Cancer Chemother Pharmacol (2011) 68:531-538
DOI 10.1007/s00280-010-1522-7

ORIGINAL ARTICLE

Safety and pharmacokinetics of intrathecal administration

of pemetrexed in rats

Jong-Mu Sun - Mi Hyun Nam - Jae Yong Chung -
Bohee Im * Soo-Youn Lee - Youn-Lim Suh -
Jin Seok Ahn - Keunchil Park - Myung-Ju Ahn

Received: 18 August 2010 / Accepted: 4 November 2010 / Published online: 25 November 2010

© Springer-Verlag 2010

Abstract

Purpose Leptomeningeal carcinomatosis is a devastating
complication of malignant disease. In this study, we evalu-
ated the safety and pharmacokinetics of intrathecally
administered pemetrexed in rats.

Methods Three levels of pemetrexed (0.3, 1, and 3 mg/kg)
were administered to 15 rats per level (45 rats in total)
twice a week for 2 weeks through specifically designed
indwelling subarachnoid catheters. Presence of clinical and
pathological neurotoxicity was evaluated. To evaluate the
pharmacokinetics of pemetrexed, independent cohorts of 30
rats were treated with 1 mg/kg of pemetrexed and its con-
centration in cerebrospinal fluid (CSF) and blood was mea-
sured using UPLC/MS/MS.
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Results There were no cases of clinical or pathologic
neurotoxicity after intrathecal administrations of pemetr-
exed at levels of 0.3 and 1 mg/kg; however, 5 of 15 (33%)
rats died after administration of 3 mg/kg pemetrexed. The
distribution/elimination of pemetrexed in CSF was best
described by a two-compartment model, with initial and
terminal half-lives of 0.43 and 1.43 h, respectively. The
predicted maximal concentration in CSF was 588 uM, and
high levels of pemetrexed appeared to be maintained for a
long time. Area under the curve and volume of distribution
at steady state were 560 UM h and 1.14 ml, respectively.
Conclusions The no observed adverse effect level of
intrathecal administration of pemetrexed was 1 mg/kg in
rats. At this level, therapeutically high and durable pemetr-
exed concentrations could be achieved. Based on these
results, further research on intrathecal pemetrexed in
humans or non-human primates should be considered.
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Introduction

Leptomeningeal carcinomatosis (LMC) represents a devas-
tating complication of malignant disease with a dismal
prognosis. In contrast to the real and significant improve-
ments in overall survival in cancer patients seen with newly
developed antitumor agents over the past few decades
[6, 15], the median overall survival of patients with LMC
has remained relatively constant at 2.4-5.8 months [8, 34].
Intravenous administration of conventional doses of
antitumor agents cannot adequately penetrate into cerebro-
spinal fluid (CSF), and thus, treatment of LMC is usually
performed by direct intrathecal administration of drugs,
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with a few drugs such as methotrexate being currently used
for such intrathecal use [2, 20]. Although many agents or
modalities have been investigated to overcome the poor
outcomes of the current treatment for LMC, they continue
to be unsatisfactory [4, 14, 16]. Specifically, the dismal
prognosis of LMC can be in part attributed to a lack of
efficient intrathecal antitumor agents. However, it is possi-
ble that any cytotoxic drug could be candidate for the intra-
thecal use, particularly drug with activity against the
primary tumor, if the substantial potential for neurotoxicity
associated with intrathecal administration could be avoided.

Pemetrexed is an antifolate antimetabolite that targets at
least three enzymes including thymidylate synthase, dihy-
drofolate reductase, and glycinamide ribonucleotide form-
yltransferase. It is conceivable that the inhibitory effect
brought about by targeting these three enzymes at multiple
cancer sites would give rise to a broader spectrum of antitu-
mor effects compared with methotrexate. In cell culture and
clinical studies, pemetrexed shows cytotoxicity in a variety
of tumors, including mesothelioma, non-small cell lung
cancer (NSCLC), breast, cervical, colorectal, head and
neck, bladder, and leukemia [9, 13, 21, 25, 29]. Given that
the most frequent tumors metastasizing into the leptome-
ninges are NSCLC and breast cancer [8, 33], the potential
for pemetrexed to be effective in treating LMC is highly
encouraging. Furthermore, this drug has significant activity
in cell lines and xenografts that are resistant to methotrex-
ate [28]. Together, these findings suggest that pemetrexed
may be also useful in LMC refractory to methotrexate.
However, as is the case for methotrexate, pemetrexed con-
centrations in CSF are very low after systemic administra-
tion [10, 20, 30]. Therefore, intrathecal administration of
pemetrexed should be investigated as a way to overcome its
limited CSF penetration.

