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Abstract

Purpose Cisplatin, carboplatin, and oxaliplatin are

chemically reactive anticancer drugs with modest activity

in brain tumors. Previously, we have demonstrated that

drug exposure in cerebrospinal fluid (CSF) for these plat-

inum analogs is \5% of the plasma ultrafiltrate (UF) drug

exposure in nonhuman primates. Microdialysis is a mini-

mally invasive in vivo method for sampling small mole-

cules in the blood and tissue extracellular fluid (ECF). The

purpose of this study was to estimate the penetration of

platinum analogs into the brain ECF.

Methods We measured free concentrations of cisplatin,

carboplatin, and oxaliplatin in ECF of brain, muscle, and

blood of nonhuman primates using microdialysis and

compared ECF platinum concentrations in blood and brain

to plasma UF and CSF concentrations obtained using

conventional sampling methods.

Results For all three platinum analogs, AUC0-4h for

microdialysis sampling from the vein was similar to stan-

dard plasma UF sampling. The median AUC0-4h ratio for

vein to plasma UF was 1.1 (range, 0.9–1.4). The platinum

analogs had limited distribution (\5%) to the CSF and brain

ECF. CSF penetration predicts for the limited penetration of

the platinum analogs into brain ECF, but concordance

between CSF and brain ECF measurements was poor.

CSF oxaliplatin concentrations (AUC0-4h, 0.4–0.9 lM h)

were substantially lower than brain ECF concentrations

(AUC0-4h, 2.0–8.6 lM h).

Conclusions The penetration of platinum analogs into

CSF and brain is limited. The differences in the CNS

penetrations among the three platinum analogs are not

clinically significant. For cisplatin and carboplatin, CSF

penetration appears to be a surrogate for brain extracellular

free drug exposure.
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Introduction

The platinum analogs—cisplatin, carboplatin, and oxa-

liplatin—are chemically reactive anticancer drugs that

produce a cytotoxic effect through platination of DNA and

the formation of cross links. These agents have a broad

spectrum of antitumor activity, including modest activity

against brain tumors [12, 13, 24, 25]. Recently, the clinical

utility of platinum-based chemotherapy in some brain

tumors has been challenged [3, 4]. We previously studied

the cerebrospinal fluid (CSF) penetration (as a surrogate of
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blood–brain barrier [BBB] penetration) of these three

platinum analogs in nonhuman primates, and found that

drug exposure in CSF was \5% of the plasma ultrafiltrate

(UF) drug exposure for all three analogs [14].

Microdialysis is an in vivo method for sampling small

molecules in the blood and tissue extracellular fluid (ECF).

Microdialysis is based on the principle of diffusion.

Concentric microdialysis probes with a semi-permeable

membrane (10 mm 9 0.5 mm 20 kDa mol. wt. cut off) are

inserted into the tissue. A physiological solution is perfused

into the probe at a low flow rate. Free drug in the tissue

diffuses across the probe membrane and is collected in the

outflow dialysate [6]. The concentration of drug in the

outflow dialysate is proportional to the drug concentration

in tissue ECF. Microdialysis is quantitative if recovery,

which is the proportionality factor that relates dialysate

drug concentration to tissue drug concentration, is deter-

mined by a calibration method, such as retrodialysis [5].

Quantitative microdialysis has several potential advan-

tages over standard sampling of plasma, CSF, or tissue at

discrete time points for pharmacokinetic studies. Microdi-

alysis continuously samples drug at the measurement site,

providing an estimate of drug exposure at the site over the

sampling period. Microdialysis measures free drug con-

centration, which is the parameter most closely related to

drug effect for most agents. Tumor ECF free concentra-

tions of cisplatin measured by microdialysis have been

shown to correlate with platinum–DNA adducts better than

total platinum concentrations in tumor [30]. The small size

of microdialysis probes also allows sampling from the

target site in a minimally invasive manner [15, 17]. The

small dialysate sample size can be a limitation of the

method if sensitive assays are not available for the drug or

the drug is highly protein bound.

In this study, we measured free elemental platinum

concentrations in the ECF of the brain, muscle, and blood

of nonhuman primates using microdialysis after systemic

adminstration of cisplatin, carboplatin, and oxaliplatin. We

compared the tissue drug concentration obtained using

microdialysis to plasma and CSF concentrations obtained

by conventional sampling methods, and we compared CSF

drug penetration to BBB drug penetration.

