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Abstract Paclitaxel is an important agent in the treatment
of many common malignancies. Although the symptomatic
peripheral neuropathy caused by this drug is its principal
nonhematologic toxicity, little is known about the distribu-
tion of paclitaxel within the peripheral or central nervous
system following systemic administration. In order to study
paclitaxel’s distribution in neural and extraneural tissues,
adult Sprague-Dawley rats were sacrificed 2 h after a tail
vein injection of [3H]-paclitaxel (0.03 mg/kg, 250 uCi/rat).
Samples of lung, heart, liver, spleen, kidney, skeletal
muscle, brain, spinal cord, dorsal root ganglion, and pe-
ripheral nerve were then removed and snap-frozen. These
tissues were sectioned at 10 um in a cryostat and exposed to
autoradiography film for 2 weeks. The distribution and
concentrations of [3H]-paclitaxel in plasma, urine and
cerebrospinal fluid were also determined using liquid scin-
tillation spectrometry. [3H]-Paclitaxel concentrations (and
organ/plasma concentration ratios) in plasma, urine and
cerebrospinal fluid were 2.6 nM (1), 38 oM (15) and
0.7 nM (0.3), respectively. A relatively homogeneous dis-
tribution of [3H]-paclitaxel was observed in liver [412 nM
(151)], spleen [351 nM (133)], heart [319 nM (117)], lung
1268 nM (93)] and muscle [69 nM (26)]. Higher concentra-
tions of [3H]-paclitaxel were noted in the portal triads
[869 nM (361)], glomeruli [797 nM (304)], and renal
medulla [96]1 nM (363)], which may reflect biliary excre-
tion and glomerular filtration. A high concentration of [3H]-
paclitaxe] was also noted in the choroid plexus [432 nM
(167)], but [3H]-paclitaxel was not detected in the brain
parenchyma, spinal cord, dorsal root ganglion, peripheral
nerve, or the testicles. The pathogenesis of paclitaxel-
induced neurotoxicity remains obscure given its limited
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distribution in the nervous system. In addition, these results
suggest that systemically administered paclitaxel is not
likely to be effective for the treatment of malignancies in
the testes or the nervous system.
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Introduction

Peripheral neurotoxicity is the principal nonhematologic
toxicity of paclitaxel [12, 20, 27], the prototypic taxane
agent which has demonstrated significant antineoplastic
activity in patients with advanced ovarian [13, 18, 25],
breast [9, 16], lung [3, 6], and head and neck [7] cancers.
This is likely to result from the formation of unusually
stable and dysfunctional microtubules that occur following
administration of this agent [23]. Most patients receiving
repeated courses of paclitaxel at conventional doses
(135-200 mg/m? over 24 h) will develop a symptomatic
peripheral neuropathy [4, 12, 26, 27]. This is generally
profound in patients receiving multiple courses of pacli-
taxel at doses above 250 mg/m? administered over 3 or 24 h
[22, 24}. In addition, a peripheral neuropathy is the dose-
limiting toxicity when paclitaxel is given as a single agent
or with cisplatin at higher doses in combination with
hematopoietic colony-stimulating factors [20, 22].

Paclitaxel produces primarily a sensory and motor
polyneuropathy and only rarely do manifestations of auto-
nomic or central nervous system dysfunction occur [19].
The available data suggest that paclitaxel produces a toxic
effect on axons or ganglion cell bodies, or both, rather than
a myelinopathy [21]. The time course of paclitaxel-induced
neurotoxicity is variable and is related to dose level and the
cumulative dose administered. While the relative incidence
of neurotoxicity with a 3-h versus a 24-h paclitaxel infusion
is not yet clear, the dose-limiting toxicity at the maximum
tolerated dose is neurotoxicity with both schedules of
admunistration [24].
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Despite the clinical importance of paclitaxel-induced
neurotoxicity and the prominent activity of paclitaxel in
tumors that commonly metastasize to the central nervous
system (e.g. breast and lung carcinomas), there is limited
information regarding its penetration into the central or
peripheral nervous system. Understanding paclitaxel’s pe-
netration across the blood-brain and blood-nerve barriers
may facilitate the development of strategies to prevent
neurotoxicity or to enhance drug delivery into the central
nervous system in patients in whom that is appropriate.

This study was designed to quantify the tissue distribu-
tion of paclitaxel following intravenous administration in
rats. [3H]-Paclitaxel was administered and quantitative
autoradiography from thin sections of various neural and
non-neural tissues was performed. [3H]-Paclitaxel concen-
trations, tissue-to-plasma concentration ratios, and the local
distribution of the radiolabelled drug were determined in
each tissue that was evaluated.

