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Summary. The relative affinity of six anticancer amino
acid drugs for the neutral amino acid carrier of the blood-
brain barrier was examined in rats using an in situ brain
perfusion technique. Affinity was evaluated from the con-
centration-dependent inhibition of L-[14C]J-leucine uptake
into rat brain during perfusion at tracer leucine concentra-
tions and in the absence of competing amino acids. Of the
six drugs tested, five, including melphalan, azaserine,
acivicin, 6-diazo-5-oxo-L-norleucine, and buthionine
sulfoximine, exhibited only low affinity for the carrier,
displaying transport inhibition constants (Kj, concentra-
tions producing 50% inhibition) ranging from 0.09 to
47mM. However, one agent — D,L-2-amino-7-bis[(2-
chloroethyl)amino]-1,2,3,4-tetrahydro-2-naphthoic ~ acid
(D,L.-NAM) — demonstrated remarkably high affinity for
the carrier, showing a Kj value of ~0.2 um. The relative
affinity (1/Kj;) of ,L-NAM was >100-fold that of the other
drugs and >10-fold that of any compound previously
tested. As the blood-brain barrier penetrability of most
endogenous neutral amino acids is related to their carrier
affinity, the results suggest that D,L-NAM may be a prom-
ising agent which may show enhanced uptake and distribu-
tion to brain tumors.

Introduction

Chemotherapy has been proven to be minimally effective
in the treatment of primary or metastatic brain tumors
[15, 19]. Brain metastases often fail to respond to treatment
even when there is marked regression of peripheral loci of
the disease [30]. One reason often cited for the failure of
brain tumor chemotherapy is inadequate drug delivery to
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critical tumor sites [9]. Many chemotherapeutic drugs are
hydrophilic and do not readily cross the blood-brain barrier
(BBB), which is located at the cerebral capillaries and is
formed by a continuous layer of endothelial cells joined by
tight junctions (zonulae occludens) [3]. Although the inte-
grity of the barrier may be compromised in some brain
tumors, studies suggest that tumor blood vessels provide a
significant diffusion restriction for drug uptake in many
instances [10, 13]. Furthermore, drug accumulation can be
limited in the critical proliferating edge of a tumor by
surrounding brain tissue, which often displays an intact
BBB and can serve as a diffusional sink [20, 34].

Improvement of drug delivery to brain tumors and sur-
rounding tissue is being approached in several ways. Lipid-
soluble drugs exhibiting greater BBB passive permeability
are being prepared and tested for activity [9]. In addition,
attempts are being made to circumvent the barrier either by
direct application of drug to the tumor [17, 32, 42], by drug
injection into the CSF [33], or by transient “opening” of the
BBB via brief intracarotid hypertonic infusion [23]. An
alternative approach is to design drugs that are shuttled into
the brain by the natural cerebrovascular transport carriers
for essential nutrients, such as amino acids, glucose, and
choline [38]. As brain tumors often show enhanced
nutrient uptake and accumulation [26, 35], the latter ap-
proach may enable some selectivity of drug delivery to
tumor as compared with surrounding brain tissue.

In a previous study, we demonstrated that melphalan, a
nitrogen mustard derivative of L-phenylalanine (Fig. 1), is
transported into the brain by the large neutral amino acid
carrier of the BBB [11]. The large neutral amino acid
carrier (L system) is located at the brain capillaries and
accepts a wide variety of ligands displaying alpha-amino
acid functional group [25, 38, 39]. Melphalan has pre-
viously been proven to be effective in the treatment of
multiple myeloma [8] and of carcinoma of the breast and
ovary [7, 29]. Although melphalan is transported into the
brain, its affinity for the BBB neutral amino acid carrier is
quite low and it thus attains only limited concentrations
within the central nervous system following systemic ad-
ministration [11].
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Fig. 1. Structures of chemotherapeutic amino acid drugs