Methods

Animals

Nine adult male rhesus monkeys (Macaca mulatta) ranging

in weight from 7.3 to 17.5 kg were used in the study. Prior

to the conduct of the study, all experimental procedures

were reviewed and approved by the National Cancer

Institute Animal Care and Use Committee. All animals

were fed and group housed in accordance with the Guide

for the Care and Use of Laboratory Animals [1]. All ani-

mals were anesthetized prior to and during the experiments.

Due to the anticipated toxicity from high-dose platinum

therapy, animals that received high-dose oxaliplatin

(n = 3) or high-dose cisplatin (n = 2) underwent planned

euthanasia at the end of the experiment. In addition, one

animal was euthanized following carboplatin administra-

tion due to complications of a subcutaneous leak in the

chronically indwelling central venous catheter and intrac-

table seizures in the postoperative period.

Drugs

Drugs were obtained commercially and diluted in 5%

dextrose or 0.9% saline for infusion. Oxaliplatin (Sanofi

Synthelabo, Bedford, OH) 21–25 mg/kg (maximum single

dose 300 mg, human equivalent, 460–550 mg/m2) was

administered intravenously (IV) over 2 h to three animals.

Cisplatin (Bristol-Meyers Squibb, Princeton, NJ) 2 mg/kg

was administered IV over 1 h to one animal and 10 mg/kg IV

over 1 h to two animals (human equivalent, 40 mg/m2 or

200 mg/m2). The fivefold higher than standard doses of

cisplatin and oxaliplatin were required to achieve measur-

able platinum concentrations in brain microdialysate. Car-

boplatin (Bristol-Meyers Squibb, Princeton, NJ) 10 mg/kg

(human equivalent, 200 mg/m2) was administered IV over

1 h to three animals.

Standard sampling

Blood samples were drawn through a temporary saphenous

vein catheter, placed contralateral to the site of drug

administration. CSF was obtained from a temporary lumbar

catheter (n = 4), from subarachnoid fluid at the vertex

(n = 1), or from a chronic indwelling fourth ventricular

Pudenz catheter attached to a subcutaneously implanted

Ommaya reservoir (n = 4) [19]. Blood (3 ml) and CSF

(0.3 ml) samples were obtained prior to infusion, at 30 and

60 min (and 120 min for oxaliplatin) after the start of

infusion, and then 15 and 30 min and 1 and 2 h after the

end of infusion. Whole blood was immediately centrifuged,

and plasma UF was prepared by centrifuging the plasma

through a Microcon 10 kDa mol. wt. cut-off filter (Milli-

pore Corporation, Bedford, MA) at 12,000 rpm for 40 min

at 10�C. The UF was then frozen at -70�C. CSF samples

were immediately frozen at -70�C without ultrafiltration.

Microdialysis sampling

Animals were anesthetized, intubated, and immobilized in

a cranial stereotaxic unit (David Knopf Instruments,

Tunga, CA). Anesthesia was maintained throughout the
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experiment using isofluorane (1–2%). Microdialysis probes

(CMA 20, 10 mm 9 0.5 mm polycarbonate membrane

mol. wt. cut-off 20 kDa; CMA Microdialysis, North

Chelmsford, MA) were inserted into the frontal lobe of the

brain, the temporalis muscle, and a peripheral vein of each

animal using surgical techniques described previously [8].

In two animals that received carboplatin, two ipsilateral

brain probes were placed approximately 3 cm apart. For

one animal (G4), samples from each brain probe were

analyzed separately; however, for the second animal

(RQ1357), only data from a single probe is presented due

to questions regarding probe positioning and recovery. For

all other sites, a single probe was inserted.

In vivo recovery was measured for each probe using

retrodialysis prior to drug administration [29, 32]. Briefly, a

known concentration of drug (1 lM for brain, 5 lM for

muscle or blood) was perfused through each probe at a flow

rate of 0.5 ll/min. After equilibration, a sample of the

outflow dialysate was collected and the drug concentration

was measured. Recovery was calculated from the following

equation:

Recovery ¼ ½Perfusate� � ½Dialysate�
½Perfusate]

where [Perfusate] and [Dialysate] are the drug concentra-

tions in the inflow (perfusate) and outflow (dialysate) flu-

ids, respectively. Upon completion of in vivo recovery, the

probes were flushed with drug-free dialysate, equilibrated

and continuously perfused (0.5 ll/min) with Elliott’s B

solution (Orphan Medical, Minnetonka, MN) for brain

microdialysis or Lactated Ringer’s for muscle and blood

microdialysis. Microdialysis samples were collected in 1 or

2 h intervals for 4 hours after the start of drug adminis-

tration. Microdialysis samples were frozen at -70�C until

analyzed.

