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Abbreviations 

µl             microliter 

µm          micrometer 

5-FU        5-flourouracil 

ANOVA     analysis of variance   

cm           centimeter 

ddH2O     double-distilled water  

DMEM     Dulbecco’s modified eagle medium 

DMSO     Dimethyl sulfoxide 

EDTA      Ethylenediamine-tetraacetic acid 

g              gram 

G             Gravitational constant 

GBM      Glioblastoma multiforme 

IDH  Isocitrate dehydrogenase  

i.p.          intraperitoneal 

M             mole 

mg           milligram 

min           minute 

μmol            micromole  

ml             milliliter 

mm           millimeter 

mM           millimole 

PBS           Phosphate buffered saline 

s.c              subcutaneous 

S.E.M.        standard error of the mean 

WHO          World Health Organization 
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1. Introduction 

1.1 Glioblastoma multiforme: introduction and classification 

Glioblastoma multiforme (GBM) is the most frequent malignant primary brain 

tumor. According to the Central Brain Tumor Registry of the United States 

(CBTRUS) this entity accounts for 15.1% of all primary brain tumors and 46.1% of 

primary malignant brain tumors (Carolina and Carolina, 2011). GBMs originate 

from glial cells, in particular from astrocytes. The development is characterized by 

a multi-stage process, which results from changes in the cell cycle and in 

apoptosis regulating genes together that leads to malignation. GBMs form the final 

stage of this process and emerge from de-differentiated astrocytes and 

oligodendrocytes. Hence, they are the highest graded astrocytomas (grade IV) 

according to the World Health Organization (WHO) grading system (Table 1). 

They arise either "de novo" (primary glioblastoma) or stem from primarily low-

grade gliomas (secondary glioblastoma). While primary glioblastomas are 

predominantly seen in patients of higher age, secondary glioblastomas are 

commonly found in younger people (Deimling et al., 1993; Watanabe et al., 1996). 

The classification of gliomas according to the WHO (Table 1) allows a certain 

prediction with respect to the biological behavior of these tumors, for therapeutic 

planning and to assess the possible outcome. Hence, the histological degree of 

malignancy is taken into account, whereby "low-grade" (malignancy grade I-II) can 

be distinguished from "high-grade" tumors (malignancy grade III-IV). In the past 

the WHO classification histologically categorized gliomas into astrocytomas, 

oligodendrogliomas and mixed tumors, according to the cell type from which they 

originated (Louis et al., 2007). In 2016, the WHO classification of central nervous 

system tumors uses for the first time molecular parameters in addition to histology 

to define many tumor entities: with regard to gliomas, e.g. the entity of diffuse 

glioma was defined and other entities were categorized by both histology and 

molecular features, such as glioblastoma with isocitrate dehydrogenase (IDH)-

wildtype or glioblastoma IDH-mutant (Louis et al., 2016). 
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WHO classification of gliomas             Degree of malignancy 

Astrocytic tumors   

Pilocytic astrocytoma I benign 

Diffuse astrocytoma: IDH-mutant 
and IDH-wildtype 

II low-grade 

Anaplastic astrocytoma: IDH-
mutant and IDH-wildtype 

III semi malignant 

Glioblastoma: IDH-mutant and 
IDH-wildtype 

IV 

 

highly malignant 

Oligodendrogliomas   

Oligodendroglioma: IDH-mutant 
and 1p/19q-codeleted 

II low-grade 

Anaplastic oligodendroglioma: IDH-
mutant and 1p/19q-codeleted 

III malignant 

Mixed gliomas   

Oligoastrocytoma II low-grade 

Anaplastic oligoastrocytoma III malignant 

Table 1: Gliomas of the central nervous system. Modified according to “The 2007 and 

2016 WHO Classification of Tumors of the Central Nervous System” (Louis et al., 2007, 

2016). 

 

The pathohistological classification of malignant gliomas is essentially based on 

the following microscopic features: degree of differentiation, tumor cell density, 

nuclear polymorphism, mitotic activity, endothelial proliferation rate, and tumor 

necrosis (Kleihues and Sobin, 2000). The vascular proliferation of GBMs is 

characterized by glomerular vascular formations with endothelial hyperplasia 

arising from existing capillaries. Typical for the GBM is the formation of necrotic 

areas, which can be divided into two different forms (Figure 1). The first presents 

as large central necrosis with homogeneous structures consisting of lysed cell 

residues, which typically occurs in primary gliomas. The second form shows 

multiple small irregular structures with perifocal cell density enhancement (pseudo 

palisades), both in primary as well as in secondary gliomas. Macroscopically GBM 

presents with hemorrhage and yellowish necrosis (Kleihues and Sobin, 2000). 
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Figure 1: Typical histological features of GBM. On the left: an area of necrosis (NE), 

surrounded by palisading tumor cells. On the right: marked vascular proliferation (VP). 

Picture taken from: Kleihues P, Burger PC, Scheithauer BW (Eds.), Histological Typing of 

Tumors of the Central Nervous System. World Health Organization International 

Histological Classification of Tumors., 2nd ed., Springer Verlag, Berlin Heidelberg 1993. 

 

1.2 Glioblastoma multiforme: symptoms and treatment 

The first symptoms that occur usually depend on the localization of the neoplastic 

tissue in the brain. A common symptom is headache that typically occurs at night 

or in the early morning hours. In the course of days and weeks, pain increases and 

is often drug resistant. Depending on the brain region, neurological deficits, 

changes in behavior or mood as well as concentration and memory disturbances 

may be indicators of a tumor (DeAngelis, 2001). In addition, the occurrence of 

epileptic seizures at least once in the course of the disease is higher than 40% 

(Wick et al., 2005). Typical for advanced stages of the disease are nausea and 

vomiting, as well as severe neurological deficits. These symptoms reflect 

increased intracranial pressure, since the skull does not evade during the growth 

of the tumor. 

GBMs grow very aggressive and invasive, leading to a median survival after 

diagnosis of less than one year (Johnson and O’Neill, 2012) with only 0.05% to 4.7% 

of patients surviving 5 years past diagnosis (Ostrom et al., 2014). Despite 

advances in the surgical and concomitant therapy over the past decades, the 
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mean survival time could only be improved to a small extent (Johnson and O’Neill, 

2012; Oertel et al., 2005). Today, newly diagnosed GBM is treated with surgery 

followed by radiation plus concomitant and adjuvant temozolomide therapy (Weller 

et al., 2012). Survival with such continued treatment is 14,6 months on average 

(Stupp et al., 2009). 

Surgery is usually the initial therapeutic approach for tumor debulking and 

obtaining tissue for diagnosis. Gross total tumor resection is one of the most 

important prognostic factors for survival (Butowski et al., 2007). Thus, maximal 

tumor resection should be attempted provided that neurological function is not 

compromised by the extent of resection (Lacroix et al., 2001). A retrospective 

review showed that resection in excess of 98% of tumor volume yielded an 

increase in median survival from 8.8 to 13 months (Buckner, 2003; Lacroix et al., 

2001; Laws et al., 2003). 

In the early 1990s, whole brain radiation therapy became recognized as an 

effective adjuvant therapy. Although whole brain radiation therapy increased 

average patient survival from 6 to 12 months (Shibamoto et al., 1990), the dose is 

limited by potential toxicity to central nervous system cells. Today, standard 

radiotherapy regimens involve intensity modulated radiation therapy delivered in 

fractionated localized doses (2 Gray daily) for a total dose of 60 Gray (Stupp et al., 

2014). 

To complement the beneficial effects of surgical resection and radiation therapy, 

systemic chemotherapeutic agents were introduced during the 1990s. DNA 

alkylating agents, in particular carmustine, improved median survival by more than 

2 months and became widely utilized in the treatment of GBM despite significant 

systemic side effects including myelosuppression and pulmonary toxicity (Stewart, 

2002). In the 2000s, however, the focus shifted to temozolomide, which can be 

delivered in oral rather than intravenous form. A phase III trial of temozolomide in 

combination with postoperative adjuvant radiotherapy resulted in an increase in 

median survival from 12.1 to 14.6 months compared to patients receiving 

radiotherapy alone (Stupp et al., 2009, 2005). This approach became the new 

standard of care for patients with GBM. 

The prognosis of GBM remains dismal due to the high tumor recurrence rate 

(DeAngelis, 2001) (Figure 2). Especially GBM cell infiltration into the surrounding 
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progressive GBM; in particular younger patients with good clinical conditions 

benefit from reoperation (Pessina et al., 2017). Unfortunately, the recurrence rate 

is still approaching 100% for all treatment combinations, and the one year survival 

in clinical trials of temozolomide for recurrent GBM rarely exceed 35% (Omuro et 

al., 2013). Re-irradiation is being considered increasingly for recurrent small 

tumors (Stupp et al., 2014), although there is considerable doubt about its benefit 

and the literature lacks prospective and comparative trials (Combs et al., 2005; 

Fogh et al., 2010). 

 

1.3 Glioblastoma multiforme: new treatment options 

General reasons why an effective therapy for gliomas and tumor relapses is still 

missing could be that with systemic therapy very high doses are needed to 

achieve an effective concentration directly at the tumor, i.e., this treatment strategy 

is limited by systemic toxicity. Additionally, the efficacy of systemic chemotherapy 

is limited by the presence of the blood-brain barrier and its mechanisms of drug 

resistance. These aspects strengthen the rationale for locally administered 

chemotherapeutic agents. One available local strategy is the implantation of the 

biodegradable GLIADEL® wafer where the chemotherapeutic polymer BCNU, 

carmustine, is delivered directly at the resection cavity (McGirt et al., 2009). The 

advantage of this local therapy is its simple use: the wafer can be easily deposited 

into the resection cavity and because of its biodegradable properties no removal is 

necessary. Nevertheless, pharmacological studies showed, that carmustine is only 

delivered over the first 5–7 days (Domb et al., 1995; Grossman et al., 1992), while 

the implant is resorbed after 6-8 weeks (Dang et al., 1996; Grossman et al., 1992; 

Wu et al., 1994). Clinical trials reported that GLIADEL® treatment could only 

prolong the median survival for 2.5 month, and there is no benefit in recurrent 

GBM (Hart et al., 2011). 

