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Central nervous system distribution kinetics of 
indinavir in rats 

Mehrdad Hamidi 

Abstract 

The central nervous system (CNS) distribution kinetics of indinavir were extensively evaluated using
a combinational in-vivo model comprising the integration plot method (a single-passage approach)
and neuropharmacokinetic method (a multiple-passage approach). A 5 mg kg−1 dose of indinavir
was administered intravenously to rats. Blood and cerebrospinal fluid (CSF) samples and whole brain
were collected from the animals at specified time points and the drug concentration in each sample
was determined using a high-performance liquid chromatography method. For the neuropharma-
cokinetic study, the simultaneous plasma, CSF and brain concentrations were fitted to an integrated
model, which resulted in the estimation of the influx (Kin) and efflux (Kout) rate constants of the
drug to/from CSF and brain parenchyma. The integration plot method involved plotting the brain–
plasma or CSF–plasma concentration ratios (Kp,app) against AUC0→t/Cp(t), and estimating the uptake
clearance of the drug by brain/CSF from the slope of the initial linear portion of the plot. The Kin

and Kout values of the drug to/from CSF were estimated to be 2.42 × 10−2 and 13.26 × 10−2min−1,
respectively, and the corresponding values for brain parenchyma were 1.02 × 10−2 and 1.32 × 10−2

min−1, respectively. The uptake clearances of indinavir by CSF and brain parenchyma were 8.89 and
8.38 mLmin−1g−1, respectively. The permeability surface area products of the drug for the blood–
brain barrier and blood–CSF barrier were estimated as 1.05 × 10−2 and 2.45 × 10−2 mL min−1 g−1,
respectively. The estimated kinetic parameters indicated limited CNS entry of the drug because of
the limited blood–brain barrier permeability and the efficient drug efflux from CNS, particularly
from CSF. 

Since the identification of human immunodeficiency virus type 1 (HIV) as the causative
agent for acquired immunodeficiency syndrome (AIDS), a series of central nervous system
(CNS) symptoms, including numerous cognitive and motor skill deficiencies, collectively
referred to as AIDS dementia complex, have been designated as concurrent with progres-
sive immune system failure due to the HIV infection (e.g. Krebs et al 2000). In addition, the
CNS has been described as an immunological sanctuary site with the potential to act as a
viral reservoir (Pialoux et al 1997; Erickson et al 1999). 

The development of HIV protease inhibitors was a major advance in the clinical man-
agement of HIV infection and their use as a part of combinational highly active antiretrovi-
ral treatment regimens has resulted in dramatic reductions in viral load in the plasma and
many tissues of infected patients (Eron 2000). However, several studies have reported that
the CNS distribution of HIV protease inhibitors is highly restricted (Kim et al 1998; Choo
et al 2000; Haas et al 2000; Megard et al 2002), thereby limiting the therapeutic efficacy of
these drugs in the CNS (Krebs et al 2000). The limited CNS penetration of HIV protease
inhibitors is mainly attributed to the expression of P-glycoprotein (P-gp) in the blood–brain
barrier (BBB) (Kim et al 1998; Lee et al 1998; Choo et al 2000; Megard et al 2002). P-gp, a
170-KDa glycoprotein product of the multidrug resistance gene, is a member of the ATP-
binding cassette superfamily of transporters and is involved in the active efflux of a wide
variety of compounds, including pharmacologically active agents from the CNS (Tatsuta
et al 1992). In addition to P-gp, there is some evidence from an in-vitro study supporting the
role of multidrug resistance-associated protein in the limited CNS distribution of HIV pro-
tease inhibitors (van der Sandt et al 2001). 
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Indinavir is a potent HIV protease inhibitor with favourable
virological, immunological and clinical characteristics (e.g.
Gulick et al 1997). Concentration dependency has been demon-
strated for the anti-HIV activity of indinavir (Acosta et al
1999). Suboptimal concentrations of the drug in the CNS lead
to therapeutic failure as well as the emergence of drug-resistant
viral strains, despite the adequate plasma concentrations and
acceptable systemic antiviral efficacy indicators (Pialoux et al
1997; Erickson et al 1999). At present, there is limited in-vivo
data on the CNS distribution of indinavir (Kim et al 1998;
Martin et al 1999; Choo et al 2000; Haas et al 2000; Megard
et al 2002). In some of these studies (Kim et al 1998; Choo et al
2000; Megard et al 2002), radiolabelled drug was administered
to the animals, followed by measurement of the total radioac-
tivity recovered in the brain at a single or a limited number of
time points. These studies suffer from the possibility of the
occurrence of metabolite interference, particularly considering
that the drug has extensive species-specific in-vivo metabo-
lism, with N-dealkylation, N-oxidation and hydroxylation reac-
tions being more remarkable in rat, all mediated by CYP3A4, a
microsomal enzyme with extensive tissue distribution through-
out the body (Lin et al 1996; Chiba et al 1997, 2000), as well as
the limited number of time points at which the tissue radioac-
tivity recovery was measured. Another set of studies (Martin
et al 1999; Haas et al 2000) involved measurement of the simul-
taneous serum and cerebrospinal fluid (CSF) drug concentra-
tions in HIV-infected patients during the steady state of drug
therapy. These studies cannot provide direct information about
the BBB permeability of indinavir because the drug concentra-
tion in CSF does not necessarily reflect the extent to which the
drug is able to cross the BBB. The purpose of the present study
was to characterize the transport kinetics of indinavir in the
CNS using a combinational in-vivo model comprising a single-
passage approach that estimates the CNS uptake clearance of
the drug using the plasma and tissue concentrations determined
during the early time period of drug exposure, and a multiple-
passage approach that estimates the CNS influx and efflux rate
constants of the drug using the tissue and plasma concentra-
tions throughout the full-course drug pharmacokinetic study. 