At the conclusion of each experiment, microdialysis

probes were removed from the tissue and in vitro retrodi-

alysis was performed to verify probe integrity. Microdi-

alysis probes were immersed in continuously mixed normal

saline at 38�C and perfused with a known concentration of

drug (1 lM for brain, 5 lM for muscle or blood) at a flow

rate of 0.5 ll/min. In vitro recovery was determined as

described for in vivo recovery.

Sample analysis

After systemic administration of cisplatin, carboplatin, or

oxaliplatin, inactive protein-bound elemental platinum in

plasma is separated from low molecular weight platinum

species by ultrafiltration. Elemental platinum in plasma

UF, CSF, and microdialysis dialysates were measured with

a Perkin-Elmer AAnalyst 800 Atomic Absorption Spec-

trometer (Perkin-Elmer Corp., Norwalk, CT) with an AS

autosampler and HGA-800 graphite furnace. A 10-ll

sample was injected and the furnace was heated slowly to

2,550�C. The absorbance of atomized platinum was mea-

sured at 265.7 nm. The assay for total platinum was vali-

dated according to the FDA guidelines [2] and were

reported previously [14]. The standard curve was linear

over the range of 0.1–5 lM. The lower limit of quantifi-

cation of 0.02 lM for CSF and 0.03 lM for plasma UF and

dialysates was achieved using concentration of samples by

drying 3–59 10 ll samples on the graphite tube prior to

initiation of the furnace burn. The interday and intraday

coefficients of variation were \10%; precision and accu-

racy exceeded 80%.

The ECF free platinum concentration in each microdi-

alysis sample was calculated by dividing the measured

drug concentration in the dialysate by the in vivo recovery

at that site. The microdialysis sample is collected contin-

uously. Therefore, the measured drug concentration in the

microdialysis sample is the average concentration over the

sampling interval.

Pharmacokinetic analysis

The area under the platinum concentration–time curve

(AUC) for plasma UF and CSF was calculated over the 4-h

sampling period using the linear trapezoidal method [9].

The ECF AUC0-4h for each tissue was calculated by sum-

mation of ECF platinum concentrations multiplied by the

sampling interval. Central nervous system penetration was

calculated from the ratio of the CSF AUC0-4h to plasma UF

AUC0-4h for conventional sampling or the ratio of brain

ECF AUC0-4h to vein AUC0-4h for microdialysis sampling.

Results

Recovery

In vivo recovery measured by retrodialysis was tissue

dependent (Table 1). Recoveries were highest in the vein

ranging from 75 to 82% and lowest in the brain, ranging

from 30 to 46%. Within each tissue, recovery was similar

for the three platinum analogs, and variability in recovery

was low across animals for a given drug in each tissue

(median CV 14%).

In vitro recovery was measured by retrodialysis in each

microdialysis probe immediately following each experi-

ment and demonstrated that the dialysis membranes of all

probes were intact at the end of the experiments. In vitro

recovery was higher than in vivo recovery and ranged

from 74 to 98%. In vitro recovery did not accurately

reflect the in vivo recovery, especially for the brain

probes.
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Platinum concentrations

The AUC0-4h for each platinum analog measured by con-

ventional methods and by microdialysis is listed in Table 2

and representative concentration–time curves for each drug

are presented in Fig. 1. For all three platinum analogs,

AUC0-4h for microdialysis sampling from the vein yielded

similar estimates of the AUC0-4h as standard plasma UF

sampling (Fig. 2a). The median AUC0-4h ratio for vein to

plasma UF was 1.1 (range, 0.9–1.4). This close agreement

between plasma UF and vein microdialysis platinum

AUC0-4h validates the accuracy of microdialysis sampling

of blood for pharmacokinetic studies. The muscle and vein

AUC0-4h were also similar, indicating that free (ultrafil-

tered) fraction of these drugs is well distributed to tissues.

The median AUC0-4h ratio for muscle to vein was 0.78

(range, 0.54–1.2).

