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Abstract Glioblastoma multiforme (GBM) is the most

common and most aggressive form of intrinsic brain tumour.

Despite standard treatment involving surgical resection,

chemotherapy and radiotherapy this disease remains incur-

able with the majority of tumours recurring adjacent to the

resection cavity. Consequently there is a clear need to

improve local tumour control. Convection-enhanced deliv-

ery (CED) is a practical technique for administering che-

motherapeutics directly into peritumoural brain. In this

study, we have tested the hypothesis that carboplatin would

be an appropriate chemotherapeutic agent to administer by

CED into peritumoural brain to treat GBM. Within this study

we have evaluated the relationships between carboplatin

concentration, duration of exposure and tumour cell kill in

vitro using GBM cell lines and the relationship between

carboplatin concentration and clinical and histological evi-

dence of toxicity in vivo. In addition, we have used laser

ablation inductively coupled plasma mass spectrometry

(LA-ICP-MS) to evaluate the distribution properties of car-

boplatin following CED into rat brain and to determine the

rate at which carboplatin is cleared from the brain. Finally,

we have compared the distribution properties of carboplatin

and the MRI contrast agent gadolinium-DTPA in pig brain.

The results of these experiments confirm that carboplatin can

be widely distributed by CED and that it remains in the brain

for at least 24 h after infusion completion. Furthermore,

carboplatin provokes a significant GBM cell kill at concen-

trations that are not toxic to normal brain. Finally, we provide

evidence that gadolinium-DTPA coinfusion is a viable

technique for visualising carboplatin distribution using T1-

weighted MR imaging.
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Introduction

Glioblastoma multiforme (GBM) is the most common and

most aggressive form of primary brain tumour with an

incidence of 2.8 cases per 100,000 per year in the United

States [1]. Despite extensive research the prognosis for

patients with GBM remains bleak. Current treatment

involves a combination of surgical resection, systemic che-

motherapy and radiotherapy. However, due to the highly

infiltrative nature of GBM and the intrinsic chemoresistance

of GBM cells, 80% of tumours recur within 2 cm of the

tumour resection cavity [2] or in the context of tumours

treated by radiotherapy and chemotherapy alone, recurrence

most commonly occurs adjacent to the original tumour mass

[3, 4]. As systemic dissemination of GBM is extremely rare

and the median survival for recurrent GBM is typically less

than 1 year [5], there is a clear and rational need for effective

strategies aimed at improving local tumour control.

Techniques attempted in clinical trials to improve the

local control of GBM have included the direct infusion or

implantation of conventional chemotherapeutic agents such
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as carmustine [6] paclitaxel [7] and topotecan [8], or novel

cytotoxic agents, including oncolytic herpes simplex and

adenoviral vectors [9–13], viral and non-viral mediated

gene therapy [14–17] and immunotoxins such as IL13-

PE38QQR [18], into the tumour mass, resection cavity or

peritumoural tissue. To date, the only technique of local-

ised drug delivery that has become clinically accepted is

the implantation of carmustine wafers (Gliadel) into the

tumour resection cavity. However, a recent Cochrane

Collaboration Review of the use of Gliadel wafers con-

cluded that in combination with radiotherapy, Gliadel has

survival benefits in the management of primary disease in a

‘‘limited number’’ of patients, but has ‘‘no demonstrable

survival benefits in patients with recurrent disease’’ [19].

The principal limitation of many of the techniques of

direct chemotherapy delivery to the brain, including Glia-

del wafers, is their dependence on diffusion to achieve

adequate spatial distribution within the brain. Diffusion is a

highly inefficient process for drug distribution as it depends

heavily on the infused drug concentration and molecular

size of the drug. As a consequence, it is necessary to instil a

very high concentration into the brain to generate an ade-

quate concentration gradient which will distribute the drug

a significant distance into the tissue.

For many chemotherapeutic agents, this source con-

centration is likely to be toxic to normal brain tissue,

leading to significant side-effects. Convection-enhanced

delivery (CED) offers an alternative strategy for infusing

drugs into the brain. CED utilises implanted intracranial

catheters through which drugs are infused at precisely

controlled, slow infusion rates. The use of an appropriate

catheter, trajectory and infusion rate leads to bulk flow of

drug directly into the brain extracellular space [20].

In contrast to techniques of drug delivery to the brain

that depend on diffusion, such as Gliadel wafers, which

lead to heterogeneous drug distribution over short dis-

tances, depending on the size of the drug, CED is capable

of distributing drugs, homogeneously, over large volumes

of brain, independently of the size of the drug [21].

