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Abstract

Purpose Anticancer agents are useful for treating brain

tumors, but sub therapeutic concentrations due to decreased

blood–brain barrier (BBB) penetration limit their effec-

tiveness. This study evaluated the effect of cranial radiation

on the pharmacokinetics of irinotecan in plasma and

cerebrospinal fluid (CSF).

Methods Rats (n = 48) were treated with irinotecan

(10 mg/kg), and then administered 10 or 20 Gy or sham

irradiation as control after drug. The pharmacokinetics for

irinotecan, SN-38, and APC were measured in plasma and

CSF over 6 h. Up to 7 plasma samples per animal were

collected, and one CSF sample was collected per animal

(serial sacrifice design). Population pharmacokinetic anal-

ysis was performed with NONMEM, and radiation tested

as a covariate for the fraction of irinotecan (fCSF) entering

the CSF.

Results The estimate of fCSF (% and RSE) was 0.165

(73.5) for the control group and 0.265 (66.5) for radiation-

treated groups, respectively (P \ 0.05). Predictive check

plots showed that the model adequately described the

overall trend and variability in the observed data. The

median values of bootstrap parameters were similar to

the NONMEM estimates based on the original data set.

Conclusions These results indicate that cranially adminis-

tered radiation can increase the penetration of anticancer

agents such as irinotecan into the CSF. Studies that evaluate

radiation-fractionation, radiation-time course effect relation-

ships, blood–brain barrier and blood-tumor barrier effects for

irinotecan and other anticancer agents are warranted.

Keywords Irinotecan � Radiation � Cerebrospinal fluid �
Pharmacokinetics

Introduction

Standard treatment for brain tumors includes surgery, radia-

tion therapy, and chemotherapy; however, significant

improvement in the outcomes for patients with malignant

gliomas remains elusive. Chemotherapy is used in the adju-

vant setting for patients diagnosed with astrocytomas, ana-

plastic gliomas, and glioblastoma, and as salvage therapy for

those with the latter two. Unfortunately, drug penetration to

the brain is limited by the blood–brain barrier (BBB), resulting

in sub-therapeutic concentrations [1]. Active drugs against

gliomas include temozolomide, irinotecan, carmustine pro-

carbazine, carboplatin, lomustine, and other nitrosoureas

(NCCN Clinical Practice Guidelines, accessed July 7, 2010).

Irinotecan (CPT-11; 7-ethyl-10-[4-(1-piperidino)-1-pip-

eridino] carbonyloxycamptothecin), a topoisomerase I

inhibitor, is approved as part of first-line therapy for
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metastatic colorectal carcinoma. In addition, it has dem-

onstrated activity for pancreatic, lung, cervical cancers, and

lymphomas [2–5]. Irinotecan undergoes hydrolysis by

carboxylesterases to form the active SN-38 molecule [6],

which is subsequently inactivated by glucuronidation [7].

Irinotecan can also be metabolized by CYP3A enzymes to

form the oxidative metabolites, NPC, and APC [8, 9].

In early studies, irinotecan showed modest single-agent

activity against recurrent malignant gliomas (15% partial

response rate and 55% stable disease) [10]. Based on

activity of bevacizumab plus irinotecan against colorectal

tumors, this combination has been evaluated for the treat-

ment of recurrent gliomas. In the adult population, esti-

mated 6-month progression-free survival is 50% and

median overall survival is approximately 9 months [11].

Overall survival remains dismal, and better treatments are

needed.

Radiation therapy is often used after surgical removal of

gliomas; however, it is associated with acute and long-term

damage to the BBB and brain parenchyma [12, 13]. Fol-

lowing a single radiation dose to the brain, increases in

BBB and blood–CSF barrier (BCSFB) permeability, leu-

kocyte adhesion, and astrogliosis can occur [12, 14]. Such

physiologic sequelae might affect the pharmacokinetics of

systemically administered drugs and influence the dynam-

ics of drug exposure to the brain and CSF. Differences

between BBB and BCSFB anatomy and physiology have

been reviewed elsewhere [1, 15, 16]. The CSF is continu-

ously produced by the choroid plexus. Therefore, drugs that

enter this compartment are expected to undergo changes in

concentrations over time, at least partly in relation to CSF

turnover. Hence, one mechanism for determining the

magnitude of the affect of radiation on drug exposure to the

central nervous system is to examine the changes of drug

concentrations over time in CSF and plasma. As a test of

concept, we therefore tested single radiation dose effects on

the pharmacokinetics of irinotecan and metabolites in

plasma and CSF in an animal model. Such information

could be a useful step toward understanding the possible

importance of combined modality therapy for the treatment

of gliomas.