In the present study, the relative affinity of six
chemotherapeutic amino acid drugs for the neutral amino
acid transporter of the BBB was examined in rats in an
attempt to identify agents exhibiting greater affinity for the
neutral amino acid transport protein. Affinity was eval-
uated according to the ability of drugs to inhibit brain
uptake of L-[14C]-leucine as measured using the in situ
brain perfusion technique [38, 39]. Three agents that were
tested — azaserine, 6-diazo-5-oxo-L-norleucine (L-DON),
and acivicin (Fig. 1) — are glutamine antagonists- antime-
tabolites that have demonstrated significant peripheral
chemotherapeutic activity [2, 24]. The fourth — buthionine
sulfoximime (BSO) — is a glutathione synthesis inhibitor
that has been proposed for use to limit the development of
resistance to alkylating drugs [12]. The fifth — D,L-2-ami-
no-7-bis[(2-chloroethyl)amino}-1,2,3 4-tetrahydro-2-naph-
thoic acid (NAM) —is an analog of melphalan that has been
shown by Vistica and colleagues [14, 44] to possess en-
hanced affinity for the sodium-independent, large neutral
amino acid transporter of murine L1210 leukemia cells.
The last agent — melphalan — was studied to compare the
affinity determined by transport inhibition to that obtained
directly from [14C]-melphalan uptake into the brain [11].

Materials and methods

Chemicals. Melphalan [4-bis(2-chloroethyl)amino-L-phenylalanine],
azaserine (O-diazoacetyl-L-serine), DON (both p and L isomers), acivicin

(alpha-amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid) and L-BSO
were obtained from Sigma Chemical Co. (St. Louis, Mo.). p,.-NAM was
synthesized and purified as described by Haines et al. [14] (estimated
purity, >95%). L-[4C(U)]-Leucine (sp. act., 322 uCi/umol), [*H]-diaze-
pam, and [3H]-methoxy-inulin were purchased from DuPont-New Eng-
land Nuclear (Boston, Mass.). Radiochemical purity (>99%) was con-
firmed for all tracers by thin-layer or gel-permeation chromatography
[37]. To minimize decomposition, drug solutions were prepared immedi-
ately prior to their use and were protected from light.

Brain perfusion. Drug inhibition of L-[!*C]-leucine transport into the
brain was measured using the in situ brain perfusion technique of Taka-
sato et al. [41]. This method involves complete, unilateral perfusion of rat
brain with physiologic saline or blood and enables the determination of
influx in the virtual absence of endogenous competitors at constant drug
concentrations [37].

Male Sprague-Dawley rats weighing between 260 and 340 g were
anesthetized with sodium pentobarbital (40 mg/kg i.p.). The right exter-
nal carotid artery was cannulated (PE-50), and the right pterygopalatine,
occipital, and superior thyroid arteries were cauterized and cut [41].
Perfusion was begun by first ligating the right common carotid artery just
proximal to the bifurcation of the external carotid artery and then infus-
ing HCOs-buffered physiologic saline (pH ~7.4) into the external carotid
artery at 5—15 ml/min using a pump (Harvard Apparatus, South Natick,
Mass.). In most experiments, the heart was stopped just prior to perfusion
(2-3 s) by severing the left ventricle so as to eliminate potential flow
contributions from the systemic circulation. With the ventricle severed, a
higher infusion rate (~10 ml/min) was generally required to obtain brain
flow rates (~10 x 10-2 ml/s/g) comparable to those reported by Takasato
etal. [41].

The composition of the saline perfusate was 128 mm NaCl, 24 mm
NaHCOs3, 4.2 mm KCl, 1.5 mm CaClz, 0.9 mm MgCl,, 2.4 mm NaH,POu,
and 9 mm p-glucose [22]. To this were added ~0.3 uCi -[*C(U)J-
leucine/ml, ~0.3 uCi [PH]-diazepam/ml (to measure cerebral perfusion
fluid flow), and 0— 30 mM unlabeled anticancer drug (for competition).
In some experiments, [*H]-inulin was added in place of [*H]-diazepam
for quantification of cerebral vascular volume [41]. All solutions were
filtered, warmed to 37° C, and oxygenated with 95% air 5% CO; prior to
their use. The body temperature of the rats was maintained at 36-37°C
throughout all experiments using a heat lamp.