Fig. 1 An illustration of the
subarachnoid catheter. The joint
portion between the stretched
and unstretched catheter was
made such that it had a ball-like
appearance (bead)

We conducted a preclinical study in rats to evaluate the
relevance of intrathecal pemetrexed therapy. We first iden-
tified the no observed adverse effect level (NOAEL) of
intrathecally administered pemetrexed in rats. We then per-
formed pharmacokinetic studies at the NOAEL dose to esti-
mate how long pemetrexed concentrations in CSF could be
maintained at therapeutically relevant levels.

Materials and methods

All experimental procedures were in accordance with the
guidelines approved by our institutional animal care com-
mittee. Adult male Sprague—-Dawley rats (340-380 g) were
purchased from the OrientBio inc. (South Korea). Rats
were singly housed in an animal room with a controlled
temperature (24-25°C) and 12 h light-dark cycle, with
access to standard laboratory rat chow and tap water.

Catheterization of the spinal subarachnoid space

A modified form of the catheterization method described by
Poon et al. [23] was used in this study. Figure 1 illustrates
the basic components of the intrathecal catheter. Briefly, we
modified 10-cm-long PE-20 catheters (inner and outer diam-
eters of 0.38 and 1.09 mm, respectively) for the intrathecal
use. One end of the catheter was heated and stretched to a
thinner 1 cm end length (outer diameter 0.45 mm). Next, a
joint was made between the stretched and unstretched cathe-
ter with a ball-like appearance (bead) using heat and elabo-
rate compression in order to form a functional cap and
anchorage point for placement through a bone hole.

Rats were anesthetized with pentobarbital sodium
(50 mg/kg, intraperitoneally). Next, a rectangular area of
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the skin above the T9 to L2 vertebrae was shaved and steril-
ized with povidone iodine. A midline incision was then
made, and paravertebral muscles attached to the left side of
the T12 to L1 vertebrae were reflected from the spinous
processes. A small hole was made over the exposed left
T13 lamina proper with small hand drill (Strong 207B,
Saeshin, South Korea) equipped with a carbide burr (Prima
Classic HP557, Prodenti, England) until the bone was
nearly punctured (Fig. 2a). The hole was further excavated
carefully with a 3-ml syringe fitted with a 26-s gauge nee-
dle until the lamina and dura were thoroughly punctured
(Fig. 2b). Successful dura puncture was denoted by visible
leakage of clear CSF. The previously made catheter was
then filled with 0.9% NaCl, inserted caudally, and advanced
as gently as possible until the bead was lodged on the hole
of the vertebra (Fig. 2c). The small portion cut from verte-
bral muscle was then applied over the bead (Fig. 2d), and
tissue glue (Histoacryl; B. Braun, Germany) was dropped
over the muscle (Fig. 2e) to prevent the leakage of CSF and
movement of the catheter. Another second skin incision
was made above the upper T-spine area, and the other end
of the catheter was made to exit via the incision after being
passed through the subcutaneous area (Fig. 2f). The buried
portion of the catheter under the skin was further secured
on the fascia of paravertebral muscle with sutures. The
exterior end of the catheter was closed with tube sealant
(Sure-Seal, Baxter, US). The skin wound was then closed

Fig. 2 Illustration of the proce-

dures used for implantation of

the subarachnoid catheter.

a Thoracic vertebra showing the

position of the hole for catheter

insertion. b—e Longitudinal sec- a
tion view of T13 lamina at the

hole showing the key steps in

insertion, anchorage, and fixa-

tion of the catheter. f The sche-

matic illustration of the catheter

exiting after subcutaneous tun-

neling and sutures to increase the

stability of the catheter ~

in layers, and rats were injected subcutaneously with enro-
floxacin (10 mg/kg). Animals were returned to the animal
room for postoperative recovery in individual cages.