Materials and methods

Animals and surgical procedure

Male Sprague–Dawley rats (Charles River Laboratories,

MA), 7–8 weeks of age and weighing 200–300 g, were

used for the experiments. The study was approved by the

institutional animal care and use committee. Principles of

animal laboratory care (NIH publication No. 85–23,

revised 1985) were followed. Animals were anesthetized

by intra-peritoneal injection of 50 mg/kg pentobarbital

sodium. Body temperature was controlled (37 ± 1�C) with

a water-circulated heating mat during the course of the

experiment. One catheter was placed in the femoral artery

and a second in femoral vein. Irinotecan (Pfizer, NY, NY)

was administered via the femoral vein, and blood samples

were collected from the femoral artery. After irinotecan

administration, rats were placed into one of three treatment

groups. They were irradiated with a localized single dose

of 10 or 20 Gy to the whole brain delivered at a rate of

2 Gy/min using an Elekta (SL-25) linear accelerator (6 MV

X-rays). A circular collimator with a diameter of 1 cm was

used for irradiation. A third group served as control in

which they received a sham procedure. For CSF sample

collection, the head of the animal was immobilized in a

sterotaxic apparatus (movable z-axis) and a single sample

was collected via cistern puncture for each animal.

Drug administration and sample collection

The pharmacokinetics of irinotecan and its metabolites,

SN-38 and APC, were evaluated after administration of

single intravenous dose of 10 mg/kg of irinotecan. Only

one CSF sample was collected per animal as per the serial-

sacrifice design. The collection time of CSF sample was

varied between different animals in each treatment group

(control, 10, or 20 Gy radiation) to capture the time course

of CSF concentrations over a period of 5 h. Blood samples

(about 0.5 ml) were collected via the catheter in the fem-

oral artery at the following scheduled time points: pre,

0.25, 0.5, 1, 1.5, 2, 3, and 5 h after i.v. irinotecan admin-

istration. Blood samples were obtained only prior to

obtaining the CSF samples from each animal. Hence, the

number of blood samples was different between different

animals depending upon when the CSF sample was taken.

Blood samples were immediately centrifuged at

5.59g for 2 min. Plasma was separated and plasma pro-

teins were precipitated by the addition of 200 ll of plasma

to 800 ll of cold methanol (-30�C), followed by vigorous

agitation with vortex mixer and centrifugation at 5.59g for

2 min. The supernatant protein-free plasma was decanted

and stored at -70�C until analysis.

Determination of irinotecan and its metabolites/

pharmacokinetic analysis

Irinotecan, SN-38, and APC lactone concentrations were

analyzed simultaneously by an isocratic high-performance

liquid chromatography assay with fluorescence detection as

previously described with modification [17]. Separation

was carried out at ambient temperature on a Waters (Mil-

lipore) Nova-Pak Radial-Pak C-18, reversed phase column

(100 9 5 mm I.D., 4 lm particle size). The mobile phase,
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0.075 M ammonium acetate buffer (pH 6.4)-acetonitrile

(78:22, v/v) containing 5 mM tetrabutylammonium phos-

phate (TBAP) as the ion pairing reagent, was delivered at a

flow rate of 1.5 ml/min. The initial excitation and emission

wavelengths were 375 and 520 nm, respectively. The lower

level of quantitation was 5 ng/ml for irinotecan, SN-38,

and APC. All calibrators and quality control samples were

prepared in rat plasma (Hill Top Lab Animals, Inc.) for the

analysis of plasma samples. For CSF samples, all calibra-

tors and quality control samples were prepared using ultra

filtrate from the rat plasma using the Millipore Centrifree�

YM-30.