Perfusions were stopped after 30 s. The brain was removed from the
skull and dissected on ice [37]. Tissue samples were collected from the
right cerebral hemisphere after removal of the meninges and surface
blood vessels. Two 20- to 30-ul aliquots of perfusion fluid were also
collected for determination of perfusate tracer concentrations. Samples
were weighed, digested overnight in 1 m piperidine (~1 ml/sample), and
dissolved in scintillation cocktail (~10 ml/sample; Ready Solv-MP,
Beckman, Fullerton, Calif.). 3H and “C dpm values were determined
after correction for background, quench, and efficiency using a standard
dual-label liquid scintillation counting technique.

Calculations. Sample dpm values were first expressed per gram of tissue
wet weight or per milliliter of perfusion fluid. Cerebrovascular permea-
bility-surface area products (PA) were then calculated for L-[14C]-leucine
uptake into the brain as [38].

PA = -F In [1-(Q%u/cpeT F)], M
where Q¥ represents the quantity of 14C tracer per gram of brain tissue
(corrected for residual intravascular activity), c#pf stands for the perfu-
sate [14C]-leucine concentration (dpm/ml), F indicates the cerebral perfu-
sion fluid flow (ml s-t g-1), and 7 represents the net time of perfusion
(corrected for the small delay required for perfusion fluid to reach the
brain after the pump has been started; T = Tioai- 3 5). Equation 1 assumes
unidirectional uptake kinetics and corrects for flow limitations in brain
transfer [22, 37, 41]. The 14C content of the brain (dpm/g) was corrected
for intravascular tracer by subtracting the product of the brain vascular
volume (Vy) and the perfusate r-[C]-leucine concentration
(Q%or = Q*tor— Vve#pr) [41]. Cerebral vascular volume was determined
from the brain-to-perfusate concentration ratio for [*Hl-inulin and
equaled on average ~8 Ul/g in the cerebral cortex. Cerebral perfusion
fluid flow was quantitated using [*H]-diazepam [41]. Influx (Jin) was
calculated as Jin = PA X cpf, where cpr represents the perfusate concen-



Table 1. Control values for cerebrovascular PA for L-[14C]-leucine, cere-
bral perfusion fluid flow, and leucine extraction during perfusion of rat
brain at differing rates with physiologic saline fluid that did not contain
competing amino acids or drugs

Infusion . PA Cerebral perfusion  Brain
rate for L-[*4C]-leucine fluid flow extraction
(ml/min) (ml st g1x10%) (mls1 g1 x 102) (%)

5 3.371+0.25% 5.40£0.49* 49 £ 3*
10 390+0.12 12.140.53* 31+6*
15 3.92+0.21 16.21£1.28 21£09

Data represent mean values & SE for 4—9 animals. All data were obtain-
ed for frontal cerebral cortex

* Differs significantly from the value at the next higher flow rate
(P <0.05)

tration of L-leucine [37]. The perfusate leucine concentration was kept
constant throughout the experiments.

The concentration dependence of 1-leucine influx into the brain at
physiologic L-leucine concentrations (<1 mM) and in the absence of
competitors has been shown to follow Michaelis-Menten kinetics:

Jin = ViaxCeap/( K + Cpf) 2
where Vinax is the maximal transport rate (mol s-1 g-1) of the saturable
carrier and Kn, is the half-saturation constant [37]. Since PA = Ji/Ceap,
Eq. 2 can be simplified to:

PAs = Vinax/(Km + Cpf), (3)
where PA, signifies uptake in the absence of competitors and cpr repre-
sents the perfusate total (labeled plus unlabeled) 1-leucine concentration.
In the presence of competitors, PA is given as {28, 38]:

PAi = Vian/fKm(1 + Z{c/Ky)) + cpt], @
where PA; signifies uptake in the presence of competitors, ¢i represents
the perfusate concentration of each competitor, and K; indicates the
corresponding inhibition constant. K is defined as the competitor con-
centration that produces a 50% reduction in saturable influx when uptake
is measured at tracer concentrations (L-[14C]-leucine) and in the absence
of other competitors [36]. Ki has been observed to approximate closely
the K, for BBB transport of several physiologic neutral amino acids [28,
38,39].