The proper placement of the catheter tip in the subarach-
noidal space was confirmed in a subset of rats by five suc-
cessive intrathecal administrations of 20 pl of contrast
medium 10 min apart. Radiographs of the animals were
taken in the prone position 5 min after each dosing, and the
distribution of the contrast medium in the subarachnoid
space was recorded. The distribution of contrast media was
identified to be confined within the subarachnoid space and
to increase with repeated injections (Fig. 3). All experimental
procedures described later for toxicity and pharmacokinetic
studies were performed after confirming no catheter-related
adverse events during a 24-h observation period after cathe-
ter insertion.

Toxicity study

Before conducting toxicity screening for pemetrexed, we
evaluated the safety of the intrathecal catheter and deter-
mined a safely administrable volume. Five rats were intra-
thecally administered four times with 0.1 ml 0.9% NaCl
solution every 3 days. No abnormal neurologic behavior
was observed and body weights increased up to our expec-
tations for 17 days, from the day of the catheter insertion to
the seventh day after the last injection (mean 98 + 15 g).
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Fig. 3 Roentgenological
images before and after
injections of contrast medium
of 20 pl, given 10 min apart.
Arrows indicate both ends of the
distribution of contrast medium

before injection

after first injection

T12

after second injection

after third injection

after fourth injection

after fifth injection

Evaluation of toxicity of repetitive intrathecal adminis-
tration of pemetrexed was performed at three concentration
levels (0.3, 1, and 3 mg/kg). After appropriate anesthetic
procedures, each concentration level of pemetrexed in
0.1 ml 0.9% NacCl solution was slowly injected over 20 min
into 15 rats (45 rats in total) every 3 or 4 days (four times in
total). Animals were closely monitored following drug
administration and daily for up to 7 days after the last
administration. Body weights were followed up regularly
throughout the study period.

Adverse neuropathologic effects were also analyzed by
the histopathologic examination. One randomly chosen rat
that survived after completion of toxicity testing at each
pemetrexed level and all of the rats that showed signs of
adverse effects of pemetrexed were sacrificed by an over-
dose of halothane by inhalation. The entire neuraxis
was then removed and fixed in buffered neutral formalin for
7-10 days and placed in a decalcifying solution. Two repre-
sentative sections, taken from the brain and the spinal cord
at the thoracic level, were obtained from each animal. Sec-
tions were embedded in paraffin, and 6-um sections were
stained with Bodian silver, Luxol fast blue, and hematoxy-
lin and eosin, and all the slides were examined under a light
microscopy by a neuropathologist (YLS).

Pharmacokinetic study
Intrathecal pharmacokinetic studies were performed on an
independent cohort comprised of 30 rats. The amount of

administration for the pharmacokinetic study was 1 mg of
pemetrexed per kg of baseline rat weight (1 mg/kg), which
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was based on the results from the toxicity study. After
being anesthetized with pentobarbital sodium (50 mg/kg),
all rats were intrathecally administered with pemetrexed
(1 mg/kg) in a 0.1 ml 0.9% NaCl solution over 20 min.

CSF and blood were sampled from five rats at each of
six time points (0.75, 2, 4, 6, 10, and 24 h). CSF samples
were taken from the cistern magna by placing a needle
through the muscle layer overlying the atlanto-occipital
membrane. Briefly, anesthetized rats were placed in a ste-
reotactic frame for CSF sampling. The back of the head and
neck was shaved, prepared and draped in sterile conditions,
and a 250-pl Hamilton syringe with a 26-s gauge needle
was advanced horizontally through a 1-cm incision made in
the skin at the level of the cisterna magna, until the dura
was punctured. Slight negative pressure was applied to the
syringe until CSF (approximately 50-100 pl) was obtained.
After sampling of CSF, rats were dissected and blood spec-
imens were obtained from an inferior vena cava puncture,
after which the animals were allowed to exsanguinate com-
pletely to death.