All three platinum analogs had limited distribution into

the CSF and brain (Tables 2, 3). Although CSF penetration

predicts for the limited penetration of the platinum analogs

into brain ECF, the concordance between CSF and brain

ECF measurements was poor compared to plasma UF and

microdialysis vein measurements (Table 2, Fig. 2b). The

range of the ratios of brain ECF to CSF across the three

drugs was 0.28–12, and the AUC0-4h
Brain:AUC0-4h

CSF appears to

be drug dependent. The ratio is \1 for cisplatin, 0.8–4.3

for carboplatin, and 4.7–12 for oxaliplatin, for which

CSF concentrations were substantially lower than brain

ECF concentrations measured by microdialysis (Table 2,

Fig. 2b). The CSF penetration of oxaliplatin (median,

0.3%) at the higher doses used for these microdialysis

experiments is lower than the 2.0 ± 0.2% CSF penetration

that we previously measured with standard doses (5 mg/kg)

of oxaliplatin in the same nonhuman primate model [14].

The CSF penetration of oxaliplatin from the prior standard

dose studies were recalculated using the ratio of the CSF to

plasma UF AUC0-4h (sampling interval used in microdi-

alysis studies) rather than the AUC0-24h, and the median

CSF penetration of oxaliplatin was 1.2% at the 5 mg/kg

dose (see supplementary data).

The mean AUC0-4h of oxaliplatin in plasma UF after the

higher doses (21–25 mg/kg) used in the microdialysis

studies was 4.7-fold greater than the AUC0-4h of oxaliplatin

in plasma UF at the 5 mg/kg dose in the prior study. The

lower CSF penetration (AUC0-4h
CSF:AUC0-4h

Plasma UF) at the

higher dose resulted from a less than proportional increase

in CSF oxaliplatin concentrations at the higher dose.

Table 1 In vivo recovery for microdialysis probes measured by

retrodialysis prior to drug administration for each probe in the three

tissue sites

Tissue Mean recovery (CV)

Cisplatin Carboplatin Oxaliplatin

Vein 0.75 (14%) 0.79 (17%) 0.82 (7%)

Muscle 0.57 (20%) 0.45a (28%) 0.50 (12%)

Brain 0.46 (5%) 0.30b (19%) 0.34 (30%)

Recovery is expressed as mean (coefficient of variation) for three

animals
a Recovery for one muscle microdialysis probe was excluded due to

technical problems with flow, therefore, n = 2. Recovery for the

individual probes was 0.36 and 0.54
b Recovery from four individual probes (data from one animal with

two probes inserted, data from a single probe in two animals)

Table 2 Platinum AUC0-4h in plasma UF and CSF from standard sampling methods and in vein, muscle, and brain using microdialysis sampling

for the platinum analogs cisplatin, carboplatin, and oxaliplatin

Animal Dose (mg/kg) AUC0-4h (lM h)

Plasma UF Vein Muscle CSFa Brain

Cisplatin T68 2 14 13 12 0.69 (V) NDb

R842 10 92 112 72 4.0 (S) 1.1

B9884 10 89 89 103 4.8 (V) 2.8

Carboplatin V29 10 84 109 59 4.2 (V) 3.4

RQ1357 10 136 131 NAc 2.0 (L) 3.9

G4 10 118 133 153 1.6 (V) 4.1

Oxaliplatin HH351 25 144 196 119 0.4 (L) 4.3

9SL 23 133 146 94 0.4 (L) 2.0

R829 21 112 107 110 0.9 (L) 8.6

a Letter in parentheses denotes CSF sampling site: V ventricular CSF from Ommaya reservoir, S subarachnoid CSF from the vertex, L CSF from

a lumbar catheter
b ND platinum was not detectable in dialysate
c NA not analyzed due to technical problems with flow rate that precluded calculation of in vivo recovery and measurement of tissue

concentration
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In prior studies of oxaliplatin at a 5 mg/kg dose, the

median AUC0-4h in plasma UF was 25.7 lM h (range,

15.1–41.4 lM h) and the median CSF AUC0-4h was

0.3 lM h (range, 0.2–1.3 lM h), resulting in a median

CSF penetration of 1.2% (range, 0.9–3.2%). With the high

dose of oxaliplatin, the median AUC0-4h in plasma UF was

133 lM h (range, 112–144 lM h), the median CSF AUC0-4h

was 0.4 lM h (range, 0.4–0.9 lM h), and the median CSF

penetration was 0.3% (range, 0.3–0.8%). The median brain

AUC0-4h by microdialysis was 4.3 lM h (range, 2.0–

8.6 lM h) and the median AUC0-4h
Brain:AUC0-4h

Vein was 2.2%

(range, 1.4–8.0%). In contrast, the CSF penetration of

cisplatin at a dose of 10 mg/kg (Table 3) was similar to the

CSF penetration at a dose of 2 mg/kg (4.9% for animal T68

and a mean of 3.3% in three animals from the prior study).