Pharmacokinetic modeling

The population pharmacokinetic analysis for irinotecan and

its metabolites was performed by means of nonlinear

mixed-effects modeling using NONMEM VI (GloboMax

LLC, Hanover MD) on a personal computer (Intel� Pen-

tium D processor). The first-order conditional estimation

with interaction (FOCE-I) method and ADVAN6 subrou-

tine were used for the analysis. Model selection between

competing nested models was performed by the likelihood

ratio test as well as graphical goodness-of-fit diagnostics

using R (version 2.9.0). To distinguish between competing

nested models, a significance level of 0.05 was used, which

corresponds to a decrease in OFV of at least 3.84 for 1

degree of freedom.

A sequential model building approach was used to

develop the pharmacokinetic models for plasma irinotecan;

metabolites APC and SN-38; and CSF irinotecan. One- and

two-compartment models were tested for each of the

compounds during structural model building. Models for

plasma and CSF concentration–time data were parameter-

ized in terms of clearances (CL and Q) and volumes of

distribution (V). Initially, plasma irinotecan concentrations

were analyzed and pharmacokinetic parameters were

obtained. In the next step, the model for APC concentra-

tions was developed. Next, the SN-38 model was devel-

oped. In the modeling of metabolite data, an assumption

was made that the volume of distribution of the metabolites

is same as that of irinotecan to make the model identifiable.

The individual estimates of the fraction of irinotecan

converted into APC (fAPC) and SN-38 (fSN) were con-

strained between 0 and 1 using the logistic function shown

by Eq. (1) below

fmi ¼
h � expgi

1þ ðh � expgiÞ ð1Þ

where, fmi is the fraction of irinotecan converted to a

particular metabolite in the ith individual, gi is the random

effect for the ith individual, and h is the fixed effect

parameter restricted to be greater than zero. The typical

value of fm (TVfm) in the population can calculated by the

expression h/(1 ? h). The inter-individual variability of fm

was approximated as shown in Eq. (2) [18]

SDfm ¼ TVfm � ð1� TVfmÞ � x2
fm

� �1=2 ð2Þ

where, SDfm is the standard deviation of fm in the popu-

lation and xfm
2 is the variance of the random effect, g in

Eq. (1) above.

Finally, the CSF irinotecan model was developed. Due

to model identifiability issues, the volume of CSF was fixed

to 400 ll as estimated by others [19]. In the model

development, the fraction (fCSF) of total elimination

clearance of irinotecan responsible for the transfer of iri-

notecan into the CSF compartment was estimated under the

assumption that the transfer of irinotecan into CSF does not

affect the concentration–time profile of irinotecan in the

plasma. The individual estimates of fCSF were constrained

between 0 and 1 using the logistic function. Since, only one

CSF irinotecan concentration was collected per animal in a

serial sacrifice design, the residual unexplained variability

in CSF irinotecan data was fixed to the point estimate

obtained from plasma irinotecan data in order to estimate

the inter-individual variability in fCSF. The effect of radi-

ation was tested on fCSF to determine if radiation affects the

transfer of irinotecan from plasma to CSF.

Body weight (BW) and radiation treatment were tested

in the covariate model building and were included in the

model if they were found statistically significant at 0.05

level. BW was modeled as a power function covariate

model scaled by the median BW of 251.5 g as described by

Eq. (3):

TVP ¼ h1 �
BW

251:5

� �h2

ð3Þ

where, TVP is the population estimate of the parameter,

h1 is the TVP for a rat with BW of 251.5 g, h2 describes the

steepness of the relationship between scaled BW and TVP.

The effect of radiation treatment was modeled using an

indicator variable. Radiation dose was also tested as a

covariate, and significance was evaluated with the likeli-

hood ratio test.

The inter-individual variability on the PK parameters

was modeled according to log-normal distribution as

described by Eq. (4):

Pi ¼ TVP � expðgiÞ ð4Þ

where Pi is the parameter estimate for the ith individual,

TVP is the population estimate of the parameter P (for a

typical individual) and gi is a random variable, which

accounts for the inter-individual difference between Pi and

TVP. The values of gi were assumed to come from a

normal distribution with mean of zero and variance x2.
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The residual unexplained variability in the concentra-

tions was described by a proportional error model as

described by Eq. (5):

Cij ¼ Fijð1þ eijÞ; ð5Þ

where Cij and Fij are the observed and predicted concen-

trations, respectively, in ith individual at jth time point; eij

is the random residual deviation between the observed (Cij)

and predicted (Fij) concentration. The values of eij were

assumed to be independent and come from a normal dis-

tribution with mean zero and variance r2.