Pemetrexed concentrations in plasma and CSF sample
were analyzed by ultra performance liquid chromatography
mass spectroscopy/tandem mass spectroscopy (UPLC/
MS/MS) using the methodof Churchwell etal. [7] with
minor modification. The calibration curves were linear
(r* > 0.99) over the ranges of 205,000 ng/ml for serum
and 30-5,000 ng/ml for CSF samples. Intra- and inter-assay
imprecisions were less than CV 10%. Quantitative analysis
was performed in the multiple reaction monitoring mode
(m/z 428.0 > 281.0 for pemetrexed and 455.0 > 308.0 for
internal standard, methotrexate).
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Results
Toxicity assessment

The toxicities of pemetrexed administered by repetitive
intrathecal injections are shown in Table 1. There was no
clinical or pathologic neurotoxicity during or after 4 suc-
cessive (twice a week for 2 weeks) administrations of
pemetrexed at the levels of 0.3 and 1 mg/kg. The average
weight gain for 17 days was 96 + 14 and 82 + 17 g at 0.3
and 1 mg/kg, respectively. Five out of 15 rats given pemetr-
exed at a level of 3 mg/kg died while showing hyperactive
and abnormal movements (turning, screaming, etc.) within
10 min after the first (four rats) and second (one rat) injec-
tion. However, neuropathologic analyses for these five rats
revealed no specific abnormality accountable for the death.
For the other 10 rats at the level of 3 mg/kg, there was no
significant clinical adverse event and the average weight
gain for 17 days was 64 + 10 g. For all histologically eval-
uated rats, including both deceased and surviving rats, there
was no evidence of neuronal loss, demyelination, ventricu-
litis, ependymitis, or vasculitis attributable to pemetrexed
administration (Fig. 4).

Pharmacokinetic analysis

As was the case in the toxicity study, intrathecal pemetr-
exed at a level of 1 mg/kg was well tolerated in all 30 ani-
mal subjects. Further, there was no clinical evidence of
neurotoxicity associated with intrathecally injected pemetr-
exed at this dose. However, one pair of blood and CSF

samples could not be taken because one rat died of an intra-
cranial hemorrhage caused by a ruptured vessel during CSF
sampling at the 6-h time point. Therefore, pharmacokinetic
analysis was performed on pairs of blood and CSF samples
in a total of 29 rats.

Data of the mean concentrations in CSF and plasma at
each time point are shown in Table 2. Based on the mean
concentrations, the predicted maximal concentration (Cmax
at time zero), areca under the concentration versus time
curve (AUC), clearance, steady-state volume of distribution
(Vss), and mean residence time (MRT) in CSF and plasma
were calculated using non-compartment methods (Table 3).
In CSF, a Cmax of 588 uM was achieved with an AUC of
560 M h and Vss of 1.14 ml. In plasma, the Cmax was
6.88 uM with an AUC of 10.8 pyM h and Vss of 166 ml.
The AUC.; and AUC,,, were 560 and 10.8 uM h,
respectively, leading to a penetration from CSF to plasma
(AUC,14ma/ AUCp) of 1.9%. Figure 5 shows the CSF and
plasma concentration—time curves as logarithmic means.
The distribution/elimination of pemetrexed in CSF
decreased in parallel with that in plasma and could be best
explained by a two-compartment model. Based on the mean
CSF concentrations, half-lives for the initial distribution/
elimination and terminal elimination phase were 0.43 and
1.43 h, respectively.

Discussion

Leptomeningeal carcinomatosis is invariably frustrating for
physicians and lethal for patients since conventional

Table 1 Toxicities during or after repetitive intrathecal administration of three doses of pemetrexed

Dose of pemetrexed 0.3 mg/kg 1 mg/kg 3 mg/kg
Total no. of rats 15 15 15
No. of rats with adverse events 0 0 5

Adverse events -

Neuropathologic evaluation No abnormality in

1 randomly chosen rat.