Whilst preclinical studies confirm that CED is a viable

and potentially highly effective approach for administering

drugs directly into the brain, it is not appropriate for all

drugs. CED bypasses the tight junctions of the blood–brain

barrier to allow drug distribution within the brain extra-

cellular space. However, whilst highly lipophilic drugs,

such as carmustine [22], may diffuse freely across the

blood–brain barrier, other drugs such as paclitaxel may act

as substrates to efflux transporters located within the

blood–brain barrier, causing these drugs to be rapidly

eliminated from the brain [23]. It is therefore essential that

in future trials utilising CED, therapeutic agents are care-

fully selected to ensure that they are retained in the brain

for sufficient time for an anti-tumour effect to occur.

Carboplatin is a conventional chemotherapeutic agent

that has been administered intravenously to patients with

high-grade gliomas in isolation [24, 25] or in combination

with erlotinib [26], tamoxifen [27], Gliadel [28], etoposide

[29], human tumour-necrosis factor-a [30], thymidine [31],

cyclophosphamide [32], RMP-7 [33], ifosfamide [34] and

teniposide [35]. Although these trials failed to demonstrate

significant evidence of efficacy, carboplatin represents an

excellent chemotherapeutic agent for administration by

CED. It is a hydrophilic agent, ensuring that it is unable to

diffuse freely across the blood–brain barrier and as such it

is a substrate for the principal efflux transporters in the

blood–brain barrier. As a consequence, direct intracranial

administration of carboplatin by CED should result in drug

compartmentalisation within the brain. There is also in vivo

evidence, from infusions into animal models, demonstrat-

ing that carboplatin is highly efficient at killing glioblas-

toma cells at concentrations that are not toxic to normal

brain tissue [36–42]. Whilst some of these trials have had

encouraging results, there is no convincing evidence that

intravenous carboplatin administration confers significant

benefit to patients with high-grade gliomas. However, there

is compelling evidence that the concentration of carbo-

platin achieved within glioma tissue following intravenous

administration is sub-therapeutic. Specifically, Whittle

et al. demonstrated a peak glioma tissue concentration of

just 0.013 mg/ml following high-dose intravenous delivery

[43]. Indeed this represents just 40% of the concentration

that has been demonstrated, in a meta-analysis of published

chemosensitivity assays, to kill 50% of tumour cells (IC50)

of carboplatin [37].

In view of the aforementioned data, we hypothesise that

carboplatin administered at an appropriate concentration

directly into the peritumoural region by CED has the

potential to be an efficacious treatment for patients with

GBM. This is in contrast to direct intratumoural infusions

of carboplatin, which due to grossly abnormal tissue

architecture, necrosis and neovascularisation within the

tumour, is unlikely to be a practical approach. However,

prior to testing this hypothesis in a clinical trial, a number

of factors require further evaluation. Firstly, it is feasible

that carboplatin is a substrate for efflux transporters within

the blood–brain barrier and consequently may have a short

half-life within the brain, rendering it inappropriate for

direct intracranial delivery. The principal aim of this study

was therefore to determine the tissue half-life of carbo-

platin administered by CED. Secondly, it is possible that

due to the binding properties of carboplatin, it would not

distribute efficiently by CED. As a consequence, we have

evaluated the distribution properties of carboplatin in both

rat and pig brain, and assessed coinfusion of the MRI-

contrast agent gadolinium-DTPA as a practical means for

imaging carboplatin distribution clinically. As CED offers
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the possibility of producing sustained infusions of carbo-

platin over hours or even days, we have evaluated the GBM

tumour cell kill that can be achieved at a range of carbo-

platin concentrations and treatment durations in vitro.

Finally, we have undertaken a study to assess the toxicity

of carboplatin administered by CED over a range of con-

centrations. It is our intention to utilise the findings from

these studies to undertake a phase I/II dose-escalation study

of carboplatin administration by CED to treat patients with

recurrent GBM.

Materials and methods

In vitro studies

Cell lines and cell culture

Cell lines were kindly provided by Geoffrey Pilkington

from the Institute of Biomedical and Biomolecular Sci-

ences at Portsmouth University, UK. The cell lines used

in this study were SNB19 (P20-P45) and UPAB (P20-

P45).