Another approach for local application is to stereotactically implant a catheter, for 

convection-enhanced delivery (Debinski and Tatter, 2009). This therapeutic option 

has been developed to overcome the blood-brain barrier that drugs, which 

normally would not pass the blood-brain barrier could be used. The catheters are 

implanted directly into or around the tumor, or into the resection cavity. Although 
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there were promising preclinical and phase I clinical studies the translation of 

convection-enhanced delivery to the clinic has been hindered by poor distribution 

into the tissue and by reflux of the infusate proximally along the catheter track 

(Lewis et al., 2016). For future use of this application method several technical 

shortcomings need to be addressed. The catheters need to be optimized and an 

individualized computer-controlled and reflux-resistant chronic delivering system 

needs to be developed. Above all, highly effective drugs need to be developed 

(Jahangiri et al., 2016; Lewis et al., 2016) .  

 

1.4 Nucleolipids 

The biggest challenge for local GBM therapy is to find an effective drug. One of 

the major drawbacks of currently available drugs is their insufficient penetration 

into the target cells. The available chemotherapeutics are usually highly 

hydrophilic, limiting the efficiency of local application by insufficient diffusion into 

the lipophilic brain tissue. One option would be to build highly lipophilic 

therapeutics with a longer half live and a high diffusion rate into the target tissue. A 

strategy to reduce the hydrophilicity and to improve the penetration would be the 

attachment of lipophilic residues to substances with known anti-tumor activity.  

The synthesis of functionalized nucleolipids, carrying a lipophilic residue has been 

identified as an attractive option, according to preliminary testing of their cytostatic 

properties in different tumor cell lines. Nucleolipids are hybrid molecules 

composed of a lipid together with a nucleobase, nucleoside, nucleotide or 

oligonucleotide (Figure 3) (Rosemeyer, 2005).  
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Figure 3: Typical example of a nucleolipid. Picture taken from: Rosemeyer (2005) 

 

As proof of principle the nucleoside chemotherapeutic 1-𝛽𝛽-𝐷𝐷-

arabinofuranosylcytosine, a potent inhibitor of DNA synthesis that inhibits the 

growth of various mammalian cell lines and rodent tumors, was improved in its 

anti-tumor effects after synthesizing a nucleolipid. This nucleolipid was 

therapeutically more effective than the parent nucleoside (Neil et al., 1970; 

Rosemeyer, 2005). 

With that regard, 5-Fluorouracil and its derivates are also promising substances. 

The anti-tumor effect of 5-Fluorouracil depends on the inactivation of the enzyme 

thymidylate synthase. This enzyme catalyzes the conversion of deoxyuridine 

monophosphate to deoxythymidine monophasphate, which is necessary for early 

stages of DNA synthesis and repair. In a glioma rat model it has been shown that 

the local application of microspheres loaded with 5-Fluorouracil decreased the 

mortality rate (Menei et al., 1996). In accordance, a clinical pilot study revealed 

that stereotactic intratumoral implantation of these microspheres is feasible (Menei 

et al., 2004). Interestingly, the anti-tumor activity of uridin can be enhanced by the 

addition of lipophilic residues in selected positions. Hereby, the type and the 

position of the lipophilic residues are of great importance, for instance a farnesyl 

sesquiterpene moiety at N(3) leads to compounds with significant cytostatic 

activity (Farhat et al., 2014). The penetration of this functionalized 5-Fluorouridin 

into cells is enhanced.  
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Additionally, the groups of Kinscherf and Rosemeyer showed that one of its 

derivates, 5-FU-Lävuexter-Farn, shows a cytotoxic effect in three carcinoma cell 

lines, i.e., human HT-29 colon carcinoma, murine renal carcinoma, and human 

hepatocellular carcinoma, but no cytotoxic against differentiated macrophages, 

which were used as control (Farhat et al., 2014). Besides uridin, inosine is also a 

promising nucleoside for cancer therapy (see section 1.7 Ino-levulinate-N(1)-Farn). 

 

1.5 Rodent glioma models  

Animal models can be used to evaluate new therapeutic strategies under 

standardized experimental conditions. With regard to brain tumor research 

commonly rodent models (mainly mice and rats) are used. It has to be noted, 

however, that none of the currently available animal tumor models exactly 

simulates all characteristics of human high grade brain tumors (Barth and Kaur, 

2009). Each model has its advantages and disadvantages; therefore it is important 

to choose the most appropriate model for each study.  

Basically, brain tumor models can be divided into two main categories: either 

those where tumor cells are implanted into the recipient animal, or those were 

tumors are developed de novo, i.e. genetically engineered mouse models 

(Hambardzumyan et al., 2011). Implantation models can be allografts or 

xenografts: in allografts, the tumor cells derived from one species are implanted 

back into the same species, whereas in xenografts tumor cells or tumor cell 

preparations of different species are implanted into an immunodeficient recipient. 

The xenograft can either be transplanted orthotopic, i.e., in the natural position, or 

heterotopic, i.e., in a non-natural position, mainly in the periphery. 

Immunocompromised hosts are usually used in xenograft models to overcome the 

transplant rejection. In traditional allograft models cell lines that have been 

passaged and maintained in tissue culture for many years are used. Often, tumors 

generated from these cell lines do not exhibit the typical histologic appearance of 

human gliomas and they have not been predictive for response in preclinical trials 

(Hambardzumyan et al., 2011). These disadvantages are minimized in xenograft 

models, where tumor cells derived directly from freshly isolated human gliomas 

are cultured in optimized conditions for cancer stem cell growth, which are then 
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injected orthotopically (Lee et al., 2006). In most orthotopic xenograft glioma 

models, human glioma cells are injected intracranially in immunocompromised 

mice. The major criticism of these models is the absence of a functional immune 

system in the selected host, because it is known that cancer formation and 

progression involve immune surveillance-escaping paradigms, which are not 

represented in immunocompromised mice (Hambardzumyan et al., 2011). 

Therefore, it is questionable to what extent these models could be used to study 

tumor development and tumor growth. Further, interactions of the immune system 

with experimental therapeutic strategies are altered in these immunocompromised 

host mice. For example, DNA repair defects of the hosts can limit their capacity to 

tolerate novel treatments, including radiation therapy (Biedermann et al., 1991).  

Allograft models do not face the problem of transplant rejection, especially when 

the transplant is genetically identical to the recipient, i.e. syngeneic. Such 

syngeneic allograft brain tumor models are generated by application of a chemical 

to an adult or pregnant rodent. In the next step cell lines obtained from these 

generated tumors are injected intracranially to induce brain tumors without 

chemical treatment. The advantage of these chemically induced rat cell lines 

grafted in syngeneic immunocompetent animals is that the immune system (innate 

and acquired) is present to interact with the developing tumor and also with 

experimental therapeutics (Huszthy et al., 2012). The cell lines 9L and C6, 

originally derived from chemically induced tumors, have frequently been used in 

experimental studies in vitro as well as for establishing xenografts in vivo (Huszthy 

et al., 2012). Both cell lines were induced by repeated injections of 

methylnitrosourea to adult rats, the 9L gliosarcoma arouse in Fischer 344 rats, 

while the C6 was produced in outbred Wistar rats. Although the 9L cell line was 

generated in Fischer 344 rats, 9L gliosarcoma cells have been shown to form 

intracranial tumors in allogenic Wistar rats (Stojiljkovic et al., 2003). Molecular and 

genetic characterization revealed that the C6 gliomas exhibit several similarities to 

human gliomas (Guo et al., 2003; Heimberger et al., 2005; Morford et al., 1997; 

Sibenaller et al., 2005). Nevertheless, one drawback of chemically induced rat cell 

lines is the observed immunogenicity of some rodent syngeneic glioma cell lines, 

for instance in C6, 9L, and T9, where spontaneous tumor rejection may mimic the 

therapeutic efficacy (Barth and Kaur, 2009; Huszthy et al., 2012). Another obstacle 
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of the widely used C6 glioma model is its origin, since it arose in outbred Wistar 

rats, it is not syngeneic to any inbred strain. Therefore its potential to evoke an 

alloimmune response is a serious limitation (Barth and Kaur, 2009).  

 

1.6 The BT4Ca rat glioma model 

The BT4Ca cell line was generated by injection of N-ethyl-N-nitrosourea to 

pregnant BDIX rats, an inbred strain. Subsequently, cloned tumorgenic neural 

BDIX cells were cultivated (Deissler et al., 1996; Laerum and Rajewsky, 1975). 