Mean weight gain for 17 days (g) 96 + 14

- 4 and 1 rat died after Ist
and 2nd injection, respectively.

No abnormality in No abnormalities in 5 deceased rats.

1 randomly chosen rat.

82+ 17 64 £+ 10 (10 rats)

Fig. 4 Histopathologic analysis

of adeceased rat after intrathecal

pemetrexed injection. a No

evidence of neuronal cell

damage in hippocampus

(hematoxylin and eosin stain).

b No evidence of axonalopathy e
(Bodian silver satin). ¢ No 2
evidence of myelinopathy

(Luxol fast blue stain)
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Table 2 Pemetrexed concentrations in CSF and plasma after intrathecal administration of pemetrexed (1 mg/kg)

0.75h 2h 4h 6h 10h 24 h
CSF (n=29) Mean =+ SD (uM) 230 + 84 47+ 19 94+£75 33+£28 0.37 £ 0.065 0.14 £ 0.044
Plasma (n =29) Mean =+ SD (uM) 34+13 1.1 £048 0.56 = 0.33 0.32£0.23 0.095 £ 0.041 0.018 £ 0.017

SD standard deviation

Table 3 Pharmacokinetic analysis of pemetrexed concentration in
CSF and plasma of rats

CSF Plasma
AUC (UM h) 560 10.8
Cmax (LM) 588 6.88
Clearance (ml/h) 1.07 55.3
Vss (ml) 1.14 166
MRT (h) 0.955 2.84
Initial half-life (h) 0.430 0.256
Terminal half-life (h) 1.43 2.45

AUC area under the concentration versus time curve, Vss steady-state
volume of distribution, MRT mean residence time

1000000 7

—=—CSF
-« Plasma

100000 -

10000 -

1000 7

100 7

Pemetrexed concentration (ng/ml)

0 4 8 12 16 20 24
Hour after injection

Fig. 5 Cerebrospinal fluid and plasma concentration—time curves of
pemetrexed following intrathecal administration at a dose of 1 mg/kg

therapy offers no meaningful chance of cure. Systemic che-
motherapy can be an effective intervention, but the limited
delivery to the leptomeninges of intravenously adminis-
tered drugs, coupled with the systemic toxicity associated
with intravenous therapy, significantly limits this approach.
Direct administration of chemotherapeutic agents such as
methotrexate into the subarachnoid space minimizes sys-
temic toxicity; however, the chronic uses of agents that
have limited antitumor activity are associated with pro-
found neurotoxicity. Therefore, new approaches that use an

@ Springer

intrathecal route to administer novel drugs with a high ther-
apeutic index might represent a major clinical advance for
patients with LMC. Given that intrathecal pemetrexed
could be candidate for LMC based on data generated from
previous preclinical and clinical studies, we performed tox-
icity and pharmacokinetic studies on intrathecal pemetr-
exed administration in rats.

In our toxicity study, no adverse events occurred at
levels of 0.3 and 1 mg/kg, while at a level of 3 mg/kg, 33%
(five out of 15 rats) died. Therefore, the NOAEL was iden-
tified as 1 mg/kg pemetrexed. However, several studies pre-
viously described that intrathecal chemotherapy induced
cognitive or behavioral dysfunction as well as evident
neurotoxicities, by showing that neurologically damaged
rats had shortened escape latency and searching distance
[18, 22, 26]. In the present study, we did not evaluate a del-
icate difference of cognitive or behavioral function. How-
ever, no significant difference in the weight change,
between the group of pemetrexed 1 mg/kg and the group of
0.1 ml normal saline, indicated there were no significant
early cognitive or behavioral changes.

Although the causes of deaths at the 3 mg/kg level were
unclear even after histologic analysis, they may have been
caused by dose-dependent neurotoxicity, because we did
not observe any adverse events at the two lower dose levels
and the five deaths occurred acutely. The reason that we
could not find any histologic abnormality in deceased rats
can be caused by that we did not use the optimal staining
methods. Many experimental studies were investigated to
detect the minute or delayed neurotoxicities using amino-
cupric silver stain, Ki-67 [1, 3, 11, 27]. Further, no observ-
able neuropathologic abnormality could be explained in
part by the shortage of time for any histologic change.