MTT cytotoxicity assay

Briefly, SNB19 and UPAB glioma cells were plated at

1 9 104/well in a 24-well plate. Cells were treated 72 h

later with Carboplatin at the following concentrations:

0.03, 0.06, 0.12, 0.18, 0.24, 0.3, 0.36, and 0.6 mg (TEVA,

UK) for 24, 48, 72, or 96 h. Each concentration was

repeated four times. Carboplatin was diluted in phosphate

buffered saline (PBS; Sigma Aldrich, UK) and added to

0.5 mL culture media. PBS was used as a negative control

and puromycin dihydrochloride (10 lg/mL; Sigma

Aldrich, UK), which inhibits cell growth by preventing

protein synthesis, was used as a positive control. Following

the incubation period, culture media was changed. Then

50 lL methylthiazolyl-tetrazolium bromide solution

(MTT; Sigma Aldrich, UK; 5 mg/mL) was added to each

well and further incubated for 3 h at 37�C in a humidified

5% CO2 atmosphere to allow MTT to form formazan

crystals in metabolically active cells. Following this, the

media was removed, and the formazan crystals in each well

were solubilized with 190 lL of isopropanol (Fisher Sci-

entific, Loughborough, UK) acidified with hydrochloric

acid (VWR, Leicestershire, UK). The cell lysate was

transferred to a 96-well plate and the absorbance of each

well was measured at 570 nm using a Multiskan Ascent

plate reader (Thermo Electron Corporation, UK). Results

are expressed as a percentage (%) of treated versus

untreated cells.

In vivo studies

Rat infusion apparatus and procedures

All acute infusions were undertaken using in-house can-

nulae [44] and all procedures were carried out in accor-

dance with UK Home Office animal welfare regulations

and with appropriate home office licences.

Male Wistar rats (Charles River, UK) were group-

housed and allowed to acclimatise prior to experimental

procedures. Rats weighing 225–275 g were anaesthetised

with an intraperitoneal dose of medetomidine (Dormitor;

0.4 mg/kg; Pfizer Animal Health, Kent, UK) and ketamine

(Ketaset; 100 mg/kg; Pfizer, UK) and placed in a stereo-

tactic frame (Stoelting Co, Wood Dale, IL, USA). A linear

incision was made between the glabella and the occiput and

the skull exposed. Burr holes with a diameter of *2 mm

were drilled 1.0 mm anterior and 2.5 mm lateral to the

bregma and cannulae were inserted to a depth of 2.5 mm

below the dura. All cannulae were pre-primed with either

saline or carboplatin and the desired dose prior to insertion

into the brain. Every attempt was made to ensure that no air

bubbles were present in the infusion cannula. Infusions of

2.5 ll of carboplatin at specific concentrations (outlined in

Table 1) were conducted at a rate of 5 ll/min. Following

infusion completion, the cannula was left in situ for 10 min

before being withdrawn at a rate of 1 mm/min. The wound

was then closed with 5.0 vicryl (Ethicon, Gargrave, UK) a

dose of intramuscular buprenorphine was administered

(Vetergesic; 0.03 mg/kg; Alstoe Animal Health, York, UK)

and the anaesthetic was reversed with an intraperitoneal

dose of atipamezole hydrochloride (Antisedan; 5 mg/kg;

Pfizer, UK). At predetermined time-points (see Table 1),

animals were perfusion fixed with 100 mL of PBS fol-

lowed by 100 mL of 4% paraformaldehyde (PFA; Fisher

Scientific, UK) in PBS (pH 7.4). The brain was then

removed from the skull and placed in 4% PFA for 48 h and

then cryoprotected in 30% sucrose (Melford Laboratories,

Ipswich, UK) in PBS prior to sectioning.

Pig infusion apparatus and procedures

Carboplatin infusions were undertaken into male large

white landrace pigs weighing 45 kg using a cannula system

developed in-house [44–47]. Pig anaesthesia, head immo-

bilisation and brain imaging were achieved as we have

previously described [48]. Infusions of 120 ll 0.03 mg/ml

carboplatin mixed with 0.3% (6 lmol/l) Gadolinium-

DTPA (Magnevist: Bayer Healthcare, Germany), were

undertaken bilaterally into the corona radiata using a can-

nula composed of a length of fused silica (outer diameter

220 lm, inner diameter 150 lm) bonded to a glass Ham-

ilton syringe. Except for the distal 3 mm, this fused silica
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tube was supported along its length by a series of zirconia

tubes to ensure that it could be accurately inserted to target.

