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ABSTRACT

Optimal anticancer treatment with cell cycle-specific antimetabolites

requires maintenance of a cytotoxic drug level for a prolonged period of
time. We explored the use of multivesicular liposomes as a slow-release
depot of 1-/ÃŽ-Â»-arabinofuranosy Icytosine for intrathecal administration.
The intrathecal half-life of the liposome-encapsulated drug was 148 h, in
contrast to the half-life of 2.7 h for the unencapsulated free drug, in a
Sprague-Dawley rat model. The prolonged maintenance of a therapeutic
drug level may increase efficacy, and the elimination of the very high

peak level may decrease toxicity.

INTRODUCTION

Spinal taps for intrathecal administration of drugs are un
comfortable for patients and are time-consuming for physicians.
Even with an Ommaya reservoir in place, very frequent or
continuous administration of drugs is impractical and risky.
Since 1-0-D-arabinofuranosylcytosine is lethal to cancer cells
only when they are making DNA (1), the drug must be present
in the environment of the cancer cells for a sufficient period of
time so that all or most of the cancer cells would have attempted
to divide at least once for optimal cell kill. Unfortunately, the
half-life of l-/3-D-arabinofuranosylcytosine after an intrathecal
administration in humans is a relatively short 3.4 h (2), and
frequent or continuous intrathecal administration is difficult
and seldom done (2). Therefore, a slow-release depot prepara
tion of l-/3-u-arabinofuranosylcytosine that will maintain ther
apeutic concentration in the cerebrospinal fluid is needed.

We report here a novel use of multivesicular liposomes (3)
made from nontoxic membrane components (4) as a slow-
release microcapsule for intrathecal administration of 1-/3-D-
arabinofuranosylcytosine. Multivesicular liposomes are micro
scopic particles comprised of bilayer lipid membranes that
enclose multiple nonconcentric aqueous chambers. Liposomes
of this type have advantages over other types of liposomes (5-
10) for clinical applications in humans because the large inter
nal aqueous spaces give highly efficient incorporation of hydro-
philic drugs, rate of drug release is slow, stability in storage is
high, and production scale up is easy.

MATERIALS AND METHODS

Materials. l-/3-D-Arabinofuranosylcytosine (Cytosar-U) was a gift
from Upjohn, Kalamazoo, MI; dioleoyl lecithin, dipalmitoyl phospha-
tidylglycerol, and cholesterol were purchased from Avanti Polar-Lipids,
Inc., Birmingham, AL; triolein and L-lysine, free base, were procured
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from Sigma, St. Louis, MO; and nanograde chloroform was from
Mallinckrodt, Paris, KY. All were used without further puntiamoli.
l-i8-D-[3H]Arabinofuranosylcytosine was purchased from Amersham,
Arlington Heights, IL, and the purity was checked by high-performance
liquid chromatography. Sprague-Dawley rats were purchased from
Simonsen Laboratories, Gilroy, CA. Vortex mixer (No. S8223-1) was
from American Scientific Products, McGaw Park, IL. The stereotaxic
apparatus was obtained from David Kopf Instruments, Tujunga, CA.

Synthesis of Multivesicular Liposomes. For each batch of liposomes
prepared, 1 ml of 20 mg/ml l-/3-D-arabinofuranosylcytosine solution in
water (with pH adjusted to 1.1 with l N hydrochloric acid) was added
into a I-dram vial containing 9.3 Â¿tmolof dioleoyl lecithin, 2.1 Â¿tmolof
dipalmitoyl phosphatidylglycerol, IS /Â¿molof cholesterol, 1.8 /miol of
triolein, and 1 ml of chloroform. The vial was attached to the head of
the vortex mixer and shaken at the maximum speed for 6 min. Each
half of the resulting "water-in-oil" emulsion was individually squirted

rapidly through a narrow-tip Pasteur pipet into I dram vials, each
containing 2.5 ml of water, glucose (3.2 g/100 ml), and free-base lysine
(40 IHM),and then shaken on the vortex mixer for 3 s at the "5" setting

to form chloroform spherules. The chloroform spherule suspensions in
the two vials were transferred into the bottom of a 250-ml Erlenmeyer
flask containing 5 ml of water, glucose (3.2 g/100 ml), and free-base
lysine (40 HIM).A stream of nitrogen gas at 7 liters/min was flushed
through the flask to evaporate chloroform over 10 to 15 min at 37Â°C.

The liposomes were then isolated by centrifugation at 600 x g for 5
min and washed with 0.9% NaCl solution 3 times.