Model validation

The PK model was evaluated by performing visual pre-

dictive checks and nonparametric bootstrap analysis. For

the predictive check, 500 data sets were simulated from

each model using the final model parameters. The median,

5th and 95th percentiles of the simulated concentrations

were calculated for a time period between 0 and 5 h after

irinotecan administration. Bootstrap analysis was done to

assess the stability of the PK models and to get the preci-

sion of the parameter estimates. For the bootstrap analysis,

1,000 bootstrap runs were performed using the MIfuns

R-package (Metrum Institute, CT). In this technique, each

individual was randomly sampled with replacement from

the original data set to form new data sets having the same

number of individuals as the original data set. The final

model developed from the original data set was fitted to

each of the bootstrap data sets to obtain the bootstrap

parameter estimates. Bootstrap runs with successful mini-

mization were used in further analysis. The median, 2.5th,

and 97.5th percentiles of the parameter estimates were

computed from the successful bootstrap runs and compared

to the point estimates and 95% confidence intervals from

the original data set.

Results

A total of 48 rats were used in the analysis with 12 rats in

the control group and 18 in each of 10 and 20 Gy radiation-

treatment groups. A total of 212 plasma irinotecan, 80

plasma APC, 210 plasma SN-38, and 45 CSF irinotecan

concentrations were used for the model development. The

various components of the PK model from the present

analysis are presented in Fig. 1.

Plasma irinotecan concentration–time data were best

described by a two-compartment model with inter-indi-

vidual variability on volume of central compartment (VC)

and elimination CL. High correlation was observed

between the inter-individual random effects (g) on CL and

VC, so a covariance term for the interaction between CL

and VC was introduced in the model. Introduction of

covariance resulted in a drop of 30.2 points in the OFV and

improvement in visual predictive check. Body weight

(BW) was a significant covariate for VC. The relation

between BW and VC - Iri was described by the following

model:

VC�Iri ¼ 2:97 � BW

251:5

� �

The exponent of normalized BW in the covariate model

for VC - Iri was not statistically significantly different

from 1 and hence fixed to 1 in model development. The

parameter estimates of plasma irinotecan are presented in

Table 1. The typical value of VC was found to be 2.97 l for

a rat with a BW of 251.5 g. The population estimate of

elimination half-lives for irinotecan in the distribution and

elimination phase was 0.66 and 2.4 h, respectively. The

inter-individual variability was found to be 44 and 56.5%

for VC and elimination CL, respectively. The goodness-of-

fit plots for the plasma irinotecan model are presented in

Fig. 2. Residual plots do not show any specific pattern, and

the observed plasma irinotecan data seem to be well

predicted by the model.

A one-compartment model best described APC con-

centration–time data with inter-individual variability on

elimination clearance of APC, CLAPC, and fraction of iri-

notecan metabolized to APC, fAPC. The typical value of

IrinotecanIrinotecan

SN-38SN-38

APC

VC-Iri VP-Iri

CLAPC

CLSN

CL*fSN

CL*fAPC Q1

Q2

CSF 
Irinotecan

CL*fCSF

CLCSF

CL*fex

VP-SN

Fig. 1 Pharmacokinetic model for plasma irinotecan, APC and

SN-38 and CSF irinotecan. Q1 and Q2 are inter-compartmental

clearances. VC - Iri and VP - Iri are the volume of distribution of

irinotecan for central and peripheral compartment, respectively; CLIri

is the elimination clearance of irinotecan; fAPC is the fraction of

irinotecan metabolized to APC; CLAPC is the elimination clearance of

APC; fSN is the fraction of irinotecan metabolized to SN-38; VP - SN

is the volume of distribution of SN-38 for peripheral compartment;

CLSN is the elimination clearance of SN-38; fCSF is the fraction of

irinotecan entering into the CSF compartment; and CLCSF is the

elimination clearance of irinotecan from the CSF compartment; fex is

the fraction of irinotecan eliminated by all other routes, and is equal to

(1 - fSN ? fAPC ? fCSF)
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fAPC was estimated to be 4.5% under the assumption that

the volume of distribution of APC is same as that of the

central compartment of irinotecan. The population estimate

of the APC elimination half-life was 0.35 h. The inter-

individual variability on fAPC and CLAPC was estimated to

be 64.1 and 45.8%, respectively. The goodness-of-fit plots

for the plasma APC model are presented in Fig. 3. Residual

plots do not show any specific pattern, and the observed

plasma APC data seem to be well predicted by the model.