In addition, we found that as much as 100 pl of fluid
could be administered safely to the rats through an indwell-
ing subarachnoid catheter. Previous studies have shown
that intrathecal injections of volumes of 20-30 pl are well
tolerated in rats [17]. However, one study showed that the
extent of intrathecal distribution of drugs is proportional to
the administered drug volume [23]. A similar phenomenon
was observed in our study. Specifically, the extent of distri-
bution increased as the 20 p of contrast media was injected
repetitively. Therefore, a large volume injection was
needed to guarantee even distribution of pemetrexed in the
subarachnoid space, and we identified that 100 pl of 0.9%
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NaCl could be safely administered intrathecally. Based on
this observation, further experiments in our study were per-
formed with an injection volume of 100 pl, which did not
cause any adverse events.

The ICs, for pemetrexed was previously shown to range
from 9.3nM to 4.3 pM, with a median ICs, value of
0.191 uM based on studies in various NSCLC cell lines [5].
In our pharmacokinetic study following a dose of 1 mg/kg,
high pemetrexed concentrations were maintained in CSF
for a long time. It is of note that the Cmax was 588 pM and
the pemetrexed concentration in CSF at 24 h after injection
was 0.143 uM, which is close to the median ICs, value in
NSCLC cell lines. A previous study showed that the CSF
penetration of pemetrexed is about 0.76% following intra-
venous administration to monkeys [30]. Considering that
the AUC,,},4, after intravenous administration of a conven-
tional dose of pemetrexed (500 mg/m?) to humans was
264 uM h, and the CSF penetrations of drugs are very simi-
lar between monkeys and humans [19, 24], the predicted
AUCgp in human following intravenous administration of
the conventional pemetrexed dose would be 2.0 uM h
(264 uM h x 0.76%), which is much lower than the
AUCgp (560 uM h) observed in our study. Therefore, the
treatment of LMC may be more effective with direct intra-
thecal administration of much lower doses of pemetrexed
than with intravenous administration, because the cytotox-
icity of pemetrexed has been previously demonstrated to be
dependent on both concentration and exposure time [12].

In this study, a 1 mg/kg dose (mean 0.35 mg per rat with
mean weight of 0.35 kg) of intrathecal pemetrexed was
found to be safe and capable of delivering a therapeutically
durable concentration in rats. Based on these results, we
estimated the starting dose in humans or non-human prima-
tes for future studies. For drugs administered into the
intrathecal space, which has little subsequent distribution
outside of the subarachnoid space, dosage should be
adjusted according to the compartment volume and concen-
tration of the drugs, not according to the body surface area
among different species [31]. The total CSF volumes of
rats, monkeys, and human are known to be approximately
0.4, 13, and 140 ml [24, 32]. Therefore, 0.35 mg of pemetr-
exed resolved in 0.4 ml CSF plus 0.1 ml injected solution
(total 0.5 ml) in rats corresponds to a dose of 9 and 98 mg
of pemetrexed in CSF of monkeys and humans, respec-
tively, with final concentration in CSF reaching 0.7 mg/ml.
Taking one value between 10 and 20 for the safety coeffi-
cient, the optimal starting dose of pemetrexed between 5
and 10 mg for human studies should be considered.

To our knowledge, this was the first study to investigate
the possibility and therapeutic relevance of intrathecal
pemetrexed therapy. Our findings could give some signals
to many investigators finding new methods to overcome the
intractable LMC and induce the development of new cancer

animal models to evaluate the effectiveness of several drugs
in the treatment of LMC.

In summary, 1 mg/kg pemetrexed can be safely adminis-
tered to the subarachnoid space of rats. At this level, thera-
peutically relevant and durable pemetrexed concentrations
could be achieved. Based on these results, further research
on the use of intrathecal pemetrexed in humans or non-
human primates should be considered.
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