Intraventricular Studies. Intrathecal pharmacokinetic studies were
done on male Sprague-Dawley rats, 3 to 5 mo old, weighing 360 to 460
g. Rats were anesthetized with sodium pentobarbital (45 mg/kg, i.p.)
and mounted in a conventional stereotaxic frame. A mid-line incision
was made to expose the dorsal surface of the skull. A small hole (1
mm) was then drilled through the calvarium at a point 0.4 mm rostral
and 1.8 mm lateral to the bregma. The dura was torn with a sharp
needle, and a 30-gauge blunt needle tip was lowered into the brain to a
point 4.2 mm below the skull surface into a lateral ventricle. The proper
placement of the needle tip by this technique was confirmed in some
rats by infusion of Evans blue dye. Fifty Â¿/1of free unencapsulated drug
in 0.9% NaCl solution or 50 n\ of liposome suspension, both containing
l mg of l-/3-D-arabinofuranosylcytosine, were injected over 25 min
using a home-made syringe infusion pump. At the end of the injection,
the needle was removed, the skin defect was closed with a surgical
staple, and 30,000 units of hen/at hin penicillin were given i.m.

At appropriate time points, three rats per time point were sacrificed
with an overdose of sodium pentobarbital (100 mg/kg Â¡.p.),the blood
specimens were obtained from cardiac puncture, and the animals were
allowed to exsanguinate completely. The skin overlying the calvarium
was then removed, and using a bone rongeur, the calvarium was
removed carefully. A small tear was made in the underlying dura in the
frontal area without tearing the durai sinuses, and a capillary pipet was
used to obtain 20-^1 specimens of cerebrospinal fluid. The fluid was
diluted with 100 *Â¿1of 0.9% NaCl solution and immediately spun in a
Microfuge centrifuge for 1 min, and the supernatant (containing free
drug) was separated from the pellet (containing liposomes) before
storage at -20Â°C. The brain in the cranial cavity was then lifted out

with a spatula, and the cranial vault was washed thoroughly with 0.9%
NaCl solution to collect all the drug in the cranial compartment. The
spinal cord was then extruded forward into the cranial vault by inserting
in the rostral direction a 19-gauge hypodermic needle in the low lumbar
spinal canal, at a point 2.5 cm rostral to the origin of the tail, and then
pushing 0.9% NaCl solution into the canal at high pressure. The empty
spinal canal was then washed thoroughly with 0.9% NaCl solution to
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collect all the drug in the spinal canal. The brain compartment speci
mens were collected separately from the spinal canal specimens. The
amount of drug recovered at time zero (within 20 min after the end of
the injection) was 81 Â±18% (SD, n = 3) of the original amount injected.

The specimens were homogenized on ice with distilled water using a
Dounce manual tissue grinder (Fisher Scientific, Springfield, NJ),
sonicated to disrupt intact liposomes, and filtered through an ultrafil-
tration membrane (YMT membrane, No. 4104; Amicon Corp., Dan-
vers, MA). The ultrafiltrates were analyzed with a Waters and Associ
ates (Milioni, MA) high-performance liquid Chromatograph with a
280 nm detector as previously described (11).

For the calculation of half-lives, the amount in the cranial compart
ment was used, since this measurement is least prone to error and has
the smallest standard deviation. An exponential function was used to
fit the data by using the least-squares method. The qualities of fit were
good for both free and encapsulated drug experiments, as indicated by
the coefficients of determination (r2) of 0.90 and 0.96, respectively.

RESULTS

Characteristics of 1-0-D-Arabinofuranosylcytosine-containing
Multivesicular Liposomes. The average volume-adjusted size
(10) of the liposomes was 19.4 Â±6.5 (SD) urn. The percentage
of capture was 59 Â±7% (n = 12), and capture volume was 36
Â±4 n\/mg of total lipids used. Previous study has shown that
no chloroform is detectable by gas chromatography (3). The
half-life of drug leakage in 100% human plasma was 12 days.
Storage of liposomes at 4Â°Cin 0.9% NaCl solution resulted in

less than 10% leakage at 3 mo.
Intrathecal Pharmacokinetics. Following intraventricular in

jection of unencapsulated l-/3-r>-arabinofuranosylcytosine, the
amount (fig) of drug within the cranial compartment decreased
exponentially with a half-life of 2.7 h (Fig. 1). The drug encap
sulated in multivesicular liposomes escaped from the cranial
compartment with a half-life of 148 h or 6.2 days. The amount
of the drug in the spinal compartment was approximately 28%
of that in the cranial compartment, but the kinetics were essen
tially the same in both compartments.