Materials and methods

Preparation of [3H]-paclitaxel for injection

[3H]-Paclitaxel in toluene (specific activity 23 Ci/mmol) was obtained
from Moravek Biochemicals (Brea, Calif.) and stored at —70 °C. This
preparation contained a mixture of [3H]-paclitaxel species with
tritium labels distributed throughout the taxane ring, aromatic rings,
and the C-13 side chain. On average, each paclitaxel molecule
contained =1 tritium label. The [*H]-paclitaxel was prepared for
infravenous administration by allowing the drug to warm to room
temperature and then evaporating the toluene under a stream of
nitrogen gas. The [3H]-paclitaxel was resuspended in DMSO or 10%
ethanol/10% Cremophor EL (polyoxyethylated castor oil, Sigma
Chemical Company, St. Louis, Mo.) (v/v) in 0.9% saline and stored
at —20 °C. Thin layer chromatography (silica gel plate; 1:1 acetoni-
trile/methanol solvent) of the resuspended tritiated compound demon-
strated similar radiolabelled drug activity and migration in the DMSO,
Cremophor, and toluene solvents.

Administration of intravenous [3H]-paclitaxel

All animal care and experiments were performed in accordance with
the guidelines set forth by the Animal Care and Use Committee of the
Johns Hopkins Medical Institutions. Four male Sprague-Dawley rats
(280-312 g) were anesthetized with inhaled Metafane (Pitman-Moore,
Washington Crossing, N.J.) and given 10 pg (0.03 mg/kg) of [*H]-
paclitaxel by tail vein injection. The first rat received 125 pl [3H]-
paclitaxel (250 puCi) in DMSO followed by 375 ul of 0.9% saline over
1~2 min. This produced ataxia and sedation which resolved 1 h after
the injection. This rat was sacrificed 2 h following injection with an
intraperitoneal injection of pentobarbital. Ataxia and sedation of a
similar degree and duration were seen in a control rat given the DMSO
solvent alone. Thereafter, rats were treated with tail vein injections of
250 uCi of [3H]-paclitaxel in 250 pul Cremophor vehicle followed by
250-300 1 0.9% saline to flush the injection line. These animals did
not exhibit ataxia or sedation and were sacrificed 2 h after drug
administration with an intracardiac injection of pentobarbital. Imme-
diately after death, the heart, lungs, liver, spleen, kidneys, testes, brain,
cervical spinal cord, sciatic nerve, lumbar dorsal root ganglia (L4-16),
and a wedge of hindlimb skeletal muscle were removed and snap-
frozen in hexane at —40 °C. All tissues were stored at —20 °C prior to
sectioning.

Samples of blood, urine and cerebrospinal fluid were also collected
at the time the animals were sacrificed. Whole blood samples were

placed in glass tubes containing lithium heparin and centrifuged at
2500 rpm for 10 min. Plasma was removed and stored in polypropylene
tubes at —20 °C. Urine and cerebrospinal fluid were centrifuged in
polypropylene microcentrifuge tubes for 3 min and stored at —20 °C.

Preparation of tissues for quantitative autoradiography

PFrozen organs and tissue samples were mounted on cryostat chucks
with embedding matrix (OCT Compound; Miles, Elkhart Ind.) and cut
into 10 wm sections in a cryostat (Hacker Instruments, Fairfield, N.J.)
at —17 °C. Six pairs of consecutive sections were randomly selected
from each organ or tissue sample. One section from each pair was
mounted on a gelatin-coated slide and stained with hematoxylin and
eosin for histologic review. The second section was thaw-mounted on a
gelatin-coated glass slide warmed to 60 °C and was used for quanti-
tative autoradiography. Slides for autoradiography were heat-fixed on a
slide warmer for 15 min after preparation.

Tritium standards (Amersham Corp., Arlington Heights, Ill.) with
eight levels of activity (6660 to 244, 200 dpm/mg tissue) and the slides
containing the tissue sections for quantitative autoradiography were
placed against tritium-sensitive film (Ultrofilm; Leica, Deerfield, I11.)
in an X-ray cassette and exposed for 2 weeks at room temperature. The
films were developed for 5 min at room temperature (D-19 Developer;
Kodak, Rochester, N.Y.), placed in a stop bath (Kodak) for 30 s,
immersed in fixer (Kodak) for 5 min and exposed to flowing room
temperature water for 10—15 min. They were then rinsed in Photo-Flo
200 (Kodak) and allowed to air dry.