Infusions were performed using the following regime:

0.5 ll/min for 5 min, 1 ll/min for 5 min, 2.5 ll/min for

5 min and then 5 ll/min for 20 min. This regime was

employed in an attempt to minimise the occurrence of a

sudden surge in pressure at the catheter tip due to elasticity

in the infusion tubing. 120 ll was infused as this is the

largest volume that we have previously infused into pig

white matter without leakage into the ventricular system

[44]. Following infusion completion, the cannula was left

in place for 10 min prior to being withdrawn slowly by

hand. CSF leakage from the burr hole and cannula track

was sealed with Cerebond prior to wound closure. The

animal was then transferred back to the MRI scanner and

T1-weighted imaging performed to visualise infusate dis-

tribution. Upon the completion of imaging, the animal was

transcardially perfused with 5 l of PBS and then 5 l of 10%

neutral-buffered formalin at a rate of 500 ml/min using an

infusion pump (Masterflex, UK).

Histology

Rat brains were cut into 35 lm thick coronal sections using

a Leica CM1850 cryostat (Leica Microsystems, Wetzlar,

Germany) at -20�C. For haematoxylin and eosin staining,

fixed sections were mounted on gelatine-subbed slides.

Sections were submerged in 4% PFA for 20 min, dehy-

drated and then stained with haematoxylin and eosin (Cell

Path, Hemel Hempstead, UK) according to standard pro-

tocols. Following this, sections were coverslipped with

Pertex mounting medium (Cell Path, UK) and allowed to

dry in the fumehood overnight before imaging with a Leica

CTR 5500 microscope (Leica Microsystems, Germany).

Sections were assessed by light microscopy to ensure that

the cannula track in each brain terminated in the corpus

callosum. If the cannula track did not terminate in the

corpus callosum, the infusion was repeated.

For fluorescent immunohistochemistry, free-floating

sections were washed with PBS for 5 min 9 3. Sections

were then blocked in PBS plus 0.1% triton-x-100 (Sigma

Aldrich, UK) containing 10% normal donkey serum

(Sigma Aldrich, UK) for 1 h at RT. Sections were then

washed with PBS for 5 min. Following washing, sections

were incubated in polyclonal rabbit anti-glial fibrillary

acidic protein primary antibody (GFAP; 1:300; Millipore,

Watford, UK) at 4�C overnight. The next day, primary

antibody was removed and sections were washed with PBS

for 15 min 9 3. Secondary antibody (donkey anti-rabbit

Cy3 1:300; Jackson Laboratories, Sacramento, CA, USA)

was added to the sections and incubated at RT for 1 h in the

dark and then washed with PBS for 15 min 9 3. Sections

were mounted in Fluorsave mountant (Calbiochem, Ger-

many) before viewing and image capture with a fluorescent

microscope (Leica Microsystems, Germany) and digital

camera (CX9000 Microbrightfield, VT, USA).

For DiI staining, free-floating sections were washed with

PBS for 5 min. Sections were then submerged in a solution of

40,6-diamidino-2-phenylindole (DAPI, 0.25 mg/ml, Sigma

Aldrich, Gillingham, UK) in PBS for 5 min. After three PBS

washes, sections were mounted onto gelatine-coated slides and

stained with FAST-DiI oil (0.25 mg/ml; Invitrogen, Paisley,

UK) diluted in 1:3 N,N,N0,N0-tetramethylethylenediamine

(TEMED, Sigma Aldrich, UK) and ddH2O for 2 min. Slides

were washed with ddH2O and coverslipped using Fluorsave

mountant. Once dry, slides were imaged with a fluorescent

microscope (Leica Microsystems, Germany) and digital

camera (CX9000 Microbrightfield, VT, USA).

Laser ablation inductively coupled plasma (ICP) mass

spectrometry

Samples were placed in a sealed ablation chamber under an

argon gas flow. Laser interrogation caused sample

Table 1 Summary of carboplatin rat infusions

Number Group Dose

(mg/ml)

Volume

(ll)

Recovery

time (hours)

4 Laser ablation

(LA-ICP-MS)

0.03 2.5 0

4 3

4 6

4 12

4 24

4 48

5 72

5 168/7 days

3 Toxicity 0.03 2.5 24

3 48

3 72

3 30 days

3 0.3 2.5 24

3 48

3 72

3 30 days

3 0.6 2.5 24

3 48

3 72

3 30 days

3 0.9 2.5 24

3 48

3 72

3 30 days

Contra lateral

side

Saline 2.5 All time points
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vaporisation; ablated material was then transported from

the sample cell to the ICP torch via an argon gas flow.

Upon reaching the ICP the sample was completely ato-

mised and ionised via high temperature plasma

(7500–10000 K). Ions were then focused through a series

of sampling cones and ion-lenses before isotopic mass

discrimination (via quadrupole) for elements of interest and

subsequent detection of ions (as electron multiplier (EM)

detector counts).