Fig. 2 shows the drug concentrations (fig/ml) in the cerebro
spinal fluid. The free drug concentration (drug outside lipo
somes) was maintained substantially above the minimal cyto
toxic level of 0.1 pg/m\ (12) even at the 16-day point in rats
given injections of encapsulated 1-/3-D-arabinofuranosylcyto-
sine. Analysis of blood showed undetectable levels of 1-/3-D-
arabinofuranosylcytosine and the major metabolite, 1-0-D-ara-
binofuranosyluracil, at any time from rats given injections of
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Fig. 1. The amounts of 1-rf-D-arahinofuranosy Icytosine remaining within the
cranial and spinal compartments. â€¢and O, amounts in cranial and spinal
compartments, respectively, after the injection of liposome encapsulated drug,
each point representing the mean from three rats; bars, SD. â€¢and D, amounts in
cranial and spinal compartments, respectively, after injection of unencapsulated
drug, each paint from a single rat.
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Fig. 2. The concentrations of I -fi-D-arabinofuranosylcy tosine and its major
metabolite, 1-/3-D-arabinofuranosyluracil, in the cerebrospinal fluid bathing the
brain. â€¢and O, the concentrations of free (outside liposomes) 1-0-D-arabinofu-
ranosylcytosine and l-/3-r>arabinofuranosyluracil, respectively, after injection of
liposome-encapsulated drug, each point representing the mean from three rats;
burs. SD. â€¢and D, the concentrations of l-/3-D-arabinofuranosylcytosine and 1-
fl-D-arabinofuranosyluracil, respectively, after the injection of unencapsulated
drug, each point from a single rat. The triangles represent the concentration of 1-
.(n-arabinofuranosyley tosine persistent in the form of entrapped drug for the rats
given injections of liposome- entrapped drug.

either free or liposome-entrapped drug (limits of detection, 0.05

Toxicities. There were no abnormalities observed in the be
havior of rats given injections of multivesicular liposomes con
taining 1-0-D-arabinofuranosy Icytosine over the period of the
experiment. Histopathological studies of the central nervous
system on 3 rats sacrificed on Day 16 revealed no abnormalities
except for one small focus of infiltration by neutrophils in a
spinal nerve root in one rat, which was probably due to non-
sterile techniques used in intrathecal injections and liposome
preparation.

DISCUSSION

We have shown in an animal model that the encapsulation
of 1-ÃŸ-D-arabinofuranosylcytosine in multivesicular liposomes
results in a 55-fold increase in the half-life of the drug after
intrathecal administration, from 2.7 to 148 h. The free drug
concentration stays well above the minimal cytotoxic level of
0.1 Â¿ig/m1 or 0.4 /u\i (12) even at 16 days after the initial
injection. This prolonged intrathecal exposure to a cytotoxic
drug level was achieved with virtually no drug exposure for the
systemic circulation because of the high intrathecalrsystemic
concentration ratio.

Other investigators in the past have obtained quite different
pharmacokinetic results from ours after intrathecal injection of
liposomally entrapped drug. Kimelberg et al. (13) have found
the half-life of liposomal methotrexate in the cerebrospinal
fluid from the cisterna magna to be extremely short (less than
1 h) and not greatly different from the unencapsulated drug.
The extremely long half-life of liposomal l-/3-o-arabinofuran-
osylcytosine in our report could be due to the much larger size
of multivesicular liposomes (i.e., average diameter of 19.4 ^m
for the multivesicular liposomes compared to the 250- to 500-
Ã€size of small unilamellar liposomes), which may prevent bulk
flow of intact multivesicular liposomes through the subarach-
noid villi (13). Other possible explanations are the different
drugs encapsulated in the two studies, the different lipids used
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in the manufacture of liposomes, the different relative volumes
of drugs administered, and the different animal models utilized.

Although we have not been able to study the intrathecal
pharmacokinetics after delivery by the lumbar route, we expect
the result to be very similar to the findings in this study. We
believe the slow clearance of liposo nial l-/3-D-arabinofuranosyl-
cytosine would favor good distribution throughout the intrathe
cal space, since there is plenty of time for the liposomes and
free drug to disperse (matter of weeks) before the drug disap
pears. Also, since the drug-containing liposomes are heavier
than cerebrospinal fluid, there is a possibility of gravitational
effect in the distribution, which may be useful in moving the
drug rostrally after injection in the lumbar sac.

The results of this study offer the exciting possibility of a
substantially increased therapeutic index for the treatment and
prophylaxis for leptomeningeal leukemia or carcinomatosis in
humans, without the wildly fluctuating cerebrospinal fluid drug
levels where the peaks may result in toxicity and where the
subtherapeutic valleys give the opportunity for cancer cell
growth and development of drug resistance. The principle of
using liposomally entrapped drugs for intrathecal therapy can
probably be applied to other drugs as well, such as methotrexate,
/-dopa, choline, and azidothymidine.
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