvatting 
een beetje een beeld kunnen krijgen van 
mijn onderzoek. Bedankt voor alle afleiding, 
ontspanning, etentjes en uitjes waardoor ik er 
weer vol enthousiasme tegenaan kon!

Lieve Han en Leni, twee mensen met een 
gouden hart. Jullie zijn mijn hele leven 
al betrokken bij alles wat ik meemaak. 
Bedankt voor jullie oprechte interesse in mijn 
onderzoek, jullie kaartjes en oppeppers!!
Lieve Willem en Roelie. Ik heb het getroffen 
met jullie! Bedankt voor jullie steun. Geweldig 
dat ik gebruik mag maken van jullie auto om 
naar het NKI te komen. Lieve Zwenneken, 
Christien, Eric, Joep en Paulien, bedankt 
voor jullie interesse en veel succes met jullie 
studies/werk! Al mijn lieve vrienden: Robin en 
Marlies, Frans en Jasmijn, Jaco en Christine, 
Jan en Liesbeth, Hans en Eveline en Judith en 
Maurice: bedankt!

Nogmaals iedereen bedankt voor al jullie 
hulp, belangstelling, steun, humor, en 
de gezellige momenten waardoor ik de 
afgelopen jaren met ontzettend veel plezier 
aan dit proefschrift heb kunnen werken!

Op naar de volgende NKI-belevenissen!
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