The BT4Ca cell line is syngenic to BDIX rats and consequently can be used in 

immunocompetent animals. It has been used by our and other groups at the 

Hannover Medical School. Injection of these cells into the rat striatum leads to 

rapidly growing gliomas that infiltrate into the brain parenchyma, showing necrotic 

areas, high cellularity and pathologically deformed blood vessels (Glage et al., 

2012; Kleinschmidt et al., 2011). The typical growth is shown in Figure 4. Although 

such tumors show some similarities to human GBMs, their overall appearance 

differs from human gliomas at least to some extent. Notably, these and similar 

entities have also been referred to as “gliosarcomas” or “glioma-like tumors” 

(Huszthy et al., 2012). 
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Figure 4: Histological features of the BT4C tumor model. Infiltration of BT4C cells into the 

adjacent brain tissue (A and B). Black arrows indicate the leading edge of migrating tumor 

cells. (A) Green arrows mark peritumoral necrosis and microhemorrhages. (C) Growth 

pattern of BT4C cells in the tumor bed. (D) Region of a sarcomatous growth pattern with 

elongated, spindle-shaped cells and extracellular matrix production. All scalebars are 20 

mm, except A, which is 50 mm. Picture taken from: (Huszthy et al., 2012). 

 

It has been shown that local intratumoral application of doxorubicin and irinotecan 

eluting beats in the BT4Ca glioma model decrease tumor volume and proliferation, 

and increase survival time (Glage et al., 2012). In our group the effect of 

systemically applied 4-211Atphenylalanine has been tested after BT4Ca cell 

implantation into the frontal cortex of BDIX rats (Borrmann et al., 2013). At this site, 

after injection of BT4Ca cells a tumor with infiltrative growth, a proliferation index 

of 77%, and an average survival time of 13 days was shown (Borrmann et al., 

2013). In this study the frontal cortex was chosen for cell implantation because it 
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1.8 Aims of this thesis 

The aims of this thesis were to characterize the BT4Ca rat glioma model with 

respect to its applicability for local treatment (microinjection and resection; Part I), 

and to test the promising anti-tumor effect after local application of the 

functionalized nucleolipid Ino-levulinate-N(1)-Farn (Part II).  

The thesis was divided into two work packages: 

Part I: Characterization of the BT4Ca rat glioma model with respect to: 

1. Tumor development after intratumoral implantation of a guide cannula 

for repeated microinjection, 

2. Tumor development after microsurgical tumor resection; 

For this purpose, the survival time, as well as the general health and the tumor 

volume at different time points were determined. 

 

Part II: Local application of Ino-levulinate-N(1)-Farn in the BT4Ca rat glioma 

model 

In cooperation with Prof. Dr. Rosemeyer (Institute of Chemistry of New Materials, 

University of Osnabrück) and Prof. Dr. Kinscherf (Anatomy und Cell Biology, 

Department of Medical Cell Biology, University of Marburg) we intent to test the 

nuecleolipid, Ino-levulinate-N(1)-Farn, for its anti-tumor potential. The nucleolipid 

was synthetized in the group of Prof. Dr. Rosemeyer, and then tested for its anti-

tumor effects in vitro by the group of Prof. Dr. Kinscherf.  

1. Determination of possible toxicity after local nucleolipid injection into 

the rat brain,  

2. Determination of the survival time along with the general health 

conditions of the rats with induced tumors after 

• repeated local microinjection via the guide cannula 

• application into the resection cavity. 
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2. Materials and Methods 

2.1 Experimental animals 

2.1.1 Origin 

For this study, a total of 96 male BDIX rats were distributed to the different 

subgroups, as described in the respective sections. The animals were bred in the 

Central Animal Laboratory at Hannover Medical School and transferred to the 

laboratory of the Department of Neurosurgery before the experimental procedures. 

The age of the rats was 60 to 90 days before the beginning of the experiments, 

and the weight ranged between 160 and 360 grams. 

The experiments were carried out in accordance with the EU directive 2010/63 

and were approved by the local animal ethic committee (Lower Saxony State 

Office for Consumer Protection and Food Safety, LAVES – 14/1533). All efforts 

were made to minimize pain or discomfort of the animals used.  

 

2.1.2 Housing and feeding conditions 

The animals were kept in Makrolon® type IV cages (Techniplast, 

Hohenpeissenberg, Germany) with a group size of three to four animals. They had 

free access to pelleted food (Altromin®, Altromin Spezialfutter GmbH, Lage, 

Germany) and tap water. The cleaning of the cages and water bottles took place 

at weekly intervals. The room temperature was kept at 22°C ± 2°C, relative 

humidity at 55% ± 5%, artificial light was turned on from 8:00 to 20:00 o’clock. 

The animals were acclimated at least one week before the start of the experiments. 

All operations and treatments were performed in the animal operation room of the 

laboratory of the Department of Neurosurgery. 

 

2.2 BT4Ca glioblastoma cell culture 

2.2.1 Origin 

The BT4Ca glioma cells (12th passage from 09.07.2008; Institute of Cell Biology, 

Department of Cancer Research, University of Essen Medical School, Germany) 

were cryopreserved in nitrogen at -196°C. These cells were aliquoted with a cell 
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count of approximately 2 million cells/ml in cryotubes (Nagene® Cryogenec vials 

[Thermo Fisher Scientific, Rochester, NY, USA]) with freezing medium (70% 

Dulbecco’s modified eagle medium (DMEM) [Biochrom AG Berlin, Germany], 20% 

heat-inactivated fetal calf serum [Biochrom AG, Berlin, Germany] and 10% 

Dimethyl sulfoxide [HYBRI-MAX®, Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany]). 

 

2.2.2 Preparation of BT4Ca cells for implantation 

Three days before cell implantation the BT4Ca cells were thawed at 37°C and 

diluted 1:10 with medium (DMEM, 10% heat-inactivated fetal calf serum [Biochrom 

AG, Berlin, Germany] and 1% penicillin/streptomycin [Invitrogen GmbH, Karlsruhe, 

Germany]), and centrifuged afterwards at 133 G for 5 min (Haeraeus, Thermo 

Scientific, Osterode, Germany). The supernatant was discarded and the cell pellet 

was resuspended in 15 ml medium. The cells were seeded in a tissue culture flask 

(SARSTEDT®, Sarstedt Inc, Newton, USA) and incubated at 37°C with 5% carbon 

dioxide (Cell Star, Thermo Scientific, Osterode, Germany). 

After 72 hours, the cells were grown confluent and could be used for implantation. 

For this purpose, the medium was discarded and any medium residues were 

removed by rinsing with 5 ml phosphate buffered saline pH7 (PBS pH7; 

DakoCytomation, Inc, California, USA). To detach the adherent growing cells from 

the bottom of the flask, the cells were incubated for 5 min with 2.5 ml 0.5% 

Trypsin-EDTA (Trypsin-ethylenediaminetetraacetic acid [GIBCO® 25300, 

Invitrogen GmbH, Karlsruhe, Germany]). The reaction of Trypsin-EDTA was 

stopped by adding 8 ml of DMEM. The cell suspension was transferred to a falcon 

tube (CELLSTAR®, Greiner Bio-One, Frickenhausen, Germany) and centrifuged at 

133 G for 5 min. After discarding the supernatant, the cell pellet was thoroughly 

washed in 10 ml PBS pH7 and centrifuged again to remove remaining medium 

residues. Next, the supernatant was discarded again and the pellet was dissolved 

in 1 ml PBS pH7. Subsequently, the cells were counted in a Neubauer counting 

chamber and the cell suspension with a concentration of 3.33 million cells/ml was 

prepared for implantation. 
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bregma a hole was drilled at the following coordinates: anteroposterior +2.6 mm 

and right lateral -2.5 mm. 

 

Figure 6: Schematic drawing of bregma on the rat skull together with the coordinate point 

used for the implantation of glioma cells, as well as the injection site (black bar: injection 

cannula) marked on a coronal plane of the rat brain at 2.6 mm anterior to bregma 

(Paxinos and Watson, 1998).  

 

104 BT4Ca cells in 3 µl PBS were injected by a 26-gauge needle attached to a 

10 μl Hamilton syringe (SGE Analytical Science Pty. Ltd., Victoria, Australia) fixed 

on the stereotaxic frame (Figure 7A) at a depth of 2.8 mm. To prevent back flow of 

the cell suspension, the infusions were administered at a rate of 1 μl/min. After 

completion of the injection, the needle was driven out again after a further minute. 

Finally, the skin was closed with 5-0 skin sutures (Ethibond®, Ethicon, Germany). 
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Figure 7: The stereotaxic frame with a Hamilton syringe (A). A BDIX rat placed in the 

stereotaxic frame after implantation of BT4Ca cells and guide cannula (B). The arrow 

points to the guide cannula, which was fixed with dental acrylic cement (Paladur®, Heraus 

Kulzer GmbH, Hanau, Germany). 

 

At the end of the stereotaxic implantation of BT4Ca cells, 13 rats were implanted 

with a guide cannula. First four 1 x 2 mm screws (Hummer & Rieß, Nürnberg, 

Germany) were fixed to the skull for reinforcement around the burr hole, and then 

the cannula was lowered into the burr hole with the following coordinates relative 

to bregma: anteroposterior +2.6 mm, lateral -2.5 mm, ventral -1.8 mm. The guide 

cannula was a 0.55 x 12 mm stainless steel tube cut from a syringe needle 24 G 

(Sterican®, B. Braun Melsungen AG, Melsungen, Germany). The guide cannula 

was fixed to the skull with dental acrylic cement (Figure 7B). The exposed skin 

was closed with 5-0 skin sutures (Ethibond®, Ethicon, Germany). 

