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Temozolomide (TM) has anti-tumor activity in patients with malignant glioma. Implantable poly (d,l-lac-
tide-co-glycolide) (PLGA) microparticles of TM (TM-MS) have been developed, enhancing the cytotoxic-
ity of TM to Glioma C6 cells [1]. Vatalanib, as anti-angiogenic agent, has also shown anti-tumor activity
with malignant gliomas [1,2]. We examined the combined effects of TM-MS and vatalanib in a rat ortho-
topic glioma model and found TM-MS offered a greater tumor inhibition than TM, and combination treat-
ment with both of them improved the survival time versus single agent therapy. The combination
treatment also demonstrated an inhibition to rat glioma tumors, a significant decrease in cell prolifera-
tion, an increase in apoptosis, and a lower microvessel density within the glioma tumors. The results sug-
gest that TM-MS can more effectively inhibit tumor than TM, and combination treatment with TM-MS
and vatalanib inhibits tumor growth and angiogenesis and may prove to be a promising therapy for
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malignant gliomas.
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1. Introduction

Malignant gliomas comprise the most common types of pri-
mary central nervous system tumors, having an incidence of 5-8
per 100,000. Gliomas are non-metastasizing, locally infiltrating,
highly invasive and hypervascularized tumors with a poor progno-
sis [3-5]. Despite important advances in surgery, neuroimaging,
radiation therapy, and chemotherapy, the prognosis of patients
with malignant gliomas remains poor, with a median survival rate
of less than 1 year [6-9]. Chemotherapy, even with the most active
regimens currently available, achieves only modest improvement
in overall survival, and even tumors initially responsive to chemo-
therapy generally develop chemo-resistance upon recurrence of
the disease [10-12].

Temozolomide (TM), an imidazotetrazine-derived DNA alkylat-
ing agent, exhibits broad-spectrum anti-tumor activity and has
shown significant penetration into the CSF and brain tissue [13] .
Large-scale clinical trials have demonstrated improved survival
in patients receiving intratumoral chemotherapy with biodegrad-
able implants compared with patients receiving control implants
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[14]. Malignant gliomas recur locally, and in order to decrease local
recurrences, recent efforts have focused on designing polymer de-
vices that deliver anti-tumor drugs into the surgical resection cav-
ity. Macroscopic non-biodegradable devices and more recently,
biodegradable wafers have been used for local chemotherapy of
human brain tumors. TM-loaded PLGA microparticles (TM-MS)
developed by Zhang et al. were shown to have anti-tumor activity
against Glioma C6 cancer cells in vitro [1].

Recent new achievements in the study of molecular mecha-
nisms in tumor progression have led to the re-evaluation of
chemotherapies and development of new drugs. Many agents are
now being tested in phase I and II clinical trials and have shown
some promising results [13,15].

Vatalanib, an inhibitor of VEGF receptor tyrosine kinases, de-
creases tumor growth and vascularization in a variety of tumors
[16-19]. High-grade gliomas are highly vascularized, apparently
through the acquisition of a number of genetic alterations that en-
able them to overexpress inducers of angiogenesis or to down-reg-
ulate natural angiogenesis inhibitors [20-22]. Vatalanib has effects
on tumor growth in patients with recurrent high-grade gliomas
and may provide additive or synergistic anti-tumor effects when
given concurrently with temozolomide (TM) [20-22]. Such syn-
ergy between anti-angiogenic and cytotoxic agents has been re-
ported [23]. A preclinical study suggested that the anti-tumor
activity of TM and vatalanib combination was significantly more
potent than that of either agent alone [24].
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In the present study, we evaluated the effects of TM-MS or vat-
alanib alone or in combination on tumor growth and angiogenesis
in a rat orthotopic brain tumor model using C6 glioma cell line.

2. Materials and methods
2.1. Cell culture

The rat C6 glioma cell line was obtained from the Shanghai
Institutes for Biological Sciences and cultured in DMEM medium
with 10% FBS, penicillin (100 units/ml), and streptomycin
(100 pg/ml). Cells were grown as monolayers in a humidified
atmosphere of 5% CO,, 37 °C.