SN-38 concentration–time data were best described by a

two-compartment model with inter-individual variability

on elimination clearance of SN-38, CLSN, inter-compart-

mental clearance, Q2 and fraction of irinotecan metabo-

lized to SN-38, fSN. The population estimate of SN-38

terminal elimination half-life was 6.2 h, which is consistent

with the previously reported values of about 4–7 h in rats

[34, 38]. The inter-individual variability on CLSN, Q2 and

fSN was estimated to be 70.5, 60.2, and 51.5%, respec-

tively. The goodness-of-fit plots for the plasma SN-38

model are presented in Fig. 4. Residual plots do not show

any specific pattern, and the observed plasma SN-38 data

seem to be well predicted by the model.

CSF irinotecan concentration–time data were best

described by a one-compartment model with inter-individual

variability on fCSF, the fraction of total elimination clearance

of irinotecan responsible for the transfer of irinotecan into

CSF. The effect of radiation was tested on fCSF. The estimate

of fCSF was 0.00165 and 0.00265 in control and radiation-

treated groups, respectively; hence, fCSF was 60% higher in

radiation-treated groups when compared to the control group

(P value \ 0.05). A statistically significant difference in fCSF

was not observed between 10 and 20 Gy groups (P = 0.34);

Table 1 Parameter estimates of plasma irinotecan, APC, SN-38, and CSF irinotecan model with the bootstrap results

Parameter

(unit)

Estimate

(RSE%)

95% CI based on

NONMEM standard errors

Bootstrap estimates—Median

[95% CI]

Plasma irinotecan

VC - Iri (L/251.5 g BW) 2.97 (8.15) [2.50, 3.44] 2.85 [1.71, 3.32]

VP - Iri (L) 1.3 (36) [0.38, 2.22] 1.46 [0.75, 3.25]

Q1 (L/H) 0.68 (37) [0.18, 1.17] 0.80 [0.48, 3.66]

CLIri (L/H) 1.75 (9.14) [1.43, 2.06] 1.73 [1.46, 1.99]

IIV - VC 44.0 (29.4) [28.6, 55.3] 44.7 [40.0, 73.5]

IIV - CLIri 56.5 (30.7) [35.6, 71.5] 56.5 [38.7, 74.8]

Covariance (VC - Iri - CLIri) 0.204 (32.9) [0.07, 0.33] 0.21 [0.11, 0.35]

RUV 25.2 (15.5) [21.0, 28.7] 24.9 [21.7, 27.8]

APC

fAPC (%) 4.5 (23.0) [2.54, 6.67] 4.56 [3.15, 6.64]

CLAPC (L/H) 5.76 (18.8) [3.64, 7.87] 5.79 [4.22, 8.15]

IIV - fAPC 64.1 (51.8) [0.0, 90.45] 61.1 [26.9, 84.3]

IIV – CL 45.8 (45.7) [14.7, 62.8] 44.7 [20.0, 63.2]

RUV 44.2 (23.3) [32.8, 53.8] 44.7 [36.0, 53.8]

SN-38

fSN (%) 36.6 (33.9) [16.2, 49.0] 36.0 [21.0, 54.0]

VP - SN (L) 157 (24.3) [81.9, 232.1] 151.6 [82.1, 254.9]

Q2 (L/h) 50.2 (20.3) [30.2, 70.2] 50.4 [26.1, 71.6]

CLSN (L/H) 27.1 (32.1) [10.0, 44.1] 25.9 [13.1, 43.4]

IIV – fm 51.5 (36.5) [27.5, 67.4] 50.0 [27.9, 67.4]

IIV - Q2 60.2 (58.8) [0.0, 88.2] 61.6 [37.4, 96.9]

IIV - CLSN 70.5 (49.1) [13.7, 98.7] 72.8 [41.2, 97.9]

RUV 35.7 (12.9) [30.8, 40.0] 35.2 [31.6, 38.9]