Materials 

Indinavir sulfate (ethanol solvate form, MW 757.9) was kindly
donated by Merck Research Laboratories (Rahway, NJ, USA).
Verapamil hydrochloride (racemate form), triethylamine, phos-
phoric acid (assay 85.3%), and tert-butyl methyl ether were pur-
chased from Sigma-Aldrich Canada Ltd (Oakville, ON,
Canada). Perchloric acid (assay 70%) was purchased from BDH
Inc. (Toronto, ON, Canada). High-performance liquid chroma-
tography grade water and acetonitrile were purchased from Cale-
don Laboratories Ltd (Georgetown, ON, Canada). All other
reagents used were of analytical grade and were prepared locally. 

Animals 

Male Sprague–Dawley rats (Charles River, St Constant,
Quebec, Canada), 280–300 g, were used in this study. The

animals were kept in standard cages with free access to water
and standard rat chow. A 12-h day/night cycle was used, with
lights on at 0800 hours. The protocol for the animal experi-
ments was reviewed and approved by the University of
Toronto Animal Care Committee. The animals were cared for
in accordance with the guidelines of the Canadian Council on
Animal Care. All the animal experiments were carried out in
the Faculty of Pharmacy, University of Toronto, Canada. 

Plasma protein binding 

In order to determine the unbound fraction of indinavir in rat
plasma over the plasma concentration range expected in this
study, spiked samples with final nominal concentrations of
0.5, 2.0, 8.0, and 16.0 mM were prepared by the addition of
appropriate solutions of the drug in ethanol in a volume frac-
tion of 2% to the rat blank plasma. The pooled freshly
obtained plasma sample withdrawn by cardiac puncture from
four rats was used for spiked sample preparation and, after
incubating 1-mL samples at 37°C for 30 min, a 0.5-mL por-
tion of each sample was centrifuged using a Microcon YM-10
centrifugal ultrafiltration device (Millipore, Danvers, MA,
USA) at 10 000 g and 37°C for 30 min. While this portion
was being centrifuged, the remainder of each sample (0.5 mL)
was kept incubated for another 30 min. The resulting filtrate
was kept frozen at −70°C until the drug assay time, together
with the unfiltered part. The experiment was performed in
triplicate and, for each concentration, the unbound fraction of
the drug was determined by dividing the drug concentration
in the filtrate by that of the corresponding unfiltered portion.
A series of drug solutions in phosphate buffer (pH 7.4) with
the same concentrations as the spiked plasma samples were
prepared and processed as described for determination of the
possible binding of indinavir to the ultrafiltration filter or
device. 

Drug administration 

The day before the experiments, the rats were anaesthetized
by intraperitoneal injection of a ketamine/xylazine cocktail
(ketamine 100 mg kg−1 and xylazine 10 mg kg−1) and a poly-
ethylene/silicone rubber cannula was implanted in the right
jugular vein according to a standard method (Waynforth &
Flecknell 1992). The rats were kept singly overnight to
recover. On the day of the experiments, a 5-mg kg−1 dose of
indinavir sulfate (6.6 mmol) dissolved in a saline/propylene
glycol/ethanol vehicle (5:4:1, v/v/v; 5 mg mL−1) was injected
into each rat through the cannula. The animals remained
unrestrained during the entire drug administration and sam-
pling time. At 1, 5, 10, 30, 60, 120, 180, 240, 360 and
420 min following the drug administration, the animals were
anaesthetized by injection of an anaesthetic cocktail (keta-
mine 10 mg kg−1 and xylazine 1 mg kg−1) via the cannula.
Then, a 0.1-mL sample of CSF was withdrawn by direct cis-
ternal puncture (Waynforth & Flecknell 1992) using a 25-G
needle connected to a 1-mL syringe. Immediately after CSF
sampling, a 0.5-mL blood sample was withdrawn from the
cannula into a pre-heparinized polypropylene microtube. The
animals were then decapitated and the brains were removed.
A total of 40 rats were used to collect four replicate biological
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samples at each time point. The plasma was separated by cen-
trifuging the blood samples at 1000 g for 10 min and the brain
was washed with 1 mL saline. The CSF, plasma and brain
samples were kept frozen at −70°C until the drug assay time. 