Because no unlabeled L-leucine was added to the perfusate and
because the specific activity of the tracer leucine was high, cpr<<Km, and
Egs. 3 and 4 could be simplified and expressed as:

% Inhibition = 100 (PAc-PAi)/PAs ~ 100ci(ci +2NK;). (5
K; values were obtained by fitting Eq. 5 to the data using weighted
nonlinear least-squares regtession. Inhibitor concentrations (¢;) in all

100

N

analyses were limited such that the percentage of inhibition was <90%
and, thus, contributions from the nonsaturable component of uptake
could be ignored [37].

Statistical analysis. All data represent mean values (+ SE) unless other-
wise indicated. Statistical significance was determined using one-way
analysis of variance and the Bonferroni multiple-comparison test [21].
Weighted regressions were performed on a DEC-10 computer using the
MLAB program [37].

Results

Control values obtained for the BBB transport of L-[14C]-
leucine into rat cerebral cortex from physiologic saline are
summarized in Table 1. In the absence of competing amino
acids or drugs, the PA for L-[14C]-leucine equalled 3.3—
4.0x102mls-! g1 and varied minimally (<20%) with
flow over the measured infusion range (5— 15 ml/min). As
PAs at the highest infusion rates were considered to be the
most accurate (i.e., having lowest extractions and exhib-
iting the least potential for error due to unlabeled amino
acid efflux from the brain [37, 38]), the 10- and 15-ml/min
values were pooled and used as PA, in all subsequent
calculations (PAo =3.91+0.11 x102ml s-1 g-1, n=11).
Preliminary experiments verified that the brain intravascu-
lar volume and the cerebrovascular permeability to small
nonelectrolytes (thiourea and sucrose) were normal in per-
fused animals (data not shown), suggesting that the BBB
was intact and that no damage had occurred during perfu-
sion. In most experiments, the heart was stopped just prior
to perfusion so as to eliminate potential mixing and flow
contributions from the systemic circulation [37, 41].
Figure 2 illustrates the relative ability of various anti-
tumor amino acid drugs to inhibit L-[14C]-leucine uptake
across the BBB. The percentage of inhibition was ex-
pressed as /00 x [(PAo—PA;i)/PA,], where PA; is the BBB
PA for L-[14C]-leucine in the presence of drug competitor.
Drugs differed widely in their ability to inhibit BBB
L-[14C]-leucine transport. The most potent, D,L.-NAM, re-
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0 +—rrrm
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—0O— ACWVICIN
—e&— DN
—&— BSO

0 0001 . 001
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Fig. 2. Inhibition of brain L-[“C]-leucine uptake by chemotherapeutic amino acid drugs. Points represent mean values for 3 ~6 animals. Inhibition is
expressed as the percentage of reduction in the PA for L-[!4C]-leucine. The saline perfusate contained only tracer levels of L-leucine and no competing
amino acids aside from the chemotherapeutic amino acid drug. SEs (not shown) were < 15% of the respective means
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Table 2. K; values for drug inhibition of L-[14]-leucine transport into rat

brain

Amino acid K; Apparent

drug (mMm)2 affinity (mm-1)b
D,L.-NAM 0.0002£0.00001 5000
Melphalan 0.09 *0.01 11

Azaserine 0.16 -+0.01 63
Acivicin 0.29 +0.02 34

-DON 0.37 =+0.02 2.7

BSO 47  £0.27 021

Data represent mean values + SE for 1718 animals

2 Calculated by least-squares regression from the concentration depen-
dence of inhibition as described in Materials and methods

5 Calculated as the inverse of K. For comparison, the Km and apparent
affinity for L-phenylalanine, the natural amino acid showing the highest
affinity for the carrier, are 0.01 mM and 100 mm-1, respectively [22]

quired a concentration of <0.5 pM to produce ~50% inhibi-
tion, whereas the least potent, BSO, required a concentra-
tion of >4 mM to obtain the same effect.