CSF irinotecan

fCSF (%) in control group 0.165 (73.5) [-0.07, 0.403] 0.165 [0.013, 0.652]

fCSF (%) in radiation group 0.265 (66.5) [-0.08, 0.609] 0.261 [0.021, 0.969]

CLCSF (L/h) 0.0456 (69.0) [-0.016, 0.107] 0.044 [0.004, 0.178]

IIV - fCSF 50.8 (33.4) [29.8, 65.5] 49.9 [34.5, 63.1]

RSE relative standard error, CI confidence interval, IIV inter-individual variability, expressed as CV%, RUV residual explained variability,

expressed as CV%
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hence, the comparison was done between radiation-treated

group and the control group. The inter-individual variability

on fCSF was estimated to be 50.8%. The goodness-of-fit plots

for the CSF irinotecan model are presented in Fig. 5.

Residual plots do not show any specific pattern, and the

observed CSF irinotecan data seem to be well predicted by

the model.

Model validation

The predictive check plots of irinotecan and metabolites,

SN-38, and APC, are depicted in Fig. 6. The predictive

check plots show that the model has adequately described

the overall trend and variability in the observed data and

do not indicate model misspecification. No systematic
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deviation was observed between the observed and simu-

lated data.

In the bootstrap analysis, 927, 938, 796, and 887 runs of

plasma irinotecan, APC, SN-38, and CSF irinotecan,

respectively, were minimized successfully. The medians of

bootstrap parameter estimates were similar to the NON-

MEM estimates based on original data set. Some of the

parameter estimates based on original data set had relative

standard error (RSE) greater than 50%, consequently their

asymptotic confidence intervals include zero; however,

none of the bootstrap confidence intervals include zero

(Table 1). Overall, the bootstrap confidence intervals for

the rest of the parameters are similar to the asymptotic

confidence intervals based on NONMEM estimates.
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Discussion

Drug concentrations are easier to measure in CSF than in

brain tissue in both clinical and preclinical settings; hence,

CSF is a commonly used measuring site for drugs that act

in the central nervous system. CSF drug concentrations

may be directly relevant if the drug target sites in brain are

in close contact with the ventricles, otherwise they will not

necessarily provide useful information [20]. As mentioned

previously, cranial radiation has been found to increase

both BBB and BCSFB permeability. Hence, based on our

results, we could expect that the concentration of irinotecan

could also increase at the brain sites more distant from

ventricles due to increase in BBB permeability; however, it

would require further testing.

The CSF fills the complex interconnected ventricular

cavities within the brain, the ventricles, and subarachnoid

space (SAS) around the brain. This fluid is produced

mainly by the choroid plexuses of the lateral and third

ventricles, percolates downward into the fourth ventricle, to

the roof of which is attached more choroidal tissue and then

egresses into the cisterns at the brain’s base. Thereafter, the

CSF is convected posteriorly and downward around the

spinal cord, the subarachnoid space, as well as upward over

the cerebral hemispheres. Finally, CSF passes from the

subarachnoid space into venous blood. Solutes, including

drugs, enter into the ventricular CSF through epithelial cells

of the choroid tissue by transcellular and paracellular pro-

cesses and leave CSF passively at the rate of CSF turnover

[21, 22].

The estimate of fCSF in the CSF irinotecan model can be

interpreted in terms of percentage of the administered dose

of irinotecan entering into CSF, which was 0.165 and

0.265% in control and radiation-treated groups, respec-

tively. These values depend on the value of CSF volume;

however, the effect of radiation does not depend on vol-

ume. Since we fixed the value of CSF volume (400 ll), it

would not affect the inference regarding the effect of

radiation on fCSF. Qin and colleagues reported up to

threefold increase in the permeability of methotrexate in

CSF after administration of 20–40 Gy dose of cranial

radiation as a daily fraction of 2 Gy with five fractions per

week in patients with brain tumors [23]. Increase in BBB

permeability has been shown to occur as early as 2 h after

Fig. 6 Visual predictive check plots of plasma irinotecan, APC, SN-38 and CSF irinotecan models. Open circles are observed concentrations
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cranial irradiation with maximum increase occurring 24 h

after irradiation with 20 Gy dose in rats [14]. However,

information on the time-course of radiation-induced chan-

ges in BCSFB permeability is lacking. The extent of

increase in BCSFB permeability could depend upon the

time after irradiation and also on the dosing schedule of

radiation (e.g., fractionation), which could explain the

modest increase in BCSFB permeation in our study com-

pared to up to threefold increase reported by Qin [23].