Drug assay 

A simple and highly sensitive reversed-phase high-perform-
ance liquid chromatography method was developed
(Hamidi 2006a) and used for the determination of indinavir
concentrations in rat biological samples. The whole brains
of rats were weighed (1.86 ± 0.23 g) and homogenized using
a Teflon/glass homogenizer (Caframo, model 57022
Clamp; Wiarton, ON, Canada) while suspended in 2 mL
saline. For drug analysis, to 500 mL of the brain homoge-
nates or 100 mL of plasma samples, 100 or 20 mL of perchlo-
ric acid (70%) was added, respectively, and, after vortex
mixing for 1 min, the resulting suspension was centrifuged
at 18 000 g for 10 min. To 100 mL of CSF or 100 mL of
plasma precipitation supernatant or 300 mL of brain
homogenate precipitation supernatant, prepared as
described, 20 mL of verapamil hydrochloride (internal
standard) aqueous solution (15 mM), 1 mL of KOH 4 M solu-
tion and 3 mL of tert-butyl methyl ether were added and the
resulting mixture was orbitally shaken at 1800 rev min−1 for
15 min and then centrifuged at 5000 g for 10 min. The
organic layer was separated by aspiration into a clean 13-
mL polypropylene test tube and evaporated to dryness using
a vacuum centrifuge (Centrivap Console; Labconco Co.,
Kansas city, MO, USA) in ambient temperature. Finally,
the dried sample was re-dissolved in 100 mL of phosphoric
acid 100 mM solution and 50 mL of the resulting solution
was injected onto the chromatograph. A mixture of phos-
phoric acid 50 mM aqueous solution and acetonitrile (65:35,
v/v) with a final pH of 5.5, adjusted by the addition of tri-
ethylamine, was used as the mobile phase. The analyte sep-
aration was performed by a Synergi Hydro-RP column
(150 × 4.6 mm, particle size 4 mm; Phenomenex Inc., Tor-
rance, CA, USA) in ambient temperature. The eluent was
delivered at a flow rate of 1.1 mL min−1 and the UV detec-
tion wavelength was 215 nm. The method produced linear
responses over the concentration range of 0.05 to 30 mM of
indinavir in plasma, and 0.05 to 2.5 mM in CSF and brain,
with limits of detection of 12.5 nM for plasma and CSF, and
6.25 nM for brain homogenate. The average intra- and inter-
run variations and accuracy of the method were 6.1%, 6.2%
and 101.1% for plasma, 6.4%, 6.3% and 98.7% for brain
homogenate and 8.1%, 5.9% and 100.6% for CSF, respec-
tively. The recovery of indinavir and internal standard (ver-
apamil) from all matrices tested was above 90%. 

Plasma pharmacokinetics 

Based on an initial visual inspection of the plasma concentra-
tion–time data, the pooled plasma concentration–time data
from 40 rats were fitted to a standard biexponential decline
equation using the non-linear regression fitter of SigmaPlot
5.0 software (SPSS Inc., Chicago, IL, USA): 

Cp(t) = Ae−at + Be−bt (1)

where Cp(t) is the plasma concentration of indinavir at time t,
A and B are intercepts and a and b are the slopes of the distri-
bution and elimination regression lines, respectively. The
curve fitting and parameter calculation steps were performed
on both the total and unbound plasma concentration data,
separately. 

Neuropharmacokinetics 

A method based on studies by Anderson et al (1990) and
Galinsky et al (1990) was used for the estimation of the influx
and efflux rate constants of indinavir to/from CSF and brain
parenchyma in rat. The following assumptions were made for
fitting the tissue concentration data to the neuropharmacoki-
netic model used in this study: (i) all the movements of the
drug in the system (i.e. influx and efflux) are first order proc-
esses; (ii) there are no direct relationships between CSF and
brain parenchyma in terms of the drug flux; (iii) both brain
parenchyma and CSF are homogenous and well-mixed sam-
pling compartments; (iv) there is no significant binding of the
drug to the CNS components; (v) there are no sources for
drug entry to brain parenchyma and CSF other than the circu-
lating blood; and (vi) there are no compartments receiving the
drug from CNS other than the circulating blood. 

The rate of changes in indinavir concentration in brain
parenchyma (dCpar/dt) can be expressed as: 

dCpar/dt = KinCp(t) − KoutCpar(t) (2)

where Kin, Kout, Cp(t), and Cpar(t) represent the drug influx and
efflux rate constants and plasma and brain parenchymal con-
centrations of indinavir at time t, respectively. 