Adverse events

Animals that received 10 mg/kg cisplatin (n = 2) or 21–

25 mg/kg oxaliplatin underwent euthanasia at the end of

the experiment. One animal (G4) that received carboplatin

(10 mg/kg) developed perioperative complications. Upon

recovery from anesthesia, a subcutaneous fluid collection

in the neck and upper chest was noted. Fluoroscopic

evaluation of the jugular central venous catheter revealed

an extravascular fluid leak. The animal also developed

generalized seizures in the immediate postoperative period.

Serum glucose and electrolytes were normal. Seizures did

not respond to benzodiazepine therapy, and the animal was

euthanized. At necropsy, no gross or microscopic changes

related to probe insertion in the brain were observed.

Discussion

The penetration of anticancer drugs, including small mol-

ecules, into the central nervous system is limited by the

BBB. Delivery of chemotherapeutic agents to tumors

within the CNS is also influenced by breakdown of the

BBB. CSF drug penetration after systemic administration

has been used as a surrogate to estimate blood–brain pen-

etration [23, 27]. Protein levels in CSF are low, and drugs

are not protein bound in CSF. As a result, CSF drug con-

centrations do not exceed free (nonprotein bound) drug

concentrations in the plasma [20]. Microdialysis samples

free drug concentration in tissue ECF, which may differ

substantially from tissue concentration measured in a

biopsy sample that includes drug bound to protein in tissue,

intracellular drug, and drug within blood vessels in the

tissue sample.

This study was designed to compare CSF and brain ECF

free drug concentrations of the platinum analogs after

intravenous administration. Although the median CSF

penetration (AUC0-4h
CSF:AUC0-4h

Plasma UF) and median penetra-

tion into brain ECF (AUC0-4h
Brain:AUC0-4h

Vein) were\5% for the

three analogs, the concordance between these ratios was

poor when compared to the concordance between plasma

UF and vein microdialysis sampling. This may be in part

due to the variability in the sampling methods and the assay

at the low concentrations found in CSF and brain.

The CSF concentrations of oxaliplatin substantially

underestimated brain ECF platinum concentrations at the

high doses used in these experiments. CSF penetration of

oxaliplatin at doses of [20 mg/kg (range, 0.3–0.8%) was

lower than the CSF penetration at doses of 5 mg/kg

(range, 0.9–3.2%) in our previous experiments. The oxa-

liplatin (AUC0-4h
Brain:AUC0-4h

Vein) ratio at the higher dose

(median, 2.2; range 1.4–8.0) was similar to the CSF

penetration at the lower dose. Site of CSF sampling

(ventricular vs. lumbar) did not alter the CSF concentra-

tions. Dose dependence of CSF penetration was not

observed with cisplatin, which was also administered at a

fivefold higher dose for the microdialysis experiments.

Within the BBB, unsaturated active efflux transporters

with increased specificity for oxaliplatin compared to

other platinum analogs might account for the lower oxa-

liplatin brain ECF platinum concentrations at high doses

[18, 26]. In colon cancer models, the organic cation

transporters (OCT) 1 and 2 have specificity for oxaliplatin

compared to cisplatin and carboplatin [30]. However, it is

unknown if OCT 1 or 2 are located in the BBB. While a

disruption of BBB by the microdialysis probe could result

in an overestimate of drug concentration in brain ECF,

such a disturbance is unlikely to explain the higher con-

centrations of oxaliplatin in brain compared to CSF

because the AUC0-4h
Brain:AUC0-4h

Vein was similar to the ratios

for cisplatin and carboplatin.