Resultant data (csv files) was in the form of signal

response for each monitored isotope (separate columns)

against time; as such, ion-responses could be co-ordinated

to form 2D elemental distribution maps, using the Graphis

software package (Kylebank Software Ltd, Ayr, UK).

The laser ablation (LA) system was configured to per-

form multiple, parallel line-rastering of sections. Operating

parameters ensured efficient removal of sample (i.e. total

consumption of thin section incident to the laser) irre-

spective of section thickness. Additionally, a distance twice

that of the laser beam diameter was used to separate raster

lines, to prevent contamination of adjacent section areas

with ejected material from previous raster runs.

Main operating parameters for ICP–MS (HP 4500, Ag-

ilent Technologies, Cheadle, UK), were: ICP forward

power, 1340 W; plasma gas flow, 16 ml/min and auxiliary

flow, 1.0 ml/min. Isotopes (13C, 57Fe, 66Zn, 157Gd and
195Pt) were monitored in a time-resolved mode and selec-

ted on the basis of high-percentage abundance and minimal

isobaric and polyatomic interferences. Integration times for

isotopes were 0.1 s (0.05 s for 13C).

Rat brain analysis

The LA system (New Wave UP MACRO, Nd:YAG,

266 nm) was configured to the following parameters: beam

diameter, 240 lm; laser energy, 2.2 mJ; line raster rate,

50 lm/sec[1]; laser frequency, 10 Hz. A check standard

(0.2 lg/g) was ablated at the beginning and end of each

section interrogation in order to verify system stability.

Total runtime for mapping individual sections (area

140–160 mm2) was approximately 2 h 30 min.

Matrix-matched standards were prepared as previously

described [49], at corresponding thickness to brain sec-

tions and contained known amounts of Pt at 0.01, 0.1 and

0.2 lg/g (plus a blank). Standards were placed adjacent to

the samples in the ablation chamber and triplicate line

rasters (2 mm in length) performed prior to and after brain

section analysis, on each standard. LA-ICP-MS conditions

were identical to those used for tissue section analysis.

Average 195Pt ion-responses of individual rasters were

Fig. 1 Laser ablation ICP mass spectrometry (LA-ICP-MS) follow-

ing in vivo infusions. Rats were infused with 0.03 mg/ml carboplatin

into the corpus callosum. This is represented in the relevant coronal

image from the Paxinos and Watson rat brain atlas (top left). The

cannula position is demonstrated by the location of the arrow. Rat

brains were harvested at time-points of 0, 3, 6, 12, 24, 48, 72 and 168h

(7days). Coronal sections at the level of the cannula track were

analysed by LA-ICP-MS. Results at each time point (n = 3) are

shown in images a–h. The top row of images for each time-point

show tissue maps of Pt levels (195Pt) and the lower row of each image

show tissue maps of iron levels in each section (57Fe)
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plotted against spiked concentration to yield linear cali-

bration graphs of the form y = mx ? c. This permitted

distribution maps to be displayed in concentration units.

For determination of average and maximum Pt con-

centrations, data was processed (using MS Excel) such that

all on-tissue Pt signal responses above background levels

were included; with the omission of Pt signals in areas co-

localising with high-intensity Fe signals. These areas were

consistent with small haemorrhages caused by cannula

insertion and generally resulted in anomalously high Pt

response, likely due to Pt capture in haemorrhagic

components.

Pig brain analysis

The LA system (Cetac, LSX-200, Nd:YAG, 266 nm) was

configured to the following parameters: beam diameter,

200 lm; laser energy, 0.99 mJ; line raster rate, 65 lm/s;

laser frequency, 20 Hz. Total runtime for mapping indi-

vidual sections (scanned section areas were in the region of

30 mm by 38 mm) was * 10 h.

Results

Tissue distribution and half-life of carboplatin

following CED into rat brain

Low concentration infusions of carboplatin (0.03 mg/ml)

into rat brain led to widespread distribution at 0 h post-

infusion. Although all infusions were performed through

cannulae implanted into identical coordinates in the corpus

callosum as defined by the Paxinos and Watson sereotactic

rat brain atlas (1998), variable distribution patterns were

observed. Apart from a single infusion analysed at 6 h,

platinum was detectable by LA-ICP-MS for up to 24 h.