The concentration of drug in brain parenchyma is deter-
mined from the apparent total brain concentration by sub-
tracting the drug concentration in the brain vascular space.
Therefore, the drug concentrations measured in brain samples
at time t (Cbr(t)) relates to the brain parenchymal concentra-
tions as: 

Cbr(t) = Cpar(t) + (VvasCp(t)) (3)

where Vvas is the fractional contribution of the volume of
plasma content of brain vasculature in the whole brain
volume. 

Integration of Equation 2 using Laplace transformation,
followed by replacing the corresponding value for Cp(t) from
Equation 1 and taking Equation 3 into account, yields:  

Using a similar set of calculations, except for the inclusion of
Equation 3, the following equation can be derived for the
concentration of indinavir in CSF:  
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where, analogous to Equation 4, Kin and Kout represent the
drug influx and efflux rate constants from blood circulation to/
from CSF, respectively. A diagrammatic representation of the
pharmacokinetic model used in this study is shown in Figure 1. 

Using the A, B, a and b values determined from plasma
pharmacokinetic analysis described earlier, the pooled brain/
CSF concentration–time data were fitted to Equations 4 and 5
using the non-linear regression fitter of SigmaPlot 5.0 soft-
ware (SPSS Inc.) and the parameters Kin, Kout and Vvas were
determined. In order to exploit the effect of plasma protein
binding on the kinetic parameters determined, two sets of
data fitting were performed separately using the pharmacoki-
netic parameters determined based on the unbound and total
plasma concentrations of indinavir. 

In order to evaluate the permeability characteristics of the
drug across the BBB and blood–CSF barrier (BCSFB), the
permeability–surface area product (PS) of indinavir was cal-
culated for BBB and BCSFB using the Kin values for brain
and CSF, respectively, according to the Renkin–Crone model
of capillary transfer (Renkin 1959; Crone 1965): 

Kin = uF (1 − e−PS/uF) (6)

where uF represents the cerebral plasma flow. The value for
uF (0.578 mL min−1 g−1) was calculated using the estimated
rat global cerebral blood flow (GCBF) of 1.09 mL min−1 g−1

(Hagendorff et al 1994) and a hematocrit (HCT) value of 0.47
in rat (Waynforth & Flecknell 1992) as follows:

uF = GCBF (1 − HCT) (7)

Graphic estimation of the uptake clearance 

In order to determine the uptake clearance of indinavir by rat
brain parenchyma and CSF, an integration plot method was

used as described by Takasawa et al (1997a). The rate of
change of the drug amount in a tissue (dX(t)/dt) can be
expressed as: 

dX(t)/dt = Cluptake × Cp(t) (8)

where, Cluptake represents the uptake clearance of the drug by
the tissue. 

Integration of Equation 8 yields: 

X(t) = Cluptake × AUC0→t (9)

where, X(t) is the amount of drug in the tissue at time t and
AUC0→t is the area under the plasma concentration–time
curve from time 0 to t. Similar to what is specified in Equa-
tion 3 for drug concentrations in brain, the following relation-
ship defines the total amount of drug per unit mass of the
brain at time t (Xbr(t)): 

Xbr(t) = Xpar(t) + (V′vasCp(t)) (10)

where Xpar(t) is the amount of drug per unit mass of the brain
parenchyma at time t. V′vas in Equation 10 is the volume
occupied by the plasma in the brain vasculature per unit mass
of the brain. Since the estimated specific gravity of brain is
approximately 1 (Ohno et al 1978), the V′vas in this equation
can be considered equivalent to the Vvas included in Equation 3. 

Equation 10 can be rewritten as: 

Xbr(t)/Cp(t) = Cluptake × (AUC0→t/Cp(t)) + Vvas (11)

Since the specific gravity of the brain is approximately 1
(Ohno et al 1978), the Xbr(t) and Xpar(t) values can be esti-
mated by Cbr(t) and Cpar(t), respectively. 

Using a similar set of calculations (except for the inclusion
of Vvas), the following equation can be derived for CSF:

XCSF(t)/Cp(t) = Cluptake × (AUC0→t/Cp(t)) (12)

Therefore, if the ratios of the drug concentrations in brain or
CSF samples at time t to the simultaneous plasma concentra-
tions (Kp,app) are plotted against the ratio of the AUC0→t to
the corresponding plasma concentrations (AUC0→t/Cp(t)), a
linear relation is expected to be obtained at the early time
intervals, with slope and y-intercept representing the apparent
tissue uptake clearance and the fractional volume of plasma
in brain vasculature, respectively (Takasawa et al 1997a). 