2.2. Animals and orthotopic implantation of tumor cells

The animal study was performed in accordance to the experi-
mental animal rules of Shanghai Science and Technology Commit-
tee. The protocol included the using intra-cerebral tumor models
objective endpoints (e.g. ataxia, massive loss of body weight of
more than 20%, social deprivation, and isolation). Before all surgical
procedures, male (200-250 g) Sprague Dawley rats were anesthe-
tized by i.p. injection of a mixture of ketamine (55 mg/ml) and
xylazine (9 mg/ml) at a dose of 1 ml/kg. The head of the anesthe-
tized rat was shaved and disinfected with 70% ethyl alcohol and
povidone iodine, and the animal was secured in a rodent stereotac-
tic frame. A midline incision was made on the dorsal aspect of the
head, and the pericranium was moved laterally to expose bregma.
A 1-mm hole was made exactly 1 mm anterior and 3 mm left lat-
eral to the bregma; 2 x 106 C6 cells (in Hanks balanced salt solu-
tion) were injected into the white matter to a 5-mm depth
through a 50-pl Hamilton syringe connected to the manipulating
arm of the stereotactic device. The exact injection volume in which
the two million C6 cells were suspended is 10 pL, and the velocity
of the injection is 1 pL/min; after the complete injection, the syr-
inge was held still in the original position for 5 min to gain a
ball-pattern of tumor growth.

2.3. Drug administration

TM-loaded PLGA microparticles (TM-MS) were obtained from
Department of Pharmaceutics, School of Pharmacy, Second Mili-
tary Medical University (Shanghai, China). The release rates, anti-
tumor activity against glioma C6 cells, and others were studied
in vitro [1]. Vatalanib (PTK787/ZK 212583) was obtained from
Novartis AG (Basel, Switzerland).

One day after intracranial tumor implantation in all animals,
120 rats were equally randomized into six groups: Group 1 served
as an untreated control; Group 2 served as sham operated un-
treated control; Group 3 was treated with oral Temozolomide
(TM, 50 mg/kg) on postoperative day (POD) 6-10; Group 4 was
treated with TM-MS (equivalent to 4 mg TM/kg) as interstitial che-
motherapy on POD 6; Group 5 was treated with oral vatalanib
(100 mg/kg) on POD 1-12; and Group 6 was treated with oral vat-
alanib on POD 1-12, in addition to interstitial chemotherapy (TM-
MS) on POD 6.

On POD 6, all C6 tumor-bearing rats of Groups 2, 4, 5, and 6
were anesthetized as described above. A small craniectomy was
performed around the burr hole made previously. A cruciate inci-
sion was made into the dura. The underlying brain tissue over
the tumor was aspirated gently until the surface of the tumor
was exposed. In Groups 4 and 6, the surface of C6 tumor was cov-
ered with 16 mg TM-MS containing 1 mg TM. In Groups 2 and 5,
blank microparticles were added.

From POD 1-12, Groups 5 and 6 were orally administered with
vatalanib dissolved freshly in PEG300 once a day at a dose of
100 mg/kg of body weight.

2.4. Harvesting of specimens

Of the 20 rats in each group, 10 were treated without sacrifice
for survival time. On the 12th POD, the rats were killed. The brain
was removed, sectioned axially, fixed in 10% buffered formalin, and
paraffin embedded. The tumor volume was calculated by measur-
ing the section with the largest tumor portion and applying the for-
mula: width? x length x 0.5.

2.5. Immunohistochemistry

Paraffin-embedded tissues were used to assay expression of
proliferation cell nuclear antigen (PCNA), TUNEL, CD31, and vascu-
lar endothelial growth factor (VEGF). Tissue sections (3 pm thick)
were mounted on silanized glass slides, dried overnight, deparaff-
inized in xylene, treated with a graded series of alcohol [100%, 95%,
and 80% ethanol/dd H,0 (vol/vol)], and rehydrated in PBS (pH 7.5).
For PCNA, the sections were stained with mouse anti-PCNA, clone
Mab4078 (Chemicon, USA). The DeadEnd fluorometric TUNEL sys-
tem (Promega, USA) was used to assay apoptosis. Mouse anti-rat
CD31 (clone TLD-3A12, Acris Antibodies, Germany) and mouse
anti-VEGF (clone JH121, Upstate, USA) were used to stain their
respective antigens.

2.6. Quantification of immunostaining

For quantification of immunostaining for PCNA assay, the num-
ber of stained cells was counted in 10 random fields at 400x mag-
nification, and the number of stained cells was counted in 10
random fields at 100x magnification for TUNEL. For CD31, the
number of stained cells was counted in 10 random fields at 200x
magnification. To quantify immunohistochemical reaction inten-
sity for VEGF, the absorbance of stained cells was measured using
the Optima image analysis software.