K; values were calculated by fitting Eq. 5 to the data and
are listed along with the estimated affinities (affinity = 1/Kj
or Km) in Table 2. The apparent affinity for D,L-NAM was
>100-fold that of the other amino acid drugs and >10-fold
that of any compound previously tested. In comparison,
L-phenylalanine — the endogenous amino acid exhibiting
the highest affinity for the carrier — displays a Km value of
~10 um [22], whereas L-leucine shows a value of ~25 UM
137, 39]. Most endogenous low-affinity amino acids ex-
hibit K; or Ky, values of 0.1—-10 mM (L-valine, L-threonine,
L-cysteine, L-glutamine, L-asparagine, L-alanine, and
L-serine) [38]. L-Naphthylalanine displays an estimated
K; value of ~3 umM [39].

There was some evidence for stereospecificity of inhibi-
tion, as L-DON produced a reduction in L-[14C]-leucine
uptake into the brain that was greater than that induced by
p-DON at the same concentration. The PA for L-{14C]-
leucine in the presence of 1 mM L-DON was
1.034+0.07 x 102 ml s-1 g1 (n = 4), whereas that obtain-
ed in the presence of 1 mM D-DON was approximately
65% greater (1.68+0.01x102mls-1g-1, n = 2). Pre-
vious studies have shown that the large, neutral BBB ami-
no acid transporter prefers L-amino acids but that this pref-
erence is not absolute, as many D-amino acids exhibit some
level of measurable affinity [25, 37].

Discussion

Greig et al. [11] first demonstrated that the anticancer
alkylating drug melphalan is transported into the brain by
the large, neutral amino acid carrier of the BBB. The re-
sults of the present study confirm that finding and show
that five additional anticancer amino acid drugs exhibit
affinity for and may be transported into the brain by the
same carrier as well. Most of the drugs that were tested
displayed relatively low affinity [Kj=~0.1-5mM (100-
5000 um)] and would not be expected to gain ready access
to the brain from the circulation via this mechanism. How-
ever, one agent, D,L-NAM, exhibited remarkably high af-

finity for the carrier (K = ~0.2 uM) that was >100-fold that
of melphalan and >10-fold that of any compound pre-
viously tested. The results suggest that D,L-NAM may be a
promising candidate for further evaluation of enhanced
uptake by brain and activity against brain tumors.

The large, neutral amino acid carrier of the BBB, like
other L system transporters [27, 31], is known to accept a
wide variety of ligands exhibiting the alpha-amino acid
functional group [38, 39]. Among amino acids, affinity
tends to be highest for those displaying large, hydrophobic
side chains, such as L-phenylalanine, L-tryptophan, and
L-leucine (BBB Km = 10-30 uMm), and lowest for those
showing small, hydrophilic or charged side groups, such as
L-alanine, L-serine, L-glutamate, and L-lysine (BBB Kn
>1 mm) [38, 39]. The marked affinity of D,L-NAM is likely
due in part to the extreme hydrophobicity of the naph-
thalene side chain, whose estimated lipid solubility is ~10-
fold that of the phenyl group of phenylalanine [18]. In fact,
D,L-NAM was developed from a study of the transport
properties of several markedly hydrophobic amino acids
[43, 44]. However, factors other than hydrophobicity may
also influence affinity. For example, addition of the nitro-
gen mustard group to L-phenylalanine to form melphalan
decreases the transport affinity at the BBB by >10 times
[11, 38], whereas addition of the same group to the 7
position of 2-amino-tetrahydro-2-naphthoic acid enhances
the affinity by >10 times [14, 43]. Furthermore, movement
of the nitrogen mustard from the 7 to the 5 position of
2-amino-tetrahydro-2-naphthoic acid reduces the affinity
by >98% [14]. Thus, the presence and the precise place-
ment of the nitrogen mustard group on the amino acid are
also critical factors that merit further evaluation.