The extraction ratios (ER) of indinavir by CSF and brain
were determined using a classic equation (Shargel & Yu
1999): 

ER = Cluptake/uF (13)

Statistical methods 

The pooled plasma/tissue concentration–time data in the full-
course neuropharmacokinetic study from 40 rats was fitted to
a standard biexponential decline equation using the non-
linear regression fitter of SigmaPlot 5.0 software (SPSS Inc.).
The linear regression analysis in the integration plot analysis
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Figure 1 Pharmacokinetic model for central nervous system distribu-
tion of indinavir in rats. CSF, cerebrospinal fluid. 
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section was performed using Microsoft Excel 2003. The con-
centration dependency of protein binding was tested using the
non-parametric Kruskal–Wallis test. The differences between
two data groups in Table 2, when applicable as stated in the
text, were tested by the non-parametric Mann–Whitney U-test.
A level of P < 0.05 denoted significance in all cases. 

The total and unbound concentrations of indinavir upon incu-
bation of different concentrations of the drug with rat plasma
are listed in Table 1. The extent of indinavir protein binding
was found to be concentration independent (P > 0.05) (mean
unbound fraction of 47.8% ± 4.4). This binding behaviour has
been reported previously for indinavir (Lin et al 1996). There-
fore, the average unbound fraction of 47.8% was used for the
calculation of unbound plasma concentrations from the corre-
sponding total plasma concentrations. The average unbound
fraction determined in this study is somewhat higher than the
value of 30% previously reported in the same species (Lin
et al 1996), which may be attributed to differences in the
experimental conditions used (i.e. the filter type, volume of
plasma tested, incubation period and centrifugation speed).
The binding of indinavir to the ultrafiltration device was neg-
ligible at all concentrations tested (<1%). 

The concentration–time profiles of indinavir in plasma
(both total and unbound), CSF and brain parenchyma are
shown in Figure 2. The relatively high distribution and elimi-
nation rate constants of indinavir (i.e. a and b values of about
50 min−1 and 3 h−1, respectively) reflect a highly efficient dis-
position of the drug in this species, as previously reported by
Lin et al (1996). The time courses of the ratios of drug con-
centrations in brain parenchyma and CSF to the correspond-
ing plasma concentrations (Kp,app) are shown in Figure 3. The
data indicate that there is a substantial difference between
CSF and brain parenchyma in terms of the rate of equilibra-
tion of drug concentration with plasma concentrations. CSF
seems to be a fast equilibrating tissue (i.e. central compart-
ment), with a tmax of 5 min (Figure 2) and a relatively con-
stant CSF-to-plasma concentration ratio after about 10 min
(Figure 3), suggesting a high intra-tissue distribution rate
(Figure 2). On the contrary, the brain parenchymal concentra-
tion shows a slow equilibration rate with the plasma concen-
tration (i.e. peripheral compartment), with a low intra-tissue
distribution rate reflected by a tmax of 60 min (Figure 2), and

an ascending trend of the brain-to-plasma concentration ratio
until 120 min (Figure 3). 

As previously discussed, indinavir concentrations quanti-
tated in brain samples (Cbr) include both concentrations in
brain parenchyma (Cpar) and the contribution of the brain vas-
culature (CpVvas) (see Equation 3). In order to get a deeper
insight into the CNS transport behaviour of indinavir, we
used the Vvas value estimated by our neuropharmacokinetic
analysis (Equation 4) to distinguish between the Cbr and Cpar.
In fact, the concentration data shown in Figures 2 and 3 are
parenchymal concentrations calculated from the corresponding
measured brain and plasma concentrations using Equation 3. 

The time courses of Cbr and Cpar are shown in Figure 4.
These data indicate that, as expected, the contribution of the
brain vasculature drug content in the measured brain concen-
trations is higher at the early time points. This may be
explained by the highly efficient distribution and elimination

Results 

Table 1 Indinavir protein binding in rat plasma 

Data represent the mean (s.d.), n = 3. 

Nominal added 
concentration 
(mM)

Measured total 
concentration 
(mM)

Measured free 
concentration 
(mM)

Unbound 
fraction 
(%)

0.5 0.58 (0.03) 0.28 (0.02) 48.28 
2.0 2.11 (0.14) 0.98 (0.08) 46.46 
8.0 7.88 (0.75) 3.38 (0.34) 42.89 
16.0 16.09 (1.03) 8.60 (0.88) 53.45 
Mean (s.d.)   47.77 (4.40)

Figure 2 Plasma, brain parenchymal and cerebrospinal fluid (CSF)
semi-log concentration–time profiles of indinavir after intravenous
administration of 5 mg kg−1 indinavir sulfate to male Sprague–Dawley
rats (n = 4 for each time point). 
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processes of the drug in this species (Figure 2), which in turn
results in very low plasma concentrations after 60 min com-
pared with the initial time points. The concentrations of indi-
navir in CSF and brain were undetectable in samples taken
beyond the 120 and 180 min time points, respectively. 