2.7. Data analysis and statistics

Values are presented as mean + SD. Kaplan and Meier method
was used for survival time in statistical comparison. ANOVA meth-
od and LSD test were used for tumor volume, cell proliferation,
apoptosis, and angiogenesis. Values of P<0.05 were considered
statistically significant.

3. Results

3.1. Combination treatment with TM-MS and vatalanib improves
survival time

The median survival of Groups 1, 2, 3, 4, 5, and 6 was 20, 21.5,
26.5, 37, 23.5, and 40.5 days, respectively. Treatment with TM-MS
at 4 mg/kg improved the survival of Group 1. The median survival
time was the longest in Group 6 (P=0.032, Kaplan and Meier
method) (Fig. 1).

3.2. Combination treatment with TM-MS and vatalanib inhibits tumor
growth

To determine the effects of combination treatment with TM-MS
and vatalanib, we monitored tumor size after treatment in an
orthotopic rat glioma model (Fig. 2). There was no sign of drug tox-
icity, such as weight loss upon treatment over the course of the
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Fig. 1. Combination treatment with TM-MS and vatalanib improves the survival
time of rats bearing orthotopic gliomas. Median survival times were 20, 21.5, 26.5,
37, 23.5, and 40.5 days, respectively. Combination treatment with TM-MS and
vatalanib significantly increased median survival compared with control group
(P=0.0002).

experiment (data not shown). Compared with Group 1, the mean
tumor volume decreased by 45.6% in Group 3 (P=0.021, ANOVA
method and LSD test), 68.0% in Group 4 (P =0.001), 28.1% in Group
5 (P=0.010), and 74.4% in Group 6 (P=0.001) (Fig. 2). The tumor
volume in Group 6 significantly reduced by 52.9% compared with
Group 3 (P=0.002), 20% compared with Group 4 (P=0.021), and
64.4% compared with Group 5 (P=0.001), respectively.

3.3. Combination treatment of TM-MS and vatalanib inhibits cell
proliferation and induces apoptosis

To understand how TM-MS and vatalanib affected tumor
pathology, cell proliferation was examined immunohistochemi-
cally by counting strongly stained PCNA-positive cells (Fig. 3A).
Compared with untreated control tumors, cell proliferation was re-
duced in TM, TM-MS, and vatalanib group, by 45.4% (P = 0.002, AN-
OVA method and LSD test), 35.5% (P=0.021), and 63.3% (P = 0.045),
respectively. TM-MS + vatalanib combination therapy decreased
the number of PCNA-positive cells by 79.3% (P=0.001) (Fig. 3B).
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Fig. 2. Combination treatment with TM-MS and vatalanib inhibits tumor growth in
an orthotopic rat glioma model. C6 rat glioma cells were orthotopically inoculated
into the brains of rats; 50 mg/kg TM was orally administered from POD 6 to POD 10.
TM-MS (equivalent to 4 mg/kg) was peritumorally administered on the 6th day
after tumor cell inoculation. Oral vatalanib (100 mg/kg) was administered daily for
12 days, starting on the day after intracranial implantation. “P < 0.05 and P < 0.01.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Cell proliferation was reduced in TM-MS group by 39.4%
(P =0.003) compared with TM group.

Compared with the untreated controls, the percent of TUNEL
stained apoptotic cells in all cells per section increased 3-fold for
TM group (P=0.007, ANOVA method and LSD test), 4.7-fold for
TM-MS group (P = 0.006), 2-fold for vatalanib group (P = 0.03), and
8.3-fold for TM-MS + vatalanib combination group (P=0.002)
(Fig. 4).

3.4. TM-MS + vatalanib combination treatment inhibits angiogenesis

Knowing that gliomas are hypervascularized brain tumors and
dependent upon angiogenesis for their growth, anti-angiogenic po-
tential of TM-MS + vatalanib combination treatment was exam-
ined by immunohistological staining of CD31 for vessel detection
(Fig. 5). In vatalanib group, the number of CD31-stained vessels de-
creased by 46.5% compared with the untreated controls (P = 0.003,
ANOVA method and LSD test). In TM-MS + vatalanib group, the
number of blood vessels stained with CD31 decreased by 76.4%
(P=0.001).
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Fig. 3. Combination treatment with TM-MS and vatalanib inhibits cell proliferation in glioma xenografts. (A) Paraffin sections of tumors stained for proliferating cells using
an anti-PCNA antibody. Scale bar: 50 pum. (B) Mean numbers of PCNA-positive cells are shown (n = 10). **P < 0.01. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 4. Combination treatment with TM-MS and vatalanib induces cell apoptosis in glioma xenografts. (A) Paraffin sections of tumors stained for proliferating cells by TUNEL
method at 100 x magnification. (B) Percent of TUNEL-positive cells in all cells per section are shown (n = 10). “**P < 0.01. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