We did not observe a statistically significant difference in

fCSF between 10 and 20 Gy radiation groups, which could

be either due to timing of maximum permeability of the

BCSFB within the duration of the experiment or the

BCSFB permeability reached its maximum value at or

below 10 Gy dose of radiation. Irinotecan is also a known

radiation sensitizer [24, 25]. Therefore, there may be

enhanced antitumor effects when radiation is administered

immediately after irinotecan. Others have shown that both

irinotecan and SN-38 are substrates for the P-glycoprotein

and MRP1 drug transporters [26, 27]. In addition, SN-38

has also been shown to be a substrate for the BCRP and

OATP class of drug transporters [28, 29]. P-glycoprotein

OAT3, MRP1, and MRP4 expression has been found in the

choroid plexus at the BCSFB in rats as well as humans. P-

glycoprotein and OAT3 are expressed in the proximity of

the apical membrane of the choroid plexus, resulting in the

transport of substrates into and out of the CSF, respec-

tively. On the other hand, MRP1 and MRP4 are expressed

on the basolateral side of the endothelium, resulting in the

transport of substrates into the blood from the CSF [16,

30]. The presence of these transporters could also result in

alteration in the exposure of irinotecan and SN-38 in brain.

Irinotecan undergoes hydrolysis by carboxylesterases

(CESs) to form the active metabolite SN-38, which is highly

protein-bound in plasma. Under the conditions that we tes-

ted, SN-38 concentrations in CSF remained below the limit

of quantitation of our assay regardless of radiation-treatment

group. High plasma protein binding could limit direct pen-

etration of the SN-38 molecule. Two major human CESs,

hCE-1 and hCE-2, have been identified in human tissues.

hCE-1 is highly expressed in liver, lung epithelia, heart, and

testis. hCE-2 is present in the small intestine, colon, kidney,

liver, heart, brain, and testis [31]. A brain-specific CES, hCE-

3, has also been identified in the brain capillary endothelial

cells [32]. It is not clear that CNS enzyme activity would be

sufficient to produce higher SN-38 concentrations sub-

sequent to higher irinotecan penetration.

In the present study, an intravenous dose of 10 mg/kg of

irinotecan was used, which results in maximum plasma

irinotecan lactone concentrations similar to that observed

in patients with cancer at clinically used doses of irinotecan

[33]. Irinotecan concentration–time profiles were best

described by a 2-compartment model. Body weight was

found to be a significant covariate for the volume of dis-

tribution of irinotecan in the central compartment, while

elimination clearance of irinotecan was found to be inde-

pendent of body weight. The estimates of elimination

clearance and volume of distribution of irinotecan are

similar to the previously reported values in rodents [34–

36]. APC concentration–time profile was best described by

a one-compartment model, which is consistent with the

previous reports in humans [37]. SN-38 concentration–time

profile was described by a two-compartment model, which

is consistent with the previous reports in rodents as well as

humans [36, 37]. In general, the population fit data were

not as good as the individually predicted fits. The model

tended to underestimate the high concentrations, and this

could be due to the high variability in plasma concentra-

tions observed at the first time point. The results were

similar, regardless of the initial estimate values tested;

therefore, local minima effects on volume estimates were

unlikely.

In summary, a population pharmacokinetic model was

developed for irinotecan and its metabolites SN-38 and

APC in rats. The final population pharmacokinetic model

was judged adequate by visual predictive check and boot-

strap analysis. The fraction of the administered dose of

irinotecan entering into CSF was found to be about 60%

higher after cranial radiation treatment when compared to

the control group. Other drugs are expected to behave

differently (pharmacokinetics) than irinotecan to radiation-

induced perturbation of the CNS. Even though SN-38 was

not detected in CSF, our studies reveal that irinotecan

could be useful as a compound to evaluate the next relevant

set of investigations such as radiation fractionation-effects

on drug penetration (on BCSFB), radiation-time course

effect relationships, BBB and blood tumor barrier effects.
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