The CNS distribution kinetic parameters resulting from
fitting the pooled CSF and brain concentration–time data of
rats to Equations 4 and 5 are listed in Table 2. As predicted,
the inclusion of two different sets of plasma pharmacokinetic
parameters, estimated using the total and unbound plasma
concentrations of indinavir, in our neuropharmacokinetic
curve-fitting procedure resulted in a significantly different
(approx. 2-fold) estimation of Kin (influx rate constant) val-
ues in the case of both CSF (P < 0.01) and brain (P < 0.05)
data, whereas the Kout (efflux rate constant) values were not
significantly different (P > 0.05 in both cases). Therefore, the
plasma protein binding should be considered in the determi-
nation of tissue transport parameters using this model. While

the estimated Kin and Kout values of the drug for brain paren-
chyma were not significantly different from each other
(P > 0.05), the corresponding values for CSF were highly dif-
ferent (P < 0.001), which reflects a substantially more effi-
cient efflux of the drug from CSF (Kout/Kin of 5.5; Table 2).
The fractional volume of plasma content of the brain vascula-
ture estimated by the neuropharmacokinetc data analysis
(0.06; Table 2) is comparable with the values of 0.04 and
0.059 reported by Anderson et al (1990) and Galinsky et al
(1990), applying the similar pharmacokinetic data analysis on
2′,3′-dideoxyinosine and zidovudine (AZT), respectively. 

The apparent PS of indinavir for the BBB and BCSFB,
estimated from Equation 6, were 1.05 × 10−2 and 2.45 × 10−2

mL min−1 g−1, respectively. These values correspond to the
permeability values of 6.77 × 10−5 cm min−1 and 3.27 × 10−4

cm min−1, respectively, considering the reported surface areas
of 155 and 75 cm2 g−1 for the BBB and BCSFB, respectively,
in rats (Keep & Jones 1990). These findings suggest greater
(i.e. approx. 5 times) apparent permeability of the BCSFB for
indinavir compared with the BBB and confirm the more
“leaky” barrier structure of the BCSFB compared with the
BBB (Fenstermacher et al 1981). Based on the permeability
value of indinavir determined for the BBB, this drug can be
considered to have relatively low BBB permeability com-
pared with the permeability values determined in-vivo in rat
for a series of about 20 compounds with diverse physico-
chemical properties (Pardridge et al 1990). The permeability
value of indinavir for the BBB obtained in this study (i.e.
6.77 × 10−5 cm min−1) is about 6-times greater than the corre-
sponding value for [14C]sucrose (1.05 × 10−5 cm min−1;
Pardridge et al 1990), a compound with one of the lowest
brain permeability values reported so far. 

Indinavir uptake clearance by rat brain parenchyma and
CSF were estimated by applying an integration plot analysis
as described by Takasawa et al (1997a). The integrated plots
of indinavir brain-to-plasma and CSF-to-plasma concentra-
tion ratios (Kp,app) versus the ratio of the AUC0→t to the
plasma concentration at time t following the intravenous
administration of 5 mg kg−1 of the drug to rats are shown in
Figure 5. As shown, the plots for both CSF and brain are lin-
ear at early time points up to 10 min. The initial linear por-
tions of the plots were used for the estimation of the apparent
uptake clearance of the drug by CSF and brain (Figure 5
inset). The linear regression analysis resulted in statistically
acceptable r values for both sampling compartments (r, F and
P values of 0.848, 25.58 and <0.001 for CSF data, and the
corresponding values of 0.815, 18.45 and 0.002 for brain
data). The kinetic parameters determined by this graphic
method for the distribution of indinavir to CSF and brain are
listed in Table 2. The ER values calculated for CSF and brain
again reflect the highly limited CNS entry of the drug. 

A series of in-vitro investigations based on cultured mamma-
lian cells demonstrated the limited BBB permeability of HIV
protease inhibitors, mainly due to the presence of P-gp in the
plasma membrane of the brain vascular endothelial cells
(Kim et al 1998; Lee et al 1998; Choo et al 2000). Although

Figure 4 Brain total measured and parenchymal concentration–time
profiles of indinavir after intravenous administration of 5 mg kg−1 indina-
vir sulfate to male Sprague–Dawley rats (n = 4 for each time point). 
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Table 2 Neuropharmacokinetic parameters of indinavir in rats after the
intravenous administration of 5 mg kg−1 indinavir sulfate to Sprague–
Dawley rats (n = 4, for each time point) 

aBased on total plasma concentration of indinavir. bBased on free plasma
concentration of indinavir. cMean (s.e.). dBased on the initial uptake
clearance data. NA, not applicable. 