Quantitative autoradiography analysis

The autoradiographs and tritium standards were digitized on an RAS-
R1000 Receptor Autoradiography Analysis System (Loats Associates,
Westminster, Md.). The optical densities of the tritium standards were
corrected for background and used to generate a curve to convert
optical density data into disintegrations per minute per milligram of
tissue. A power function using least-squares regression of the optical
densities of the tritinum standards provided the highest coefficient of
determination (r2 > 0.99). Using the known specific activity of [3H]-
paclitaxel, disintegrations per minute per milligram of tissue were
converted into femtomoles of paclitaxel per milligram of tissue or
nanomolar concentrations.

Four autoradiographic images from different regions of each organ
or tissue sample were digitized from each animal. The optical densities
of these images were used to calculate organ or tissue mean and
regional [3H]-paclitaxel concentrations. The optical density of the
entire specimen was averaged in organs or tissues with homogeneous
drug distribution as evidenced by minimal variation in the optical
density of the autoradiographic image. For tissues with significant
regional differences in [3H]-paclitaxel distribution, such as the kidney,
the average optical density of each region of interest was calculated
separately.

In these experiments, the optical density of the least-active tritium
standard was equivalent to a [3H]-paclitaxel concentration of approx-
imately 100 nM. However, tissues with a [3H]-paclitaxel concentration
=30 nM were reproducibly visualized and measured by the digitizing
software. Despite the use of a 0-nM standard- (background), [3H]-
paclitaxel tissue concentrations between 30 nM and 100 nM fell on the
tail of the standard curve and were therefore subject to greater
measurement error.

Plasma, urine and cerebrospinal fluid analysis

Samples of plasma, urine and cerebrospinal fluid were allowed to
warm to room temperature prior to analysis. ACS scintillation cockail
(15 ml) (Amersham, Arlington Heights, 1I1.) was added to duplicate
samples of each body fluid (100 pl plasma, 25-50 ul urine, or 25 pl
CSF). Samples were counted in a Beckman LS8000 Liquid Scintilla-
tion Counter (Beckman Instruments, Columbia, Md.) for 1 min. Counts
per minute were converted to disintegrations per minute using a
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counting efficiency of 50% which was determined by counting 3H
standards. The concentration of [3H]-paclitaxel in each fluid was
calculated using the known specific activity of the administered
[3H]-paclitaxel.

Table 1 [3H]-Paclitaxel Organ concentrationsz and organ-to-plasma
concentration ratios in the rat 2 hours after a tail vein injection (250 uCi,
0.03 mg/kg). The concentration values are the means (and SD) of the
averages from each animal (ND none detected)

Tissue nM (SD) Organ/plasma
(SD)
Plasma 2.6 (0.5) 1
Urine 38 (15) 15 (5
Cerebrospinal fluid 0.7 (0.2) 0.3 (0.1)
Nervous system
Cerebrum ND ND
Choroid plexus 432 (203) 167 (51)
Spinal cord ND ND
Dorsal root ganglion ND ND
Testes ND ND
Muscle 69 (25) 26 (5)
Lung 268 (95) 93 (34
Heart 319 (184) 117 (54)
Spleen 351 (210) 133 (64)
Liver
Average 412 (279) 151 (843
Porta] triad 869 (75) 361 (48)
Kidney
Average 484 (274) 183 (82)
Renal cortex 251 (120) 94 (34)
Glomerulus 797 (214) 304 (40)
Renal medulla 961 (462) 363 (133)

3 Pour autoradiographic images from different regions of each organ
or tissue sample were digitized from each animal and averaged.

Fig. 1 A-D H&E-stained sections (A, B) and the corresponding
autoradiographs (C, D) of the heart (A, C) and kidney (B, D) of a
rat, 2 h after a tail vein injection of [3H]-paclitaxel (0.03 mg/kg,
250 uCi). The autoradiograph of the heart (C) demonstraies homoge-
neous [3H]-paclitaxel distribution while in the kidney (B, D) the renal
medulla (me) and glomeruli contain significantly higher [3H]-paclitaxel
concentrations than the renal cortex (¢) (v ventricles, m myocardions)

Results

[3H]-Paclitaxel tissue concentrations and tissue-to-plasma
ratios for the tissues and body fluids examined are dis-
played in Table 1. The observed counts-per-minute of the
individual urine, plasma and CSF samples (and the count-
ing error for those samples as calculated by the scintillation
counter) were 20,200-40,432 (£ 1.7-1.8%), 22587772
(x 2.2-42%), and 337-547 (£ 8.5-10.8%), respec-
tively.