 

2.3.2.3 Microsurgical tumor resection 

According to our previous study the optimal time point for tumor resection would 

be between day 6 and day 10 after intracranial BT4Ca cell implantation in BDIX 

A B 
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rats (Borrmann et al., 2013). We therefore chose day 8 following implantation of 

BT4Ca cells for tumor resection. Anesthesia and analgesia were performed in 14 

rats as described in section 2.3.2.1. Animals were fixed in the stereotaxic frame 

and their midline wounds were reopened with a disposable scalpel. A craniotomy 

was made extending approximately 2 mm radially from the original burr hole with a 

hand-held drill. After opening of the dura, the arachnoid was incised. Tumor 

resection was performed microscopically (Stemi 2000-C, Carl Zeiss, Göttingen, 

Germany). Hemostasis was achieved with tabotamp (TABOTAMP®, Ethicon Inc, 

Somerville, USA) batting or rinsing with saline solution. After confirmation of 

hemostasis in the resection cavities, the skin incision was closed with 5-0 skin 

sutures (Ethibond®, Ethicon, Germany). 

 

2.3.3 General health monitoring and survival time  

The clinical condition of the animals was monitored closely since from our previous 

work we knew, that the health condition of rats after tumor cell injection is initially 

undisturbed, but rapidly deteriorates when the tumor has reached a certain size 

(Borrmann et al., 2013). Postoperatively until the end of the experiment the 

animals were weighed daily and assessed according to a score system as 

described in Table 3. Whenever a rat reached a health score of 3, the health 

condition of the rat was checked twice a day and the body weight was also 

measured twice a day. When the health condition rapidly degraded from score 3 to 

score 4, the animal was sacrificed, because in that condition the animal usually 

dies within the next few hours. 
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Score Description 

1 The rat is very active, curious and moves fast, which indicates a fair health 

condition.  

2 The rat is active and curious, but with some interruptions of activity. 

3 The rat shows limited activity, it stays long in one place but shows normal 

activity in response to touch of the examiner, no increase of bodyweight or 

slight loss of body weight (less than 10%). 

4 The rat is in a premortal state: lethargic, no activity, no food intake, 

neurologic symptoms (like ataxia), loss of bodyweight >10%. 

5 Death 

Table 3: Health score system for general health. 

 

2.3.4 Histological procedures 

2.3.4.1 Transcardial perfusion and fixation 

The animals were anesthetized with an overdose of chloral hydrate (720 mg/kg, 

Sigma-Aldrich Chemie GmbH, Steinheim, Germany). After termination of breathing, 

the rat was fixed lying on its back. The thorax was opened and a cannula was 

inserted through the left ventricle into the aorta and secured with a bulldog clip. 

Opening of the right atrial appendage allowed the outflow of perfusion liquids. First 

0.1 M PBS, pH 7.4 (phosphate buffered saline; Dulbecco, Berlin, Germany) was 

used to flush out the blood until the effluent was clear and the liver became pale. 

This step was necessary in order to prevent blood coagulation. The subsequent 

perfusion with 250 ml 4% paraformaldehyde (E. Merck, Darmstadt, Germany) was 

used for fixation of the tissue. After perfusion, the animal was decapitated with a 

guillotine. The skin was removed in the dorsal region of the skull and the bones 

were removed with a rongeur until the brain was exposed. Then the cranial nerves 

were separated from the skull base, so that the brain could be removed with a 
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scalpel. The brain was inserted into 30% phosphate-buffered sucrose solution and 

sliced with a microtome. 

 

2.3.4.2 Preparation of cryostat sections 

The histological sections were prepared with a frozen cryostat microtome (Leica 

3050S, Leica Microsystems Nussloch GmbH, Nussloch, Germany) and mounted 

on object slides (SuperFrost® Plus, Menzel, Braunschweig, Germany). Coronal 

sections were taken throughout the whole tumor formation.  

A total of three series were made with a respective average thickness of 20 µm. 

The first series was thionine stained. The second and third series were stored as 

reserve at -80°C. 

 

2.3.4.3 Thionine staining 

After air drying, the sections were rehydrated over a descending ethanol series 

(100%, 90%, 80%, 70% and 50%) and double distilled water for 3 min each. 

Thereafter, they were transferred to a 0.125% aqueous thionine solution (Sigma-

Aldrich Chemie GmbH, Steinheim, Germany, dissolved in 0.1 M acetic acid and 

0.36 M sodium hydroxide solution) for 75 seconds. Afterwards the slices were 

immersed in distilled water to rinse residual thionine. Subsequently, the sections 

were dehydrated for 3 min each in an ascending ethanol series (70%, 80%, 90%, 

and 100%). For fixation, the sections were first placed for 5 min in an 

ethanol/Roti®-Histol mixture (1: 1; 100% ethanol, Roti®-Histol, Carl Roth GmbH & 

Co. KG, Karlsruhe, Germany). This was followed by a double conversion in Roti®-

Histol for 5 min each. Finally, the sections were coverslipped with Vitro-Clud® (R. 

Langenheim Labor und Medizintechnik, Emmendingen, Germany). 

 

2.3.5 Microscopic evaluation 

The sections stained with thionine were evaluated with an image device 

(MetaMorph Version 7.1.3.0, Meta Imaging Series, Downingtown, PA, USA) that 

was linked to a digital camera mounted on a light microscope (Axio Imager Z1m, 
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Carl Zeiss, Göttingen, Germany). Using a 10-fold magnification the tumor area on 

consecutive coronal brain sections (distance of 1 mm) was delineated with a 

drawing tool starting from 5.2 to -0.8 mm from bregma to assess the tumor 

dimension in each section.  

 

2.3.6 Statistics  

Statistical analysis was performed with SigmaStat® software (Version 3.5, Systat 

Software GmbH, Erkrath, Germany). Survival time, body weight and health score 

of the final groups of different maneuvers (control, cannula and resection) were 

analyzed by one-way analysis of variance (ANOVA) followed by post hoc Tukey’s 

test. The tumor volume determined at different days in the respective subgroups 

was analyzed by two-way ANOVA for repeated measures with group and test day 

as factors, followed by Tukey’s test for pairwise post hoc comparison. All tests 

were performed two-sided and post hoc testing with p<0.05 was considered 

statistically significant. All measured values were given as mean + standard error 

(S.E.M.).  

 

2.4 Part Ⅱ: Local nucleolipid application in the BT4Ca rat glioma 

model 

2.4.1 Preparation of Ino-levulinate-N(1)-Farn  

DMSO is commonly used as cryopreservative in allogous bone marrow and organ 

transplantations. Further it is routinely used as a solvent for poorly soluble drugs, 

like lipophilic compounds. It has been shown that a DMSO concentration of 10% is 

not cyto- or neurotoxic (Cleren et al., 2005; Da Violante et al., 2002). Therefore, 

we first prepared a stock solution with the highest possible concentration of the 

nucleolipid in 10% DMSO (Dimethyl sulfoxide, HYBRI-MAX®, Sigma-Aldrich 

Chemie GmbH, Steinheim, Germany). For this purpose 5.99 mg Ino-levulinate-

N(1)-Farn was first dissolved in 20 µl DMSO until the solution became clear. 

Thereafter, this solution was further diluted with PBS (pH 7) and 10% DMSO/PBS. 

To enhance solubility the solution was stirred in a 38-40°C water bath until it 
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became clear. With this procedure we managed to prepare a 75 mM stock solution, 

which was stored at 5°C in a refrigerator.  

 

2.4.2 Determination of acute toxicity of Ino-levulinate-N(1)-Farn after 

intracranial application 

Our cooperation partners Prof. Dr. Rosemeyer and Prof. Ralf Kinscherf already 

showed that in cell-culture studies Ino-levulinate-N(1)-Farn only has a cytotoxic 

effect on BTC4a cells, while not affecting macrophages (Farhat et al., 2014; Knies 

et al., 2016). To confirm that Ino-levulinate-N(1)-Farn also does not have a 

neurotoxic effect in vivo, we first injected the nucleolipid into the normal brain 

tissue of healthy rats. For this approach the highest possible concentration, i.e., 5 

µl of 75 mM in 10% DMSO/PBS stock solution, was injected into the right frontal 

cortex of two BDIX rats as described in section 2.3.2.2. Likewise, we confirmed in 

two rats that the vehicle 10% DMSO/PBS has no toxic effect after injection into the 

frontal cortex.  

Postoperatively, the clinical condition of the animals was controlled as described in 

section 2.3.3. Once neurological or other impairment would occur, the animal 

would be euthanized immediately. If no toxic effects were observed, the animals 

would be sacrificed 3 days after nucleolipid of vehicle injection. Finally, the brains 

were histologically examined for neuronal loss and infiltration of inflammatory cells 

in thionine stained sections (as described in section 2.3.4).  

 

2.4.3 Experimental groups for local applications 

To investigate the effect of various concentrations of Ino-levulinate-N(1)-Farn and 

vehicle applied by microinjection and direct application in the resection cavity (as 

described in section 2.4.4.3 and 2.4.4.4) 53 rats were randomly assigned to 

subgroups of 5-9 rats (Table 4). Because in vitro cell culture experiments have 

shown that 50 µM Ino-levulinate-N(1)-Farn is already effective, the stock solution 

was diluted with 10% DMSO/PBS to concentrations of 5 mM and 0.5 mM for our 

local applications. However, as during the course of the experiment neither 

concentration had a beneficial effect on survival time nor on tumor volume, we 
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additionally injected the stock solution (i.e., 75 mM) together with a freshly 

prepared solution of 35 mM in n=3 rats each as a third concentration. Since these 

groups did not differ, animals of these groups were combined and in the following 

described as 35/75 mM group.  

For microinjection 5 μl of Ino-levulinate-N(1)-Farn solution of the respective 

concentration was applied. This injection was performed twice a week (explained 

in detail in section 2.4.2). For the group of microsurgical resection, 5 μl of Ino-

levulinate-N(1)-Farn solution was directly given into the resection cavity after 

tumor resection. 