Parameter Brain Cerebrospinal fluid 

Kin (min−1)a 0.54 × 10−2 (7.92 × 10−4)c 1.26 × 10−2 (9.86 × 10−4) 
Kout (min−1)a 1.31 × 10−2 (3.68 × 10−3) 13.01 × 10−2 (1.67 × 10−2)
Kin (min−1)b 1.02 × 10−2 (1.51 × 10−3) 2.42 × 10−2 (1.90 × 10−3) 
Kout (min−1)b 1.32 × 10−2 (3.73 × 10−3) 13.26 × 10−2 (1.70 × 10−2) 
Vvas (fractional) 0.06 NA 
Kout/Kin

b 1.28 5.50 
Cluptake 

(mL min−1 g−1)
8.38 (1.76) 8.89 (1.95) 

V′vas (fractional)d 0.09 NA 
Extraction ratio 0.015 0.015 

Discussion 
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cell culture based models are useful tools for evaluation of the
possible mechanisms of BBB transport as well as the factors
influencing this process, the predictability of the actual in-
vivo condition using these models is limited (Pardridge et al
1990; Megard et al 2002), mainly due to the overestimation of
the actual BBB permeability by this method (Megard et al
2002). 

A number of in-vivo models have been developed for the
quantitative evaluation of the CNS transport of anti-HIV
drugs (Anderson et al 1990; Galinsky et al 1990; Pardridge
et al 1990; Takasawa 1997a, b; Kim et al 1998; Wu et al 1998;
Megard et al 2002; Hamidi 2006a). In some of these models
(Takasawa 1997a; Wu et al 1998; Hamidi 2006a), referred to
as single-passage methods, the early stages of the brain/CSF
exposure to drug, in which the drug influx is much greater
than the efflux rate, is used for the determination of a clear-
ance parameter. Another series of methods, known as multi-
ple-passage methods (Anderson et al 1990; Galinsky et al
1990; Wang & Sawchuk 1995), involve the systemic admin-
istration of the drug to the animal and determination of the
blood, CSF and brain concentration–time profiles over a con-
siderably long time period (i.e. a full-course pharmacokinetic
study), which ultimately results in determination of the
influx/efflux rate constants. We combined the two above-
mentioned methods in this study to use the relative advantages
of both types of data analysis for extensive characterization of
the CNS transport kinetics of indinavir in rat using the same
set of data. Using this combinational approach, not only could
a series of very useful kinetic parameters be estimated for
CNS distribution of the drug, but also some invaluable
information was collected regarding the mechanism of the
drug transport to the CNS. 

The indinavir concentration builds up and declines more
slowly in the brain parenchyma than in the CSF (Figure 2).
This observation can be explained by the slower diffusion of
indinavir through the brain parenchyma and/or the presence
of high-affinity binding site(s) for the drug in this tissue. The
limited drug diffusion through the brain parenchyma is

known (Fenstermacher & Kaye 1988), but whether the drug
binds tightly to some brain component(s) remains to be evalu-
ated. In contrast, the relatively faster build up and decline rate
of CSF concentrations of the drug is attributable to the
homogenous liquid nature of this tissue together with the high
bulk flow rate of this fluid (Habgood et al 2000). Comparing
the tmax values of 5 and 60 min for indinavir in CSF and brain
(Figure 2), it does not seem likely that the drug enters CSF
via the brain parenchyma. Taking the higher Kin (P < 0.001)
and Kout (P < 0.001) values of the drug in CSF compared with
the brain parenchyma (more than 2-fold higher Kin and
10-fold higher Kout values; Table 2) into account, it seems
possible that the influx and efflux of the drug into brain
parenchyma occurs mainly via CSF. This theory is supported
by the finding that the initial uptake clearance of indinavir by
brain parenchyma compares with that of CSF (P > 0.05)
(Table 2), which reflects the possibility of the presence of
common routes for the drug influx to brain parenchyma and
CSF. On the other hand, as mentioned earlier, the apparent
Kin and Kout values estimated in this study for brain distribu-
tion of indinavir were not significantly different (P > 0.05).
This observation seems somehow unrealistic considering the
known active role of at least one efflux transporter, that is
P-gp, in the BBB transport of indinavir (Kim et al 1998; Choo
et al 2000; Megard et al 2002; Hamidi 2006b) and the limited
inherent BBB permeability of the drug (Megard et al 2002).
An explanation for the disagreement may be the involvement
of CSF in the drug movements into/from the brain paren-
chyma, which causes the estimated apparent K values to devi-
ate from their real values. Alternatively, the similar uptake
clearance of indinavir by CSF and brain parenchyma could be
explained by the presence of two independent, yet similar,
routes for drug entry to these two compartments. Finally, the
actual drug transport mechanism may be a combination of the
two above-mentioned cooperative and independent mecha-
nisms. Given the fact that there is free drug exchange
between brain interstitial fluid and CSF across the ependymal
surface (Fenstermacher et al 1981), the cooperative mecha-
nism seems more likely than the independent one. 