The highest concentrations of [3H]-paclitaxel were noted
in the liver, spleen, heart, lung, and kidney. Organ-to-
plasma concentration ratios of 94 to 183 were found in
these tissues 2 h after drug administration. In contrast, [3H]-
paclitaxel could not be detected in brain parenchyma,
cervical spinal cord, lumbar dorsal root ganglia, sciatic
nerve, or the testes of the experimental animals. Quantita-
tive autoradiographic image analysis revealed a relatively
homogeneous disiribution of {3H]-paclitaxel throughout the
heart (Fig. 1a, c), most of the liver parenchyma, spleen, and
skeletal muscle. The drug was also distributed homoge-
neously throughout lung parenchyma, but was absent in
alveolar airspaces.

In contrast, several organs contained regions of higher
[*H]-paclitaxel concentrations. Within the kidney, two weli-
demarcated, homogeneous zones of increasing [3H]-pacli-



corresponded to the renal cortex and medulla as assessed
by light microscopy. In addition, numerous small foci of
high [3H]-paclitaxel concentration were distributed
throughout the outer cortex of the kidney. These regions
were identified as glomeruli by light microscopy (Fig. 2b,e).
Within the liver, foci of higher [3H]-paclitaxel concentra-
tions corresponded to the portal triads (Fig. 2a,d). High
[3H]-paclitaxel concentrations were also noted in the chor-
oid plexus of the fourth ventricle in the brain of these
animals (Fig. 2c,f).

Discussion

These quantitative autoradiographic studies provide a un-
ique view of the tissue distribution of systemically admi-
nistered [3H]-paclitaxel. They demonstrate that this agent is
widely distributed with high concentrations and high tissue-
to-plasma concentration ratios in a broad range of tissues 2 h
after intravenous administration in rats. These results are
consistent with those reported by Klecker et al. who
performed tissue distribution studies in rats using organ-
digest methods and a 6-h continuous infusion of 2 mg/kg of

L

Fig. 2 A~F Regions of high [3H]-paclitaxel concentration 2 h after a
tail vein injection (0.03 mg/kg, 250 puCi) in the rat. H&E-stained
sections (A, B, C) and the corresponding autoradiographs (D, E, F) of
a portal triad (A, D), glomeruli (B, E) and the choroid plexus of the
fourth ventricle (C, F) are shown (& hepatic parenchyma, pt portal
triad, g glomerulus, ¢ cerebellum, ¢p choroid plexus, m midbrain

[3H]-paclitaxel [11]. High tissue-to-plasma concentration
ratios were noted in liver, kidney, spleen, lung and heart
while negligible concentrations were found in brain and
testes.

Both quantitative autoradiography and organ-digest
studies are useful in quantifying the tissue distribution of
radiolabelled drugs like paclitaxel. However, quantitative
autoradiography allows visualization and quantification of
drug distribution within tissues of interest. The study
reported here reveals increased [3H]-paclitaxel within portal
triad, glomerulus, renal medulla, and choroid plexus.

The demonstration of high [*H]-paclitaxel concentra-
tions within the portal triads of the liver in this study is
consistent with reports indicating that hepatic metabolism
and biliary excretion is a principal mechanism of paclitaxel
elimination [14]. Monsarrat et al. demonstrated that biliary
excretion of parent compound and several hydroxylated
metabolites accounts for 40% of total drug disposition 24 h



after intravenous administration in rats. In contrast, only
10% of the administered drug was recovered as the parent
compound in rat urine over this same period, and urinary
metabolites were not detected. Although high concentra-
tions of [3H]-paclitaxel were found in the kidney and urine
in this study, data from a single sampling point post-
treatment cannot be used to reliably assess the significance
of cumulative renal [3H]-paclitaxel disposition over time.

The accumulation of [3H]-paclitaxel in the choroid
plexus and not within the brain parenchyma demonstrates
that, despite its lipid solubility, paclitaxel entry into the
central nervous system is impeded by the blood-brain
barrier. This observation is supported by other studies
cvaluating the tissue distribution of paclitaxel in mice
and rats [5, 11]. In humans, the only data on the penetration
of this agent within normal brain come from a single report
in which paclitaxel could not be identified in the cere-
brospinal fluid of patients with leukemia following high-
dose (390 mg/m?) intravenous administration [17]. Addi-
tionally, central nervous system toxicity has only rarely
been reported in patients who have received this agent [18,
19].