Johansen et al. used microdialysis to measure cisplatin

and carboplatin exposures (AUC) in blood, liver, kidney,

and breast tumor xenografts of Fisher 344 rats. They

demonstrated extensive distribution of platinum analogs

into peripheral tissue [16]. Comparison of platinum expo-

sure in plasma UF, venous, and muscle microdialysis

samples in our experiments in nonhuman primates supports

extensive peripheral tissue distribution. The similarity of

drug exposure for all three analogs in muscle ECF com-

pared with blood, in contrast to the very low penetration

into brain ECF, suggests that the insertion of microdialysis

probes stereotaxically into the brain does not disrupt the

BBB in large animals [7]. Some authors have reported

increased BBB permeability around the microdialysis

probes [10, 32], but the difference we demonstrated

between platinum exposure in peripheral tissue compared

with brain tissue suggests that any disruption of the barrier

due to probe insertion is not significant in this primate

model.
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Microdialysis is a sampling method that can be used to

continuously monitor free drug concentrations in blood or

tissue ECF. To accurately quantify drug concentration in

tissue ECF from a microdialysis sample, the probe recov-

ery, which is the proportionality factor that measures the

efficiency of the probe in collecting drug from tissue ECF,

must be determined. There are several methods for esti-

mating recovery, but we have found that retrodialysis

performed prior to drug administration is an efficient and

accurate method of estimating probe recovery for phar-

macokinetic studies.

In this study, in vivo recovery was highly dependent on

the tissue in which the probe was inserted. Recovery in

brain (32–46%) was lower than in blood (75–82%). This

tissue dependence of recovery is consistent with our prior

experience with microdialysis in sampling brain ECF,

muscle ECF, and blood concentrations of zidovudine [8],

and is also similar to the experiences of other investigators

using microdialysis [11]. The variation in recovery among

tissue types emphasizes the importance of measuring

recovery in vivo in each probe to accurately quantify tissue

drug concentration from the microdialysate. Measurement

Fig. 1 Representative

concentration–time curves for

cisplatin a, carboplatin b, and

oxaliplatin c. Solid lines are the

platinum concentrations in

plasma UF or CSF using

standard sampling. Bars are the

concentrations measured using

microdialysis sampling over

each time interval. For each

drug, panel 1 is plasma UF and

vein microdialysis, panel 2 is

the muscle concentration using

microdialysis, and panel 3 is

CSF and brain microdialysis
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of in vitro recovery overestimates in vivo recovery for most

tissues because it does not account for tissue factors that

influence recovery.

Microdialysis offers several advantages for measuring

tissue drug concentrations over conventional sampling

techniques, but there are still limitations, particularly for

chemotherapeutic drugs. Plasma concentrations have been

found to correlate poorly with intratumoral concentrations,

normal tissue ECF concentrations are not necessarily

reflective of concentrations in tumors, and intratumoral

concentrations are often difficult to measure due to vari-

ability [16, 21, 30]. Tokunaga et al. reported that normal

brain ECF platinum concentrations and brain tumor ECF

platinum concentrations were markedly different after

intravenous injection of a cisplatin derivative in rats (AUC

of 311 ± 62 vs. 11 ± 3 min lg/ml), with very different

distribution coefficients (0.85 compared to 0.03) [28].

Their group found similar results for cisplatin [22]. This is

likely to be related to the increased BBB permeability

within brain tumors compared with normal brain tissue.

In conclusion, penetration of platinum analogs into CSF

and brain of nonhuman primates is low. The differences in

the CNS penetrations of the three platinum analogs are not

clinically significant. For cisplatin and carboplatin, CSF

penetration appears to be a surrogate for brain extracellular

free drug exposure.

Acknowledgment This research was supported by the Intramural

Research Program of the NIH, National Cancer Institute, Center for

Cancer Research.

References

1. (1996) Guide for the care and use of laboratory animals.

Department of Health and Welfare Publication (NIH), WD (ed).

US Government Printing Office, Washington, DC

2. (2001) Industry guidance: bioanalytical method validation (FDA

ed). US Department of Health and Human Services, Washington,

DC, pp 1–20

3. Biswas S, Burke A, Cherian S, Williams D, Nicholson J, Horan

G, Jefferies S, Williams M, Earl HM, Burnet NG, Hatcher H

(2009) Non-pineal supratentorial primitive neuro-ectodermal

tumors (sPNET) in teenagers and young adults: time to reconsider

cisplatin based chemotherapy after cranio-spinal irradiation?

Pediatr Blood Cancer 52:796–803

4. Blumenthal DT, Rankin C, Eyre HJ, Livingston RB, Spence AM,

Stelzer KJ, Rushing EJ, Berger MS, Rivkin SE, Cohn AL, Pet-

ersdorf SH (2008) External beam irradiation and the combination

Fig. 2 Comparison of standard and microdialysis sampling methods

in: a blood (plasma UF vs. vein microdialysis sampling) and b the

central nervous system (CSF vs. brain ECF microdialysis sampling).