Group 

Subgroup 
Number of 

animals 
Concentration Method 

10% DMSO/PBS 

(vehicle) 
0 mM Microinjection 9 

  Resection 7 

Ino-levulinate-N(1)-Farn 35/75 mM Microinjection 7 

  Resection 8 

 5 mM Microinjection 6 

  Resection 6 

 0.5 mM Microinjection 5 

  Resection 5 

  Total n=53 

Tumor reference group 

(final subgroup of the control 

group part I) 

 

Without further 

operative 

measures 

5 
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Table 4: Details of experimental groups for investigation of local application of Ino-

levulinate-N(1)-Farn into the tumor and into the resection cavity. The final subgroup of 

the control group of part I was used as reference without any further operative measures.  

 

2.4.4 Animal surgery 

2.4.4.1 Anesthesia and analgesia 

Same as described in section 2.3.2.1 

 

2.4.4.2 Stereotaxic implantation of BT4Ca cells and guide cannula 

Same as described in section 2.3.2.2 

 

2.4.4.3 Intratumoral microinjection of Ino-levulinate-N(1)-Farn via guide 

cannula 

The first microinjection was carried out on the third day after BT4Ca cell 

implantation in the awake and free moving rat. For microinjection, a microliter 

syringe (50 μl, Exmire Microsyringe, ITO. Corporation, Fuji, Japan) was connected 

to a 30 cm long polyamide hose that was attached to an injection needle (diameter 

0.4 mm, length 13 mm). For injection this needle was passed through the guide 

cannula, protruding at its end by about 1 mm. The injection volume of 5 µl was 

controlled by the movement of small air-bubbles and thionine in the tubing (Figure 

8). The nucleolipid was slowly inoculated (1 μl/min). After the injection, the needle 

was removed and the guide cannula was closed by a stylet.  
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2.4.7 Statistics  

Statistical analysis was performed with SigmaStat® software (Version 3.5, Systat 

Software GmBH, Erkrath, Germany). The effect of different dosages and 

application routes of Ino-levulinate-N(1)-Farn was analyzed by two-way ANOVA 

followed by post hoc Tukey’s test. Furthermore, to confirm that application of the 

vehicle (10% DMSO in PBS) either by microinjection or after application into the 

resection cavity would not affect survival, these groups were compared to that of 

animals without any treatment by one way ANOVA. All tests were performed two-

sided and post hoc testing with p<0.05 was considered statistically significant. All 

measured values were given as mean + standard error (S.E.M.). 

 



 30 

3. Results 

3.1 Part Ⅰ: Characterization of the tumor model 

Injection of BT4Ca cells reliably resulted in the development of a prominent tumor 

with a tumor induction rate of 94.9%. Only in two of the 39 rats (control n=12, 

cannula n=13, resection n=14) in which BT4Ca cells were injected no tumor grew. 

These two rats were excluded from further analysis, leading to a group size of n=3 

in the cannula group perfused on day 3 after cell implantation and in the cannula 

group perfused on day 8 after cell implantation. 

 

3.1.1 General health and survival time  

Overall, there were no neurological symptoms or behavioral abnormalities after 

surgery for intracranial tumor cell implantation or tumor resection and initial tumor 

growth in the frontal cortex. However, the state of the rats deteriorated rapidly 

before finalizing the experiment about 16 days after cell implantation or tumor 

resection, which was accompanied by at a certain tumor size.  

 

3.1.1.1 Comparison of survival time with different local maneuvers  

The “final” subgroups (control, cannula and resection, n=5 each, as described in 

section 2.3.1) were compared for analysis of survival time, weight and health score. 

With regard to the mean survival time in days after initial injection of BT4Ca cells, 

the survival time of rats with guide cannulas (mean 15.0 ± 0.55) did not 

significantly differ from that in the control group (mean 16.2 ± 0.80; one way 

ANOVA: F2,14=34,253, p<0.01; post hoc comparison: p=0.55). However, rats in the 

resection group (mean 23.6 ± 0.98) survived about 8 days longer than rats in the 

cannula and control groups, which was statistically significant for post hoc 

comparison (p<0.01; Figure 9).  

Since the tumor was resected 8 days after initial injection of BT4Ca cells, we 

wondered whether survival time of the resection group would differ from the other 

groups when the day of resection was counted as day zero. Therefore, a one-way 
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During the last 8 days before perfusion, rats initially continuously gained weight, 

while two days before perfusion they started to lose weight. This was paralleled by 

a slightly deteriorated health score from 1 to 2 on the first day of weight loss, and 

from 2 to 4 on the second day of weight loss, however, with no difference between 

groups.  

Statistical analysis of body weight with ANOVA showed no significance for the 

factor group (F2,134=1.203, p=0.334), but a trend for interaction between factors 

group and day (F16,134=1.56, p=0.095) and a significant effect for the factor day 

(F8,134=19.653, p<0.001) (Figure 11A). Post hoc testing revealed that body weight 

of all groups on the day of perfusion was significantly lower than on all other days 

(p< 0.05). Additionally, on the day before perfusion, the body weight of controls 

was significantly lower than that of the cannula group (p=0.017). For all other days, 

no differences were found between groups (all p>0.05).  

The change in health condition paralleled the change in body weight, i.e., all rats 

showed best health condition until two days before finalizing the experiment. 

ANOVA showed no significant difference for the factor group (F2,134=1.0, p=0.397) 

and no interaction between the factors group and day (F16,134=1.0, p= 0.464), while 

the factor day was significant (F8,134= 2101, p<0.001) (Figure 11B). Post hoc 

testing revealed that the general health score of all groups on the day of perfusion 

was significantly higher than on all other days (p>0.05). 
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3.1.2 Development of tumor formation  

Qualitiative inspection of the thionine stained sections revealed that in controls and 

in rats with guide cannula implantation a tumor mass was detected at day 8 after 

tumor cell injection, while on day 3 only a few cells around the injection sites were 

found (Figures 12 and 13). The tumor enlarged over time, starting to grow around 

the injection site, covering a distance of about 3 mm on day 8 after cell injection 

(i.e., +4.2 to +1.2 mm anterior to bregma). At the time of perfusion (i.e., on 

average sixteen days after cell implantation) the tumor replaced a large amount of 

the brain over a distance of more than 6 mm (i.e., +5.2 to -0.8), compressing the 

adjacent brain areas of the right hemisphere and leading to a massive shift of the 

midline (final day, Figure 14). Overall, the tumor showed the typical characteristics 

of a BT4Ca cell induced tumor: “a high cellularity, nuclear atypia, mitoses, 

endothelial proliferation and several necrotic areas” as described in detail in 

(Borrmann et al., 2013; Kleinschmidt et al., 2011).  

In the resection group, the cavity was still visible over a distance of 3 mm on day 3 

after resection, which was similar to the extent of the tumor at day 8 after cell 

injection. The cavity was filled by necrotic brain tissue, blood and serum, together 

with a few scattered fragments of solid tumor. At the edge of the cavity, scattered 

isles of tumor tissue were found, which developed into the formation of a solid 

tumor that filled almost the whole resection cavity on day 8 after resection. At the 

time of perfusion, i.e., averagely on day 15 after resection, gross inspection of the 

tumor showed no difference of the tumor as compared to the control or the 

cannula group.   
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Figure 12: Development of tumor growth on day 3. A shows the tumor dimension in 

schematic drawings of corona brain slices with distance to bregma indicated; the border of 

the resection cavity is depicted by a line. B shows photographs of thionine stained 

sections with representative tumor extent for each group; tumor cells are colored in dark 

blue.  
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Figure 13: Development of tumor growth on day 8. A shows the tumor dimension in 

schematic drawings of corona brain slices with distance to bregma indicated; the border of 

the resection cavity is depicted by a line. B shows photographs of thionine stained 

sections with representative tumor extent for each group; tumor is colored in dark blue.  
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Figure 14: Development of tumor growth on the final day. A shows the tumor dimension in 

schematic drawings of coronar brain sections with distance to bregma indicated. B shows 

photographs of thionine stained sections with representative tumor extent for each group; 

tumor is colored in dark blue. 
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On day 3 after cell implantation (respectively resection) statistical analysis of the 

tumor area at different distances to bregma with ANOVA showed that the factor 

group, the factor distance as well as the interaction between factors reached the 

level of significance (all F-values >9.706, all p-values <0.001). Post hoc 

comparison between groups showed no differences between cannula and controls 

(p-value for all distances >0.9), while the tumor size of the resection group was 

larger compared to both control and cannula groups between +4.2 and +1.2 

anterior to bregma (all p-values <0.05).  

On day 8 after cell implantation (respectively resection) statistical analysis of the 

tumor area at different distances to bregma with ANOVA showed a significant 

effect for the factor group (F2/69=14.878, p=0.003) and the factor distance 

(F6/69=6.005, p<0.001), but no interaction between these factors (F12/69=1.177, 

p=0.33). Due to small group sizes, and because visual inspection of the graphs 

indicated a difference between groups, post hoc comparison was performed 

despite no interaction between factors. It revealed no difference between the 

cannula and the control group (p-value for all distances >0.8), while the tumor size 

of the resection group was larger compared to both control and cannula groups 

between +5.2 and +0.2 anterior to bregma (all p-values <0.05). 