K; values for the other amino acid drugs tested lay
within the range of 0.09-4.7 mMm, as expected from their
lower estimated side-chain hydrophobicities [18]. The K;
value for melphalan (~0.09 mM) compares well with the
K (0.15 mM) value reported by Greig et al. [11] for [14C]-
melphalan trausport into the brain and approximates that
reported by Begleiter and colleagues [1] (Km = 0.08 mm)
for system L transport of melphalan in L.5178Y lympho-
blasts. Such close agreement supports the use of Kj values
to obtain initial estimates of transport affinity at the BBB.

Although the mechanisms of transport and the relative
affinities of several antitumor amino acid drugs have pre-
viously been examined in cultured cell lines, this study is
the first to examine the affinity of a number of such agents
at the BBB in vivo. Chastain and Borchardt [4] evaluated
the BBB transport of acivicin using a cultured brain-micro-
vessel preparation and found that uptake was saturable,
exhibiting a Km value of 0.24 mmM. However, in their in
vitro preparation, acivicin transport was only slightly in-
hibited by L-leucine (<20% at 0.1—1 mM) and 2.75 mM
acivicin did not reduce but instead enhanced L-[3H]}-
leucine transfer. The latter paradoxical finding was attrib-
uted by the authors to the inhibition of endothelial cell
protein synthesis by acivicin, as previous studies had
shown that protein synthesis inhibitors increase leucine
transport activity in cultured endothelial cells. Such an
effect was unlikely in our in vivo experiments, as drug
exposure and leucine transport were examined over only a
very brief interval (=30 s). The transport kinetics of acivi-



cin and DON have been examined by Huber et al. [16] in
several tumor cell lines and were found to be mediated by
the L. system carrier, displaying Kn, values (0.15-0.9 mm)
that were comparable with our Kj values of 0.29-0.37 mM.
Interestingly, Huber et al. [16] found that the K value for
L-DON was generally slightly greater than that for acivicin
in most cell lines. We found the same trend at the BBB in
vivo (Table 2). Haines et al. [14] previously reported a Ki
value of ~0.2 um for NAM in murine L1210 leukemic
cells.

K; values can be used to estimate the PA for BBB
transfer in vivo using Eq. 3, provided that (1) Vmax is
known or can be approximated and (2) Kj is assumed to be
equal to Km. The latter assumption has been validated for
several amino acids at the BBB [28, 38]. Assuming a Vmax
for NAM that is equal to that of melphalan (Vimax =
~0.9 x 10~ umol s-1 g-1 [11]), we estimate that the BBB
PA for NAM may be as high as ~4 x 10-1 ml s-1 g-1 for
influx from saline in the absence of competitors. This value
is >100-fold that measured by Greig et al. [11] for mel-
phalan uptake under similar conditions. If the Vmax for
NAM is actually higher, lying more in the range of that for
L-phenylalanine or L-leucine (Vimax = 7—10 x 164 mol s~
1 g-1 122, 37], the PA will be correspondingly greater as
predicted by Eq. 3. Estimated permeabilities for the other
five compounds are considerably lower, ranging between
0.2 and 60x 10-4 ml s-! g-1 depending on the assumed
Vmasx. The calculated value for melphalan (PA = ~10 x 10~
4 ml s-1 g-1) agrees well with that measured by Greig et al.
[11] using the in situ brain perfusion technique (PA = 9.6-
10.8 x 104 ml s-1 g-1). Preliminary results obtained by
Fekete et al. [6] suggest that brain BSO uptake from blood
may be mediated by a saturable mechanism, as the PA for
BSO decreased with increasing dose. Together, the results
suggest that NAM may enter the brain much more readily
than do the other amino acid drugs tested in the present
study.