After 24 h, trace levels of platinum were detected in a

number of tissue sections. In these sections platinum,

colocalised with high levels of iron derived from small

haemorrhages along the cannula tracks (Fig. 1). The

decrease in carboplatin concentration over time was

reflected in measures of average and maximum platinum

counts for each section at each time-point (Fig. 2).

Carboplatin toxicity in rat brain

Increasing concentrations of carboplatin were infused into

the corpus callosum of rats. Histological examination of

brains was undertaken 30 days post-infusion. Concentra-

tions of up to 0.9 mg/ml were well tolerated with no

clinical evidence of toxicity and no histological evidence of

tissue disruption based on haematoxylin and eosin staining

(Fig. 3). Furthermore, Dil staining demonstrated no loss of

white matter tract integrity and GFAP immunostaining

showed minimal evidence of gliosis in the white matter

compared to control infusions of 0.9% saline.

In vitro dose response to carboplatin in glioblastoma

cell lines

MTT assays in glioblastoma cell lines exposed to carbo-

platin at different concentrations for increasing durations

demonstrated a clear relationship between carboplatin

concentration and duration of carboplatin exposure on the

percentage of surviving cells compared to controls (Fig. 4).

With a 96 h exposure, there was a negligible increase in

cell kill (greater than 90%) at concentrations exceeding

0.18 mg/ml. Similarly, with a 72 h exposure, there was a

negligible increase in cell kill at concentrations exceeding

0.24 mg/ml. Based on these results the IC50 value of car-

boplatin, assuming a 96 hour exposure of carboplatin, was

between 0.06 and 0.12 mg/ml.

Gadolinium-DTPA coinfusion to visualise carboplatin

distribution by MRI

Gadolinium-DTPA (0.3%; 6 lmol/l) was coinfused with

0.03 mg/ml of carboplatin into the corona radiata of pigs.

Fig. 2 Time-course of tissue levels of Pt following carboplatin

infusions. Graphical representation of the average (a) and maximum

(b) amount of platinum (ng of Pt/g of tissue) detected by LA-ICP-MS

on all three sections analysed at each time point following carboplatin

infusions into rat brain
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T1-weighted MR imaging demonstrated a close correlation

between contrast-enhancement and carboplatin distribu-

tion. LA-ICP-MS was more sensitive than T1-weighted

MR scanning at visualising gadolinium distribution and

demonstrated that gadolinium-DTPA distributed over a

larger volume of brain than carboplatin although wide-

spread carboplatin distribution was observed through the

corona radiata (Fig. 5).

Discussion

In view of the highly infiltrative properties of malignant

gliomas and their subsequent propensity to recur adjacent

to tumour resection margins, the rarity of extracranial

disease dissemination and the grim prognosis associated

with this disease, there is a clear and rationale need

to improve local tumour control. This requirement is

complicated by the presence of the blood–brain barrier,

which limits the access of chemotherapeutic agents into the

brain, tumour infiltration into eloquent structures and the

intrinsic chemo- and radioresistance of glioblastoma cells.

The principal aim of the experiments outlined in this study

was to determine whether carboplatin, administered by

CED into peritumoural brain, is a potentially feasible

treatment to achieve local control of GBM. Specifically,

these experiments demonstrate that it is possible to achieve

widespread carboplatin distribution by CED and that car-

boplatin remains in the brain for at least 24 h. Furthermore,

we provide evidence from in vitro studies that carboplatin

is capable of killing a significant proportion of GBM cells

at concentrations that appear to be well-tolerated in the

brain in vivo. Finally we demonstrate that coinfusion of

gadolinium-DTPA with carboplatin and peri-infusional T1-

weighted MRI represents a viable technique for visualising

carboplatin distribution in clinical practice. The results of

Fig. 3 Carboplatin toxicity in
vivo. Rat brains were infused

with 0.9 (a), 0.6 (b), 0.3 (c), and

0.03 mg/ml (d) of carboplatin.

Tissue sections were evaluated

at 24, 48 and 72 h and 30 days

to assess for evidence of tissue

toxicity. Control infusions of

0.9% saline were performed and

tissue analysed at 24 h (e) and

30 days (f). Representative

images of haematoxylin and

eosin staining (left column),

GFAP immunostaining (middle
column) and the myelin staining

(Dil-right column) are shown.

No evidence of tissue toxicity

was observed at any carboplatin

dose compared to controls

(scale bar = 500 lm)
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this study have informed the development of a phase I/II

clinical trial protocol that we intend to enact in the near-

future.