4. Discussion

Data obtained from the rat orthotopic glioma model of this
study indicate that TM-MS can inhibit cell proliferation and induce
the stimulation of apoptosis. Vatalanib can inhibit vascularization
of malignant glioma by inhibiting VEGF-mediated effects. We
hypothesized that combination of TM-MS and vatalanib could
more significantly inhibit tumor growth.

We killed the rats on the 12th day after C6 injections, because it is
the early period of tumor, and the tumor grew with round shape in
this period. As the tumor growing, it was preferred to growing
through the pin hole, which was used to inject the C6 cells, and grew
diffusely subcutaneously. Our data showed the therapeutic effect of
TM-MS and vatalanib during the early period of tumor growing.

TM has be proven to be an effective chemotherapeutic agent for
the treatment of patients with malignant glioma [13,25,26]. Poly-
meric devices implanted into the brain can locally release neuroac-
tive substances for extended periods of time, and TM-MS was
developed to get better therapeutic effect. Then, the vitro and vivo

per tumor section

Number of blood vessels &

studies were performed to evaluate the effect of TM-MS. In vitro
study, TM-MS has shown anti-tumor activity against Glioma C6
cancer cells [1]. In this vivo study, we found that TM-MS alone sig-
nificantly improved the survival time, inhibited tumor volume, de-
creased the number of PCNA-positive proliferating cells, and
induced more cell apoptosis, probably because of the following
reasons: local drug delivery could avoid permeability problems of
the blood brain barrier, thus achieving high local drug concentra-
tions. Furthermore, PLGA microspheres have been shown to con-
tinuously release TM for up to one month in vitro [1], and
therefore, TM-MS is predicted to be sufficient for tumor inhibition
in vivo levels. Our results confirmed that TM-MS prolonged sur-
vival time, decreased cell proliferation, and increased cell apoptosis
as compared with TM group. TM-MS alone differs from vatalanib
in that it inhibited tumor growth without inhibiting angiogenesis.
These results are consistent with those of others [1,27,28]. How-
ever, frequent administration of TM at a low dose (metronomic
treatment) markedly inhibited angiogenesis in a TM-resistant C6/
LacZ rat glioma model as well as tumor growth [29].

Vatalanb

BEcControl

OVatalanib
mTH-MS+Vatalanib

Fig. 5. Combination treatment with TM-MS and vatalanib inhibits microvessel density in glioma xenografts. (A) Paraffin sections of tumors stained for CD31. Scale bar:
100 pum. (B) Mean numbers of blood vessels are shown (n = 10). ***P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Vatalanib is able to suppress vascularization and growth of
malignant brain tumors, and the main effect of vatalanib is its inhi-
bition on VEGF receptor tyrosine kinases. We found that vatalanib
inhibited tumor angiogenesis as other studies have found [16].

Thus, the combination of cytotoxic therapy and anti-angiogenic
treatment during the vascular normalization would be more effec-
tive than either of them. The present findings are consistent with
Jain’s concept [30]. TM-MS + vatalaninb combination treatment
not only significantly improved the survival time but also inhibited
the tumor volume, decreased the number of PCNA-positive prolif-
erating cells, increased the number of apoptotic tumor cells, and
inhibited tumor angiogenesis.

Thus, TM-MS and vatalanib may act through different anti-tu-
mor mechanisms: TM-MS as a cytotoxic agent inhibiting tumor
growth, and vatalanib as a maintenance agent to hinder new vessel
formation and perhaps induce tumor vascular normalization.
These results provide an experimental basis for clinical study in
combination with the use of TM-MS and vatalanib, which may
be a promising strategy for the management of malignant gliomas.

5. Conclusions

TM-MS can more effectively inhibit tumor cells than TM. Combi-
nation treatment with TM-MS and vatalanib offered a greater tumor
inhibitory effect. The results of the present study may provide an
experimental basis for further clinical studies of TM-MS and vatala-
nib as a promising strategy for the treatment of malignant gliomas.
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