Line represents the line of unity. Data from animal T68 that had

undetectable cisplatin concentrations in the brain ECF are not

included

Table 3 Penetration of the platinum analogs into the CNS (CSF

standard sampling or brain measured using microdialysis) expressed

as a percentage of drug systemic exposure (AUC in plasma UF by

standard sampling or vein by microdialysis)

AUC0-4h
CNS:AUC0-4h

Blood (%)

CSF:Plasma UF Brain:Vein

Cisplatin 4.4, 5.4a 1.0, 3.1a

Carboplatin 1.5 (1.4–5.0) 3.1 (3.0–3.1)

Oxaliplatin 0.3 (0.3–0.8) 2.2 (1.4–8.0)

Values represent the median (range)
a Data from two animals receiving the 10 mg/kg dose

Cancer Chemother Pharmacol (2010) 65:817–824 823

123



of cisplatin and carmustine followed by carmustine alone for the

treatment of high-grade glioma: a phase 2 Southwest Oncology

Group trial. Cancer 113:559–565

5. Bungay PM, Dedrick RL, Fox E, Balis FM (2001) Probe cali-

bration in transient microdialysis in vivo. Pharm Res 18:361–366

6. Chaurasia CS, Muller M, Bashaw ED, Benfeldt E, Bolinder J,

Bullock R, Bungay PM, DeLange EC, Derendorf H, Elmquist

WF, Hammarlund-Udenaes M, Joukhadar C, Kellogg DL Jr,

Lunte CE, Nordstrom CH, Rollema H, Sawchuk RJ, Cheung BW,

Shah VP, Stahle L, Ungerstedt U, Welty DF, Yeo H (2007)

AAPS-FDA Workshop White Paper: microdialysis principles,

application, and regulatory perspectives. J Clin Pharmacol

47:589–603

7. de Lange EC, Danhof M (2002) Considerations in the use of

cerebrospinal fluid pharmacokinetics to predict brain target con-

centrations in the clinical setting: implications of the barriers

between blood and brain. Clin Pharmacokinet 41:691–703

8. Fox E, Bungay PM, Bacher J, McCully CL, Dedrick RL, Balis

FM (2002) Zidovudine concentration in brain extracellular fluid

measured by microdialysis: steady-state and transient results in

rhesus monkey. J Pharmacol Exp Ther 301:1003–1011

9. Gibaldi M (1982) Pharmacokinetics. Marcel Dekker, New York

10. Groothuis DR, Ward S, Schlageter KE, Itskovich AC, Schwerin

SC, Allen CV, Dills C, Levy RM (1998) Changes in blood-brain

barrier permeability associated with insertion of brain cannulas

and microdialysis probes. Brain Res 803:218–230

11. Gupta A, Chatelain P, Massingham R, Jonsson EN, Hammarlund-

Udenaes M (2006) Brain distribution of cetirizine enantiomers:

comparison of three different tissue-to-plasma partition coeffi-

cients: K(p), K(p, u), and K(p, uu). Drug Metab Dispos 34:318–

323

12. Huncharek M, Kupelnick B, Bishop D (1998) Platinum analogues

in the treatment of recurrent high grade astrocytoma. Cancer

Treat Rev 24:307–316

13. Ibrahim A, Hirschfeld S, Cohen MH, Griebel DJ, Williams GA,

Pazdur R (2004) FDA drug approval summaries: oxaliplatin.

Oncologist 9:8–12

14. Jacobs SS, Fox E, Dennie C, Morgan LB, McCully CL, Balis FM

(2005) Plasma and cerebrospinal fluid pharmacokinetics of

intravenous oxaliplatin, cisplatin, and carboplatin in nonhuman

primates. Clin Cancer Res 11:1669–1674

15. Johansen MJ, Newman RA, Madden T (1997) The use of

microdialysis in pharmacokinetics and pharmacodynamics.