For the final day after cell implantation (respectively resection) statistical analysis 

of the tumor area at different distances to bregma with ANOVA showed that the 

factor group (F2/104=6.282, p=0.014) and the factor distance (F6/104=52.277, 

p<0.001) were significant, but without interaction between these factors 

(F12/104=0.499, p=0.909). Due to small group sizes, and because visual inspection 

of the graphs indicated a difference between groups for certain distances to 

bregma, a post hoc comparison was performed despite no detected interaction. It 

revealed no difference between the cannula and the control group (p-value for all 

distances >0.05). The tumor size in the resection group was larger compared the 

control group between +0.2 and -0.8 to bregma (all p-values <0.04), while no 

difference between the tumor size in the resection group and the cannula group 

was detected. 

Finally, we summarized the tumor areas for all distances for the different groups. 

Comparison of these summarized areas showed that both factors group 

(F2/25=11.86, p=0.0002) and day (F2/25=465.5, p<0.0001) reached the level of 
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significance, while interaction between these factors did not reach the level of 

significance (F4/25=2.63, p=0.0583) (Figure 15). As there was a trend for 

interaction, post hoc testing was performed. It showed that on day 8 the tumor size 

in the resection group was significantly larger compared to both control and 

cannula groups (p<0.05); at the final day the added tumor size of the cannula 

group was significantly smaller in comparison to the resection and control group 

(p<0.05).  
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3.2 Part II: Local application of Ino-levulinate-N(1)-Farn in the 

BT4Ca rat glioma model 

3.2.1 Toxicity test 

After stereotaxic injection of either 5 µl of 75 mM Ino-levulinate-N(1)-Farn (n=2) or 

10% DMSO/PBS (n=2) no neurological impairments or weight loss was observed. 

All rats received score 1 in the general health monitoring and were sacrificed three 

days after substance injection.  

The sections stained with thionine were qualitatively examined with the light 

microscope. Histological examination revealed no neuronal loss or infiltration of 

inflammatory cells (Figure 17). Therefore the tested concentration and applied 

volume of Ino-levulinate-N(1)-Farn were regarded as suitable for further 

experiments. 

 

Figure 16: Coronal Nissl-stained sections after intracranial injection of 5 μl of 10% 

DMSO/PBS (A, white arrow) and 5 μl of 75 mM Ino-levulinate-N(1)-Farn (B, black arrow) 

into the right frontal cortex (Calibration bar: 1000 µm). A1 and B1 show the corresponding 

enlarged injection regions (Calibration bar: 300 µm). 
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3.2.2 Survival time after local application of Ino-levulinate-N(1)-Farn 

Two animals in the group of 10% DMSO/PBS (vehicle) were excluded from 

analysis: the guide cannula of one rat was blocked, another rat died during tumor 

resection; therefore in the vehicle group 14 rats were used for analysis 

(microinjection subgroup n=8; resection subgroup n=6). In the 35/75 mM Ino-

levulinate-N(1)-Farn group, one rat with a blocked guide cannula was excluded 

form analysis and two rats died during the operation for tumor resection, leading to 

group sizes of n=6 for the microinjection subgroup and n=6 for the resection 

subgroup. Two rats of the 5 mM Ino-levulinate-N(1)-Farn group died during tumor 

resection, therefore 10 rats were available for further analysis, i.e., n=5 for the 

microinjection and the resection subgroup, respectively. 

Since we knew from the results of part I of this thesis, that survival time after tumor 

resection was similar to that after initial cell injection, the day of tumor resection 

was counted as day zero for analysis of survival time in the resection group. In the 

microinjection group the cell implantation was used as day zero, according to the 

cannula group in part I of this thesis.  

First we tested, whether survival time after microinjection of the vehicle (10% 

DMSO in PBS) or after application of vehicle into the resection cavity would affect 

survival time compared to that of animals that did not receive any treatment, i.e. 

the tumor reference group (see table 4). The “final” subgroup of the control group 

of part I was used for this purpose (Figure 17). Statistical analysis with one way 

ANOVA showed no difference in survival time between these groups (p=0.573).  

Next we analyzed the impact of different dosages of Ino-levulinate-N(1)-Farn with 

microinjection versus direct application into the resection cavity on survival time of 

the rats. Statistical analysis with ANOVA showed that the factor application route 

(F1/45=2.659, p=0.111), the factor dose (F3/45=3.262, p=0.032) as well as the 

interaction between factors reached the level of significance (F3/45=3.774, 

p=0.018). Post hoc comparison within equivalent dosages showed no difference 

between microinjection or resection (all p-values >0.05), except for the survival 

after application of 35/75 mM Ino-levulinate-N(1)-Farn after resection. This 

subgroup had a significantly shorter survival time compared to the group with 

microinjection of this dosage, as well as compared to application of vehicle and 5.0 

mM Ino-levulinate-N(1)-Farn into the resection cavity (p< 0.05).  
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3.2.3 Body weight and general health score after local application of Ino-

levulinate-N(1)-Farn 

Although there was no beneficial effect on survival time, we wanted to know 

whether the tested Ino-levulinate-N(1)-Farn concentrations and its application 

routes had an impact on the wellbeing of the animals. As the general health 

condition of the rat deteriorated rapidly towards the end of the experiment, we 

compared body weight and general health score of the last eight days before 

perfusion. Therefore body weight on day 8 before perfusion was set to 100% and 

the percental change in body weight was compared. 

In line with the change of body weight in part I of this thesis, body weight was 

stable during the last eight days before perfusion, and lost of weight started two 

days before perfusion. This was paralleled by a slightly deteriorated general health 

score from 1 to 2 one day before perfusion, and from 2 to 4 on the day of perfusion 

i.e., the second day of weight loss. In the vehicle groups for microinjection and 

resection the general health score deteriorated one day (resection subgroup) or 

two days (microinjection subgroup) earlier than in Ino-levulinate-N(1)-Farn groups. 

Statistical analysis of body weight with ANOVA revealed no significance for the 

factor group (F7,413=1.408, p=0.231), but a significant interaction between factors 

group and day (F56,413=1.752, p=0.002) and a significant effect for the factor day 

(F8,413=83.158, p<0.001) (Figure 18). Post hoc testing revealed that body weight of 

all groups on the day of perfusion was significantly lower than on all other days (p< 

0.05). During the eight days before perfusion rats of the vehicle resection group 

showed a slight weight gain, leading to a significantly higher body weight three and 

two days before perfusion in comparison to the body weight of the 5 mM Ino-

levulinate-N(1)-Farn microinjection group (day-3) and to the 5 mM- and 0.5 mM 

Ino-levulinate-N(1)-Farn microinjection groups (day -2; p<0.05, not indicated in 

Figure 18). Additionally, one day before perfusion the body weight of the 5 mM 

Ino-levulinate-N(1)-Farn microinjection group was significantly lower than body 

weight of the 5 mM Ino-levulinate-N(1)-Farn resection group (p<0.05, not indicated 

in Figure 18). For all other days, no differences were found between groups (all 

p>0.05).  

The decrease in body weight was accompanied by a change in general health 

condition, all rats showed best health condition until three days before finalizing 
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the experiment. ANOVA showed a significant difference for the factor group 

(F7,413=16.808, p<0.001), the factor day (F8,413=783.264, p<0.001) and a 

significant interaction between these factors (F56,413=16.807, p<0.001) (Figure 19). 

Post hoc testing revealed that the health score of all groups on the day of 

perfusion and one day before perfusion was significantly higher than on all other 

days (p>0.05). The health condition of the vehicle groups started to deteriorate 

earlier than in the Ino-levulinate-N(1)-Farn groups, leading to a significant higher 

health score on day 3 (vehicle microinjection group) and day 2 before perfusion 

(vehicle microinjection and resection group, p<0.05). Consequently, the health 

score of the microinjection resection group was higher compared to all other 

groups on day 3 before perfusion (p<0.05). This was also the case for day 2 

before perfusion with the exception of that there was no difference between the 

two resection groups. On day 2 before perfusion the health score of the vehicle 

resection group was significantly higher compared to all Ino-levulinate-N(1)-Farn 

groups with exception of the 35/75 mM Ino-levulinate-N(1)-Farn microinjection 

group (p<0.05). 
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4. Discussion 

4.1 Part I: Characterization of the tumor model 

For the present work, we characterized the BT4Ca rat glioma model with regard to 

its use for local treatment, either via microinjection through a guide cannula or by 

injection into the resection cavity.   

Although advanced surgical resection technics in orthotopic xenograft and allograft 

rat glioma models have been reported (Keiner et al., 2013; Sweeney et al., 2014), 

and different local application techniques have been described (Akbar et al., 2009; 

Emerich et al., 2000), these have not been systemically investigated in any 

orthotopic, syngeneic rat glioma model before. Additionally, these studies have 

relied only on survival analysis and tumor volume, while here we additionally 

provide a detailed analysis of histological tumor extend and assessment of general 

health condition.  

When the general health condition of the different groups after surgery was 

assessed by weight measurement and clinical scoring, no differences were found 

between groups despite different degrees of invasiveness, i.e., (1) intracranial 

microinjection of BT4Ca cells only, (2) microinjection of BT4Ca cells together with 

implantation of a guide cannula and attachment of the guide cannula to the skull 

with anchor screws and dental cement, and (3) craniotomy and microsurgical 

resection of the tumor in a second operation. Concerning the measurement of 

body weight after operation there was only a slight decrease of five percent in the 

resection group, with a maximum at the second day after operation. In 

consideration that it was the second operation for animals of the resection group 

and that a craniotomy of approximately 2 mm in diameter was performed, a 

decreased body weight with an average of no more than 5 % and no change in 

clinical scoring, indicated that resection-surgery only led to minor deterioration of 

well-being. 