Convection-enhanced delivery of carboplatin into the

corpus callosum of rats led to surprisingly variable dis-

tribution patterns. Two main patterns were observed with

many infusions preferentially distributing through the

striatum rather than the corpus callosum. This is likely to

have occurred as the corpus callosum is a very shallow

structure in rats and subtle variations in cannula tip

position, despite using identical stereotactic coordinates,

would have led to variable distribution patterns. In par-

ticular, if the cannula tip had been implanted fractionally

too deep, carboplatin may have distributed into the stria-

tum rather than along the corpus callosum. Attempts to

ensure consistent cannula tip targeting in this study

included the use of identical stereotactic coordinates for

cannula insertion, the use of rats with an identical weight

and examining tissue sections prior to undertaking LA-

ICP-MS, to ensure that the cannula track was visible and

terminated in the corpus callosum. However, in view of

the very narrow cannulae employed in these infusions to

achieve CED and the fact that brains were not harvested

for up to 1 week, it was challenging to identify the can-

nula trajectory in many cases and this may explain why

one 6 h time-point demonstrated no detectable carbo-

platin. Furthermore there is intrinsic variability with tissue

analysis by LA-ICP-MS although regular machine cali-

bration ensured that this was less than 15% [50]. Despite

these potential sources of variability, carboplatin was

visible in tissue sections that demonstrated preferential

distribution in the striatum and in the corpus callosum

(Fig. 1e) for at least 24 h. The observation of low levels

of carboplatin at time points beyond 48 h and the

approximate colocalisation of Pt with areas of iron, most

likely reflects binding of carboplatin to serum proteins or

haemoglobin at the site of trivial haemorrhages along the

cannula track.

Fig. 4 Dose response of glioma

cell lines to carboplatin in vitro.

a UPAB; b SNB19 glioma cells

were exposed to increasing

carboplatin concentrations for

24, 48, 72 and 96 h. Cell

viability was assessed by MTA

(graphs show values for group

mean (n = 3) and standard

deviation). With a 96 h

exposure, there was a negligible

increase in cell kill ([90%) at

concentrations exceeding

0.18 mg/ml. Similarly, with a

72 h exposure, there was a

negligible increase in cell kill at

concentrations exceeding

0.24 mg/ml
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The presence of significant concentrations of carboplatin

at 24 h is an encouraging finding and supports our

hypothesis that due to its hydrophilic nature and sub-

sequent inability to diffuse freely across the blood–brain

barrier, carboplatin is an ideal agent to be delivered directly

into peritumoural brain. Indeed, these findings are sup-

ported by similar clearance times calculated for radiola-

belled albumin following injection into the caudate nucleus

and internal capsule of rats [51]. Consequently, this rela-

tively prolonged tissue half-life ensures that carboplatin

can be distributed over large volumes of brain, despite the

low flow-rates that are demanded by CED. Furthermore,

this relative compartmentalisation of carboplatin in the

brain over many hours should ensure that a clinically sig-

nificant tumour cell kill is achieved whilst negligible

plasma levels of carboplatin are maintained. Indeed,

through the use of an implanted catheter system, repeated

bolus infusions of carboplatin should facilitate mainte-

nance of a relatively constant carboplatin concentration

within the peritumoural tissue for a predetermined period

of time.

Having identified that carboplatin remains in the brain

for at least 24 h, we examined the relationships between

carboplatin concentration and duration of exposure on the

tumour cell kill achieved. Unsurprisingly, as the carbo-

platin concentration and exposure duration were increased,

the proportion of tumour cells that were killed increased.

This effect appeared to plateau with carboplatin concen-

trations of 0.18 and 0.24 mg/ml at exposure durations of 96

and 72 h, respectively. Although it is difficult to accurately

simulate the effects of cytotoxic agents in vitro, particu-

larly due to the lack of tumour cell heterogeneity, which is

a feature of GBM [52], these results imply that using

appropriate carboplatin concentrations, a maximal tumour

cell kill could be achieved by maintaining a therapeutic

carboplatin concentration in peritumoural brain for

3–4 days. In view of the tissue half-life of carboplatin that

we have demonstrated in the brain and with the use of an

implanted catheter system it should be feasible to effec-

tively administer carboplatin to peritumoural brain for

these periods of time in clinical practice. From a practical

perspective, this approach would be similar to the phase III

clinical trial of the immunotoxin IL13-PE38QQR, which

was administered through 2–4 catheters for 96 h, to

patients with recurrent glioblastoma [18].