The inability to detect [3H]-paclitaxel within the periph-
eral nervous system in this study is of interest in view of the
clinical neurotoxicity induced by this agent. There are
several possible explanations for this apparent discrepancy.
First, it is possible that the concentration of paclitaxel
within the nervous system was lower than the lower limit
of detection of this quantitative autoradiographic approach.
Second, plasma [3H]-paclitaxel concentrations may not
have been sufficiently high or sustained to promote the
diffusion of drug across the blood-nerve barrier in these
experimental animals. The blood-nerve barrier is similar to
the blood-brain barrier. Uncharged, low molecular mass,
lipid-soluble compounds diffuse through the lipid bilayer of
the perineurium and the nonfenestrated endothelium of the
endoneurial vasculature [15]. This diffusion is known to be
concentration dependent [15] and therefore limited by the
absolute and cumulative plasma paclitaxel concentrations
generated in the experimental animals. An identical rela-
tionship between cumulative drug exposure and the result-
ing drug concentration in spinal ganglia and peripheral
nerves has been reported for cisplatin, another neurotoxic
chemotherapeutic agent [8].

Compounds can also reach the nerves, bypassing the
blood-nerve barrier, via uptake at the motor endplate
followed by retrograde axonal transport. This has been
noted with doxorubicin. This agent has been detected in
hypoglossal and trigeminal neurons 6 h after intramuscular
or intradermal injections into the tongue, masseter and
cheek [2]. It is not known if paclitaxel can bypass the
blood-nerve barrier in this manner or if paclitaxel concen-
trations in synaptic clefts are high enough to make this a
reasonable possibility. However, the autoradiographic stud-
ies do demonstrate measurable concentrations of paclitaxel
in skeletal muscle.

Finally, the inability to detect [3H]-paclitaxel within the
peripheral nervous system may indicate that the paclitaxel-
induced neuropathy is caused by a metabolite that does not
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contain a tritium label. This is unlikely since all paclitaxel
metabolites identified using analytical HPLC, spectrometry,
and NMR spectroscopy are mono- or dihydroxylated deri-
vatives with intact side chains at both the C2 and C13
positions [14]. In addition, the [3H]-paclitaxel preparation
used in these experiments contained a mixture of [3H]-
paclitaxel species with tritium labels distributed throughout
the taxane ring, aromatic rings, and the C-13 side chain.
However, since not all [3H]-paclitaxel molecules were
labelled in all available positions, tritium-labelled metabo-
lites may have been generated in the experimental animals
in concentrations below the limit of detection of quantita-
tive autoradiography.

[3H]-Paclitaxel distribution to rat testis was also demon-
strated to be lower than the limit of our autoradiographic
technique. This is consistent with reports from other in-
vestigators in which [3H]-paclitaxel was detected in negli-
gible amounts in the testis of rats and CD2F1 mice after
treatment [S, 11]. Haman evidence for a barrier to testicular
penetration of paclitaxel is limited to a single report of three
patients with acute myelogenous leukemia who had no
evidence of paclitaxel-induced mitotic arrest or chromo-
somal changes within the testes at their post-mortem
examination performed 1 to 27 days after treatment with
paclitaxel [10]. However, markedly reduced numbers of
germ cells (i.e. fewer cells in which to see paclitaxel-
induced mitotic arrest or chromosomal changes) were
present in the testes from these patients, presumably sec-
ondary to prior chemotherapy administration.

In summary, these autoradiographic studies demonstrate
extensive tissue binding of [3H]-paclitaxel within the liver,
spleen, kidney, heart, lung, and skeletal muscle of rats after
bolus intravenous infusion. In most organs the [3H]-pacli-
taxel was distributed homogeneously; however, high con-
centrations were found in the portal triad, glomerulus and
renal medulla which may be accounted for by substantial
biliary excretion and glomerular filtration. Drug concentra-
tion was also high in the choroid plexus. As paclitaxel was
not detected in the central or peripheral nervous system, the
etiology of the drug-induced neurotoxicity remains unclear.
A murine model of paclitaxel-induced peripheral neuro-
toxicity utilizing repeated intraperitoneal administration of
paclitaxel has been described [1]. Quantitative autoradio-
graphic analysis of the peripheral nervous system in these
animals with established neuropathies might clarify the
mechanism of this neurotoxicity.

The low concentrations of this agent within the nervous
system and the testes suggests that paclitaxel therapy may
be suboptimal in clinical situations requiring therapeutic
drug levels in these sanctuary sites. In addition, a more
thorough understanding of paclitaxel’s distribution within
the central nervous system in the presence of an intact and
disrupted blood-brain barrier is required if the activity of
this drug against primary and metastatic brain tumors is to
be pursued.
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