Since there are several carrier-mediated saturable mecha-
nisms involved in drug transport between the blood circula-
tion and CNS (Tsuji 2000), there is free drug movement
between brain interstitial fluid and CSF (Fenstermacher et al
1981), and as the brain is a heterogenous tissue consisting of
different components and intra-tissue sub-populations of
cells, the validity of the assumptions made in this model is
questionable. However, as with all mathematical models con-
structed for studies on physiological systems, we have to sim-
plify the highly complex actual mechanisms involved.
Particular care should be taken when interpreting the outputs
of this model. 

The elimination rate constant of indinavir from CSF
exceeds the corresponding tissue uptake rate constant
(P < 0.001; Table 2). This observation indicates the important
contribution of the drug efflux in the limited overall CNS dis-
tribution of the drug. Since it has been shown that indinavir is
a potential substrate for P-gp (Kim et al 1998; Choo et al
2000; Megard et al 2002; Hamidi 2006b), the higher Kout val-
ues of indinavir in CSF can be explained by the localization
of this efflux transporter in BCSFB (Wijnholds et al 2000). 

Figure 5 Graphic representation of the uptake of indinavir by rat brain
parenchyma and cerebrospinal fluid (CSF) after intravenous administra-
tion of 5 mg kg−1 indinavir sulfate to male Sprague-Dawley rats (n = 4 for
each time point). Inset: integration plot analysis of the uptake of indinavir
by rat brain parenchyma and CSF after intravenous administration of
5 mg kg−1 indinavir sulfate to rats (n = 4 for each time point). 
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The brain Kin values of indinavir obtained in this study
(Table 2), being indicative of limited brain entry of the drug,
are much higher (about 20-fold) than the corresponding val-
ues estimated for zidovudine (Galinsky et al 1990) and 2′,3′-
dideoxyinosine (Anderson et al 1990), which can be
explained by the much higher octanol/water partition coeffi-
cient (PC) of 457 for indinavir (Johnson et al 1999) compared
with the PC values of 0.055 and 0.11 reported for 2′,3′-dide-
oxyinosine (Anderson et al 1990) and zidovudine (Galinsky
et al 1990), respectively. It has been found that the brain PS of
a compound is a function of its PC and molecular weight (Mr)
(Pardridge et al 1990; Abraham & Platts 2000). According to
an in-vitro/in-vivo brain transport study (Pardridge et al 1990)
using a wide variety of compounds with different physico-
chemical properties, the in-vivo PS of a compound from rat
BBB relates to the PC and Mr values according to the for-
mula: ln(PS√Mr) = 0.54 (lnPC) − 0.13. Taking the PC (457)
and Mr (613.8) of indinavir into consideration, the formula
predicts a PS value of 0.36 mL min−1 g−1 for this drug, which
is about 35-fold higher than the PS value estimated in this
study (i.e. 1.05 × 10−2 mL min−1 g−1). The difference between
the observed and predicted values of brain PS of indinavir can
be explained by the steric hindrance owing to the molecular
structures of the lipid-mediated transport pathways, seques-
tration by the constituents of BBB (Pardridge et al 1990) and/
or the first-pass metabolism of the drug by the endothelial
cells (Anderson et al 1990). The limited in-vivo brain influx
of indinavir despite the high predicted PS of the drug has
been reported by Megard et al (2002). 

Both the Vvas and V′vas values estimated in this study
(Table 2: 6 mL/100 g from full-course neuropharmacokenetic
analysis and 9 mL/100 g from the initial uptake clearance
approach) are significantly higher than the brain vascular
plasma volumes estimated using different methods. This dif-
ference can be attributed to, firstly, the inherent method-
dependent variations in reported values for Vvas in the litera-
ture (Bereczki et al 1992), such that a wide range of values
from 0.7 mL/100 g (Smith et al 1988) to 2.5 mL/100 g (Todd
et al 1992) or even about 5 mL/100 g (Sandor et al 1986) have
been reported. The upper end of this range is around the esti-
mated value in the present study. Secondly, the presence of
some brain parenchymal regions devoid of BBB (Healy &
Wilks 1993), thus freely accessible to indinavir without
crossing BBB (Anderson et al 1990; Galinsky et al 1990), as
well as sequestration of the drug by brain vascular tissue
(Healy & Wilks 1993; Hargreaves & Pardridge 1988) may be
responsible, at least in part, for this difference. 

Conclusions 

Collectively, the results of this study indicate that the net
CNS transfer of indinavir is restricted because of both the
limited influx and more efficient efflux of the drug, particu-
larly in the case of CSF. This combinational model can be
used for extensive evaluation of possible effects of different
factors on the CNS distribution of the drugs (e.g. drug–drug
interactions). Given the fact that the overall integrity of the
BBB may be compromised as a result of HIV infection
(Wiley et al 1986), application of the data obtained using this

model for HIV-infected patients should be considered care-
fully. The model is currently being used in our laboratory for
a drug–drug interaction study on indinavir. 
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