Pharmacotherapy 17:464–481

16. Johansen MJ, Thapar N, Newman RA, Madden T (2002) Use of

microdialysis to study platinum anticancer agent pharmacoki-

netics in preclinical models. J Exp Ther Oncol 2:163–173

17. Joukhadar C, Muller M (2005) Microdialysis: current applica-

tions in clinical pharmacokinetic studies and its potential role in

the future. Clin Pharmacokinet 44:895–913

18. Kusuhara H, Sugiyama Y (2005) Active efflux across the blood-

brain barrier: role of the solute carrier family. NeuroRx 2:73–85

19. McCully CL, Balis FM, Bacher J, Phillips J, Poplack DG (1990)

A rhesus monkey model for continuous infusion of drugs into

cerebrospinal fluid. Lab Anim Sci 40:520–525

20. Meany HJ, Fox E, McCully C, Tucker C, Balis FM (2008) The

plasma and cerebrospinal fluid pharmacokinetics of erlotinib and

its active metabolite (OSI-420) after intravenous administration

of erlotinib in non-human primates. Cancer Chemother Pharma-

col 62:387–392

21. Muller M, Brunner M, Schmid R, Mader RM, Bockenheimer J,

Steger GG, Steiner B, Eichler HG, Blochl-Daum B (1998)

Interstitial methotrexate kinetics in primary breast cancer lesions.

Cancer Res 58:2982–2985

22. Nakashima M, Shibata S, Tokunaga Y, Fujita H, Anda T, Ariz-

ono K, Tomiyama N, Sasaki H, Ichikawa M (1997) In vivo

microdialysis study of the distribution of cisplatin into brain

tumour tissue after intracarotid infusion in rats with 9L malignant

glioma. J Pharm Pharmacol 49:777–780

23. Neville K, Parise RA, Thompson P, Aleksic A, Egorin MJ, Balis

FM, McGuffey L, McCully C, Berg SL, Blaney SM (2004)

Plasma and cerebrospinal fluid pharmacokinetics of imatinib after

administration to nonhuman primates. Clin Cancer Res 10:2525–

2529

24. Raymond E, Faivre S, Woynarowski JM, Chaney SG (1998)

Oxaliplatin: mechanism of action and antineoplastic activity.

Semin Oncol 25:4–12

25. Rixe O, Ortuzar W, Alvarez M, Parker R, Reed E, Paull K,

Fojo T (1996) Oxaliplatin, tetraplatin, cisplatin, and carboplatin:

spectrum of activity in drug-resistant cell lines and in the cell

lines of the National Cancer Institute’s Anticancer Drug Screen

panel. Biochem Pharmacol 52:1855–1865

26. Sawchuk RJ, Elmquist WF (2000) Microdialysis in the study of

drug transporters in the CNS. Adv Drug Deliv Rev 45(2–3):295–

307

27. Sung C, Blaney SM, Cole DE, Balis FM, Dedrick RL (1994) A

pharmacokinetic model of topotecan clearance from plasma and

cerebrospinal fluid. Cancer Res 54:5118–5122

28. Tokunaga Y, Nakashima M, Sasaki H, Tomiyama N, Nakashima

MN, Ichikawa M, Kaminogo M, Shibata S (2000) Local distri-

bution into brain tumor and pharmacokinetics of 4-pyridoxate

diammine hydroxy platinum, a novel cisplatin derivative, after

intracarotid administration in rats with 9L malignant glioma:

simultaneous brain microdialysis study. Biol Pharm Bull

23:1491–1496

29. Wang Y, Wong SL, Sawchuk RJ (1993) Microdialysis calibration

using retrodialysis and zero-net flux: application to a study of the

distribution of zidovudine to rabbit cerebrospinal fluid and thal-

amus. Pharm Res 10:1411–1419

30. Zamboni WC, Gervais AC, Egorin MJ, Schellens JH, Hamburger

DR, Delauter BJ, Grim A, Zuhowski EG, Joseph E, Pluim D,

Potter DM, Eiseman JL (2002) Inter- and intratumoral disposition

of platinum in solid tumors after administration of cisplatin. Clin

Cancer Res 8:2992–2999

31. Zhang S, Lovejoy KS, Shima JE, Lagpacan LL, Shu Y, Lapuk A,

Chen Y, Komori T, Gray JW, Chen X, Lippard SJ, Giacomini

KM (2006) Organic cation transporters are determinants of oxa-

liplatin cytotoxicity. Cancer Res 66:8847–8857

32. Zhou Q, Gallo JM (2005) In vivo microdialysis for PK and PD

studies of anticancer drugs. Aaps J 7:E659–E667

824 Cancer Chemother Pharmacol (2010) 65:817–824

123


	Extracellular fluid concentrations of cisplatin, carboplatin, �and oxaliplatin in brain, muscle, and blood measured using microdialysis in nonhuman primates
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Animals
	Drugs
	Standard sampling
	Microdialysis sampling
	Sample analysis
	Pharmacokinetic analysis

	Results
	Recovery
	Platinum concentrations
	Adverse events

	Discussion
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