Important in this context is that although in the resection group (of part II) 10 % of 

the rats died intraoperatively, no differences to the other groups could be detected 

postoperatively in the remaining rats of the resection group. However, our 

standard procedure to assess well-being of rats after surgery is based on a clinical 

score, i.e., assessment of the animals’ weight, appearance, posture, and 
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spontaneous behavior. As prey species rats tend to mask signs of pain to avoid 

attraction of predators. It remains open, whether more quantifiable measures of 

species specific behavior, such as burrowing or nest building, or activity in the 

home cage would reveal more sever deterioration of well-being.   

During the course of the study, rats of all groups slowly gained weight with the 

best health scoring until about two days before finalizing the experiment. Similar to 

our previous study (Borrmann et al., 2013) an arrest or slight loss of body weight, 

together with slight deterioration of health condition was found about two days 

before perfusion, which was followed by a severe deterioration of general health 

on the following day. Notably, this process was similar in all groups. Nevertheless, 

in the context of the rapid deterioration leading to severe condition during the last 

hours before finalizing the experiment, for future studies it may be appropriate to 

define other criteria for humane endpoint determination than the ones used in the 

present study. A change from weight gain to weight loss, together with a slight 

deterioration of the health score may already be sufficient as humane endpoint 

criterion. For more precise determination, this procedure may be complemented 

by assessment during routine handling along with the determination of the reaction 

to visual and tactile stimuli and measures of ataxia and species-specific behavior, 

such as nesting and burrowing. Notably, a weight loss of 20% is recommended by 

the GV-Solas for humane endpoint definition in cancer studies, which would not be 

usable in our tumor model since rats would die before reaching this criterion. 

We also investigated, whether guide cannula implantation or tumor resection 

would affect the tumor formation. As the BT4Ca rat glioma model was 

histopathologically characterized before (Borrmann et al., 2013; Kleinschmidt et al., 

2011) we limited our analysis on determination of the tumor volume at different 

time points in thionine sections. Qualitative inspection of the histological 

appearance of the tumor showed no differences between the groups. In general, 

analysis of thionine stained brain sections showed that tumor growth started 

concentric around the injection side, with formation of a compact tumor on the 

eighth day after cell implantation, leading to a massive tumor within averagely 

15 days.  

Although implantation of the guide cannula did not affect survival time, final tumor 

size was somewhat smaller compared to the other groups, which may indicate a 
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local effect of the material of the guide cannula. With that regard, it is important to 

keep in mind that drugs may interact with the cannula and therefore may have an 

effect on tumor development.  

We showed that tumor resection prolonged survival significantly, it essentially re-

setted survival time in a way that survival time after resection was similar to that 

after initial tumor cell implantation. With regard to translational aspects of this 

tumor model, in patients radical resection of GBM is one of the most important 

prognostic factors for survival time (Butowski et al., 2007; Lacroix et al., 2001). 

Further it has been shown in glioma patients that extended tumor resection not 

only enhances survival but also improves the quality of life (Deb et al., 2017; Laws 

et al., 2003; Sanai and Berger, 2008). Similar to the clinical situation, the tumor 

reoccurred in all animals even after radical resection. Clinically, tumor recurrence 

after gross total resection is a common problem and repeated surgery in recurrent 

GBMs is recommended (Hong et al., 2013; Perrini et al., 2016). 

The tumor volume in the resection group was larger than the tumor volume in the 

cannula and control group on all days measured (3, 8 and final day). The larger 

tumor volume on day 3 and day 8 is likely due to limitation of our measuring 

method. On visual inspection, small insulars of tumor cells were surrounded by 

hematoma in the resection cavity, which could not be adequately measured by the 

drawing tool of our microscopic analysis. After resection, the tumor started to grow 

at disseminated points of the resection cavity, which may have resulted in a larger 

volume compared to the tumors that developed after BT4Ca cell implantation. It 

may also be important that in the resection group, the tumor mass had more space 

to grow after the craniotomy.  

Together, similar to the clinical situation tumor resection resetted tumor 

development. Survival time, health condition and weight gain were similar to the 

other groups. We therefore regard this procedure as suitable to investigate local 

treatment strategies. Although rat glioma models are often criticized for their 

histological characteristics differing from human gliomas, especially their level of 

invasiveness, our results showed that the BT4Ca model due to its fast and 

circumscribed invasive growth pattern is suitable for experimental resection 

studies. The short time span of progression-free survival after BT4Ca tumor 

resection reflects the clinical situation. 
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The 9L gliosarcoma and the C6 glioma are among the most widely used 

experimental glioma cell lines, they have been used in multiple studies to evaluate 

the therapeutic efficacy of several modalities, including chemotherapy, radiation 

therapy, convection-enhanced delivery and gene therapy (for review see Barth 

and Kaur, 2009). Nevertheless, one drawback of these cell lines is the observed 

immunogenicity, where spontaneous tumor rejection may mimic the therapeutic 

efficacy (Barth and Kaur, 2009; Huszthy et al., 2012). Another obstacle of the 

widely used C6 glioma model is its origin, since it arose in outbred Wistar rats, it is 

not syngeneic to any inbred strain. Therefore its potential to evoke an alloimmune 

response is a serious limitation (Barth and Kaur, 2009). Concerning the BT4Ca 

cell line, no immunogenicity has been observed jet and as it is syngeneic to BDIX 

rats no alloimmnune response could occur. These facts together with our results 

indicate that the BT4Ca glioma model is best suited to investigate local tumor 

therapies. 

One more important aspect of our present study is that in the study of Borrmann et 

al. (2013) rats of the control group survived about 14 days, while in the present 

study the control group survived on average about 16 days. In theory, the 

attributes of an inbred strain should not differ over generation. Nevertheless, a 

slight shift in the genom, different initial weight of the rats, or differences in the 

procedure may have caused this prolonged survival times. This finding 

emphasizes that a control group should always be included parallel to the injection 

group, and that a “historic” group, as often requested by the regulatory authorities, 

would not be suitable.  

 

4.2 Part II: Local application of Ino-levulinate-N(1)-Farn in the 

BT4Ca rat glioma model 

In the second part of this thesis the local effect of the functionalized nucleolipid, 

Ino-levulinate-N(1)-Farn on survival time was investigated. The toxicity test 

revealed no toxic effects of Ino-levulinate-N(1)-Farn in a concentration of 75 mM 

dissolved in 10% DMSO/PBS, both assessed with clinical scoring and histological 

evaluation. These results were in line with in vitro experiments, where Ino-
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levulinate-N(1)-Farn did not show cytotoxicity against differentiated macrophages 

(Knies et al., 2016).  

Nevertheless, although Knies et al. (2016) had demonstrated that 50 µM Ino-

levulinate-N(1)-Farn in cultures of BT4Ca cells has an anti-tumor effect, local 

application of different doses in the resection cavity or repeated microinjection into 

the tumor, did not affect survival time in rats with intracranial tumor formation in 

our study. For local application, we used higher concentrations of Ino-levulinate-

N(1)-Farn (75/35 mM, 5 mM and 0.5 mM), because due to diffusion into the brain 

parenchyma the concentration of an injected substance would be quickly reduced. 

With that regard, 5 µl of a 5 mM solution would cover a volume with a radius of 2 

µm, which would barely cover the site of cell injection. With optimal concentric 

propagation in the brain tissue, Ino-levulinate-N(1)-Farn would be diluted to a 

concentration of 5 µM after propagation to a radius of 20 µm, i.e. the dose that 

was effective in the cell culture experiments. It is likely that the drug would diffuse 

further than this distance. In this case, the cells would only be exposed to the 

optimal dosage for a very limited time. However, application of a higher dosage 

may not be an option, since application of the highest dose into the resection 

cavity even reduced survival time.  

Body weight of all groups was significantly lower on the day of perfusion than on 

all other days. However, the heath condition in the vehicle groups started to 

deteriorate earlier than in the Ino-levulinate-N(1)-Farn groups, although the body 

weight of controls on days 3 and 2 before perfusion was even higher. We could 

just speculate that Ino-levulinate-N(1)-Farn delayed the deterioration of health 

conditions caused by a certain tumor size. However, this did not affect overall 

survival time, the main focus of this study. 

Initially, we had planned to quantify the effect of Ino-levulinate-N(1)-Farn on tumor 

growth by estimation of the proliferation index in Ki67 stained brain slices, but as 

Ino-levulinate-N(1)-Farn did not show any effect on survival time, no further 

analyses were performed. 

Together, the promising anti-tumor effect of Ino-levulinate-N(1)-Farn in vitro could 

not be confirmed in vivo. More constant delivery, e.g., by infusion via convection 

enhanced delivery may lead to better results since a constant concentration within 

the tumor or the resection cavity would be achieved. With that regard, it may be 
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important to link the nucleolipid to a marker, which would allow to 

immunohistologically verify the transport of the nucleolipid inside the tumor and the 

brain parenchyma.  

With regard to the therapeutic value of the BT4Ca rat glioma model it should be 

noted that this model has been used in our group before. After systemic 

intravenous injection of the α-emitting radionuclide astatine-211 labeled to L-

phenylalanine (At-Phe) enhanced survival time and improved health condition of 

rats with intracranial glioblastomas were observed (Borrmann et al., 2013). With 

regard to local application in this model, it has been shown that after tumor 

induction in the striatum, application of Doxorubicin and irinotecan-eluting drug 

eluting beats (DEBs) decreased tumor volume and increased survival time (Glage 

et al., 2012; Kleinschmidt et al., 2011). Intrastriatal tumor growth, however would 

not allow tumor resection.  