In an attempt to determine whether carboplatin admin-

istered by CED was associated with significant toxicity in

rats, we undertook a dose-escalation study. This study

demonstrated no clinical or histological evidence of tox-

icity at concentrations of up to 0.9 mg/ml. This result

supports previous studies in rats [36] and primates [53] that

would suggest that carboplatin can be safely administered

Fig. 5 Comparison of

T1-weighted MR imaging and

LA-ICP-MS following

coinfusion of carboplatin and

gadolinium-DTPA into the

corona radiata of a pig.
Carboplatin (0.03 mg/ml) was

coinfused with gadolinium-

DTPA (0.3%; (6 lmol/l) into

the corona radiata of a pig

bilaterally (a–c: right
hemisphere, d–f: left
hemisphere). T1-weighted MR

images (a and d) and LA-ICP-

MS images of 157Gd (b and

e) and 195Pt (c and

f) distribution on corresponding

tissue sections are shown.

T1-weighted MR imaging

demonstrated a close correlation

between contrast-enhancement

and carboplatin distribution.

LA-ICP-MS was more sensitive

than T1-weighted MR scanning

at visualising gadolinium

distribution and demonstrated

that gadolinium-DTPA

distributed over a larger volume

of brain than carboplatin. (all

scale bars = 5 mm)
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into the brain at a potentially efficacious dose. Specifically,

Degen et al. undertook single infusions of carboplatin into

the brainstem of rats at concentrations as high as 1 mg/ml

without histological evidence of tissue damage [36], and

Strege et al. undertook one-month long infusions into the

brainstem of primates at a dose of 0.075 mg/kg with

minimal clinical evidence of toxicity, manifesting as slight

slowing of the animal’s movements [53]. In view of our in

vitro results demonstrating an optimal tumour cell kill

following prolonged infusions over several days; our tox-

icity study is limited by the fact that single infusions were

performed. Ideally, we would have liked to have replicated

infusions of 0.24 mg/ml over 72 h and 0.18 mg/ml over

96 h. However, whereas a clinical trial could employ short

CED-based bolus infusions at intervals to achieve a steady-

state concentration in the brain, due to the small size of the

rat brain, continuous, low-rate infusions would need to be

performed. These infusions would most likely have led to a

toxic build-up of carboplatin in the brain, particularly

around the catheter tip, at potentially much higher con-

centrations than the infused concentration. Consequently,

undertaking continuous infusions into rat brain could have

led to misrepresentative toxicity data and therefore they

were not performed.

A key consideration in the application of CED in clin-

ical trials is the need to visualise infusate distribution to

ensure that adequate drug distribution is achieved through

the intended target volume. A simple strategy that has

previously been employed in clinical practice is the coin-

fusion of an MR contrast agent such as gadolinium-DTPA

[54]. As gadolinium is detectable by LA-ICP-MS, it was

possible to evaluate the differential distribution properties

of gadolinium-DTPA and carboplatin in the brain of a large

animal model in which in vivo T1-weighted MR imaging

could be performed. It is perhaps unsurprising that more

widespread distribution of gadolinium was demonstrated

with LA-ICP-MS compared to T1-weighted MRI, in view

of the greater sensitivity of the former technique. Never-

theless, from the perspective of undertaking a clinical trial,

it was encouraging that the area of contrast-enhancement

on T1-weighted MR imaging approximately matched car-

boplatin distribution determined by LA-ICP-MS.

Although, CED should lead to homogenous infusate dis-

tribution this was not the case with gadolinium-DTPA

distribution visualised by LA-ICP-MS, presumably due to

the ability of gadolinium-DTPA to diffuse through the

brain extracellular space. Consequently, for future trials

involving the administration of gadolinium-DTPA, the

effect of modulating the infused concentration on the

visualisation of contrast-enhancement by MRI would be

invaluable.

We have utilised the results of this study to develop a

regulatory-approved clinical trial protocol [55]. This clinical

trial will be a phase I/II dose-escalation study with infused

carboplatin concentrations ranging from 0.03 to 0.18 mg/ml

administered through four catheters. Patients will receive

infusions for 8 h a day for three consecutive days. It is our

view that with existing data, this dosing regime provides

the optimum balance between achieving a maximal thera-

peutic effect and minimising the risks of encountering

significant toxicity.

In conclusion, this study provides experimental evidence

that carboplatin can be efficiently administered into the

brain by CED. In addition, due to its slow clearance from

the brain and toxicity to glioblastoma cells at concentra-

tions that are not toxic to normal brain, carboplatin

administration by CED into peritumoural brain represents a

promising therapeutic approach to treating patients with

recurrent glioblastoma multiforme.
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