 

4.3 Limitations 

One limitation of this study is the small group size used, which should be taken 

into account when interpreting the results. For characterization of the experimental 

glioblastoma model we used group sizes of n=5 to compare survival time, body 

weight and health score after tumor resection or repeated microinjection with 

tumor implantation only. However, the survival time, body weight and health score 

of these groups were similar to that of rats with vehicle application, which were 

used as control groups of different doses of the nucleolipid (see 3.2.2). For 

histological evaluation of the tumor volume we only used subgroups of 3-4 rats of 

the control and cannula groups. These groups were primarily used for qualitative 

description of the tumor histology. Nevertheless, even with these small group sizes 

the statistical evaluation of the tumor volume was highly significant for the different 

days, although this would need to be confirmed with higher numbers of rats. With 

that regard, however, it should be noted that group sizes of 3-8 rats have been 

used before, i.e., to investigate the biodistribution of a systemic administered anti-

tumor therapy in the BT4Ca rat model (Borrmann et al. 2013).  

In the second part of this thesis the potential anti-tumor effect of the nucleolipid 

Ino-levulinate-N(1)-Farn was tested in groups of 5-9 rats with regard to general 
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health condition and survival time. We had initially planned to increase the group 

sizes for the different doses of Ino-levulinate-N(1)-Farn, if there would have been 

any beneficial effect (e.g., increased survival time or reduction of tumor volume). 

Notably, other groups used group sizes of 15-50 rats to demonstrate e beneficial 

effect of treatment (Borrmann et al. 2013; Keiner et al.; 2013). However, since all 

doses of Ino-levulinate-N(1)-Farn either had no effect, or even reduced survival 

time, we refrained from enhancing the group size in our study.  

 

4.4 Conclusion 

We characterized the orthotopic BT4Ca glioma model with regard to implantation 

of a guide cannula and microsurgical tumor resection. Together, this orthotopic 

glioma model could be a promising tool to investigate new therapeutic regimens, 

such as assessment of the efficacy of chemical drugs by local intratumoral 

application via guide cannula or direct implantation into the tumor cavity after 

resection. 
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5. Summary 

Glioblastoma multiforme (GBM) is the most frequent malignant primary brain 

tumor. Despite advances in microsurgical techniques and concomitant 

radiochemotherapy, the overall prognosis for patients is still poor. Because of 

aggressive and invasive growth the median survival after diagnosis remains under 

one year, with less than 5% of patients surviving 5 years past diagnosis. For 

systemic therapy of gliomas very high doses are needed to achieve an effective 

concentration at the tumor, which is limited by systemic toxicity. Local 

administration directly into the tumor or after resection into the cavity is discussed 

as a possible option. With that regard, the efficiency of local administered 

chemotherapeutics is limited by insufficient diffusion into the lipophilic brain tissue. 

Highly lipophilic compounds with a high diffusion rate into the target tissue may 

result in better outcome.  

We already have shown that BT4Ca rat glioma model is suitable to investigate the 

effect of systemic therapeutics on tumor growth. In the first part of this thesis we 

characterized the BT4Ca rat glioma model for its use to test local treatment, either 

by direct injection into the tumor or after tumor resection into the resection cavity. 

The nucleolipid, Ino-levulinate-N(1)-Farn, a hybrid molecule composed of a lipid 

and a nucleosid, has shown an anti-tumor effect against the BT4Ca rat glioma cell 

line in vitro. In the second part of this thesis, we tested the anti-tumor effect of Ino-

levulinate-N(1)-Farn after local application in this rat glioma model. 

BT4Ca cells were stereotactically implanted into the frontal cortex of BDIX rats 

(three groups of n=5 rats). In the first group a guide cannula was additionally 

implanted, in the second group the tumor was resected eight days after cell 

injection, and in the third group tumor cells were implanted without further 

maneuvers. Postoperatively survival time and general health conditions were 

scored for humane endpoint criterion. Finally, the tumor growth was histologically 

verified. 

Implantation of BT4Ca cells reliably induced fast growing tumors with a mean 

survival time of 16 days and a tumor induction rate of over 90%. In all groups the 

health score and body weight only deteriorated 1-2 days before endpoint criterion. 

The implantation of a guide cannula did not affect survival time. Survival time after 
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tumor resection was similar to that of the control group. Tumor histology did not 

differ between groups. 

Subsequently, we investigated the local effect of the functionalized nucleolipid, 

Ino-levulinate-N(1)-Farn, on survival time. However, local application of different 

dosages into the resection cavity or repeated microinjection into the tumor, did not 

affect survival time in rats with intracranial tumor formation. 

Together, we here present a fast and robust intracranial rat glioblastoma model 

that could be used to test the anti-tumor effects of local therapeutic strategies 

aiming directly into the tumor or administered locally after tumor resection under 

standardized experimental conditions. However, more sustained application of the 

nucleolipid, e.g., by infusion via convection enhanced delivery may result in better 

anti-tumor effect in vivo.  
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6. Zusammenfassung 

Das Glioblastom (Glioblastoma multiforme, GBM) ist der häufigste maligne 

hirneigene Tumor. Trotz Fortschritten in der Mikrochirurgie und der begleitenden 

Radiochemotherapie ist die Prognose für Patienten immer noch schlecht. Das 

aggressive und invasive Wachstum der GBMs führt zu einer mittleren 

Überlebenszeit von unter einem Jahr, wobei weniger als 5% der Patienten noch  

fünf Jahre nach der Diagnosestellung leben. In der systemischen Therapie sind 

hohe Dosierungen erforderlich, um eine effektive Konzentration am Tumor zu 

erzielen. Allerdings ist die Verabreichung solch hoher Dosen aufgrund der 

systemischen Toxizität der Chemotherapeutika limitiert. Daher wird die lokale 

Therapie direkt am Tumor oder in der Resektionshöhle als eine mögliche 

Alternative diskutiert. In diesem Hinblick ist zu erwähnen, dass die Wirkung lokal 

verabreichter Chemotherapeutika durch die ungenügende Diffusion in das 

lipophile Hirngewebe eingeschränkt ist. Aus diesem Grund werden sehr lipophile 

Verbindungen mit einer hohen Diffusionsrate im Zielgewebe benötig, um einen 

therapeutischen Effekt zu erzielen. 

Wir haben bereits gezeigt, dass das BT4Ca Ratten Gliom-Modell geeignet ist, um 

den Einfluss systemischer Therapeutika auf das Tumorwachstum zu untersuchen. 

Im ersten Teil dieser These wurde das BT4Ca Ratten Gliom-Modell für die 

Anwendung lokaler Behandlungsstrategien charakterisiert, zum einen für die 

direkte Injektion in den Tumor, zum anderen für die Applikation in die 

Resektionshöhle. 

Das Nukleolipid, Inosin-Lävuester-N1-Farnesyl, ein Hybridmolekül aus einem Lipid 

und einem Nukleosid, hatte bereits einen vielversprechenden antitumoralen Effekt 

gegen die BT4Ca Ratten Glioblastom Zelllinie in vitro gezeigt. Im zweiten Teil 

dieser Arbeit wurde daher der Effekt dieses Nucleosids nach lokaler 

Verabreichung im Tiermodell getestet. 

Zunächst wurden BT4Ca Zellen stereotaktisch in den frontalen Cortex von BDIX 

Ratten injiziert (drei Gruppen mit jeweils 5 Tieren). In der ersten Gruppe wurde 

eine Führungskanüle in den Tumor implantiert, in der zweiten Gruppe wurde der 

Tumor nach acht Tagen reseziert und in der dritten Gruppe wurden keine weiteren 

Eingriffe nach der Tumorzellimplantation vorgenommen. Postoperativ wurde die 
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Überlebenszeit ermittelt und täglich das Allgemeinbefinden der Ratten untersucht. 

Am Versuchsende wurde das Tumorwachstum histologisch ausgewertet. 

Die Implantation von BT4Ca Zellen resultierte mit einer Tumorinduktionsrate von 

über 90% in schnell wachsenden Tumoren. Die durchschnittliche Überlebenszeit 

nach Zellimplantation betrug 16 Tage, wobei in allen Gruppen eine 

Verschlechterung des Allgemeinbefindens und eine Reduktion des 

Körpergewichts erst 1-2 Tage vor Versuchsende auftrat. Die Implantation einer 

Führungskanüle hatte keinen Einfluss auf die Überlebenszeit oder das 

Allgemeinbefinden. Die mittlere Überlebenszeit nach Tumorresektion entsprach 

der Überlebenszeit der Kontrollgruppe. Die histologische Untersuchung zeigte 

keinen Unterschied zwischen den Gruppen. 

Anschließend wurde der Einfluss von Inosin-Lävuester-N1-Farnesyl auf die 

Überlebenszeit untersucht. Hierzu wurde Inosin-Lävuester-N1-Farnesyl in 

verschiedenen Konzentrationen mittels wiederholter Mikroinjektion entweder direkt 

in den Tumor oder in die Resektionshöhle appliziert. Keine der untersuchten 

Konzentrationen zeigte einen lebensverlängernden Effekt. 

Mit dieser Arbeit wurde gezeigt, dass sich das BT4Ca Ratten Gliom-Modell dazu 

eignet die Wirkung lokaler Therapieansätze mit Applikation direkt in den Tumor 

oder in die Resektionshöhle unter standardisierten experimentellen Bedingungen 

zu untersuchen. Um den antitumoralen Effekt von Nukleolipiden in vivo zu 

verifizieren sind weitere Studien mit einer kontinuierlichen Verabreichung der 

Nukleolipide notwendig. 
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