If brain uptake of antitumor amino acids is mediated by
the cerebrovascular neutral amino acid transporter, then
delivery to the brain would be predicted to be significantly
influenced by competition from endogenous plasma amino
acids [28, 38]. Competition is significant at the BBB be-
cause the carrier exhibits high affinity and is essentially
saturated with plasma amino acids (as a group) at normal
concentrations [38]. As a result, influx of a given amino
acid depends both on the concentration of the amino acid
and on the concentrations of all competitors. Competition
may be beneficial and protect the brain from drugs such as
acivicin, which exhibit dose-limiting CNS toxicity [24]. In
fact, Williams et al. [45] recently used neutral amino acid
infusions to limit brain acivicin uptake and to prevent
acivicin toxicity in cats. However, competition may reduce
the brain delivery of compounds that show little or no CNS
toxicity, limiting their therapeutic effectiveness following
systemic administration. This restrictive effect could be
attenuated by lowering plasma amino acid concentrations
either through the use of drugs (e.g., insulin) or through
reduced dietary amino acid/protein intake.

Fmally, the present results provide support for the idea
that facilitated BBB transport may be a useful means of
enhancing hydrophilic drug delivery to the brain [9]. An
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approach comparable with that described herein for the
neutral amino acid carrier could be applied to other BBB
carriers such as those for folates, monocarboxylic acids,
and nucleic acid precursors [3, 40]. Similarly, the method
need not be limited to anticancer agents but may also be
useful for the enhancement of delivery to the brain of drugs
for other disorders such as Alzheimer’s disease and ac-
quired immunodeficiency syndrome (AIDS).

References

1. Begleiter A, Lam H, Grover J, Froese E, Goldenberg G (1979)
Evidence for active transport of melphalan by amino acid carriers in
L5178Y lymphoblasts in vitro. Cancer Res 39: 353 -359

2. Bennett LL (1975) Glutamine antagonists. Tn: Sartorelli AC, Johns
DG (eds) Antineoplastic and immunosuppressive drugs, part II.
Springer Verlag, Berlin, Heidelberg New York, pp 484511

3. Brightman MW (1977) Morphology of blood-brain interfaces. Exp
Eye Res [Suppl]: 1-25

4. Chastain JE, Borchardt RT (1990) Acivicin transport across bovine
brain microvessel endothelial cell monolayers: a model of the blood-
brain barrier. Neurosci Res Commun 6: 5155

5. Comford EM, Oldendorf WH (1975) Independent blood-brain bar-
rier transport systems for nucleic acid precursors. Biochim Biophys
Acta394:211-219

6. Fekete I, Griffith OW, Schlageter KE, Bigner DD, Friedman HS,
Groothuis DR (1990) Rate of buthionine sulfoximine entry into brain
and xenotransplanted human gliomas. Cancer Res 50: 1251 -1256

7. Fisher B, Carbone P, Economons S (1975) L-Phenylalanine mustard
in the management of primary breast cancer. N Engl J Med 292:
117-122

8. George RP, Poth JL, Gordon D, Schrier SL (1977) Multiple myelo-
ma-intermittent combination chemotherapy compared to continuous
therapy. Cancer 29: 16651670

9. Greig NH (1989 a) Drug delivery to the brain by blood-brain barrier
circumvention and drug modification. In: Neuwelt EA (ed) Implica-
tions of the blood-brain barrier and its manipulation, vol 1. Plenum
Press, New York, pp 311367

10. Greig NH (1989b) Brain tumors and the blood-tumor barrier. In:
Neuwelt EA (ed) Implications of the blood-brain barrier and its
manipulation, vol 2. Plenum Press, New York, pp 77—106

11. Greig NH, Momma S, Sweeney DJ, Smith QR, Rapoport SI (1987)
Facilitated transport of melphalan at the rat blood-brain barrier by the
large neutral amino acid carrier system. Cancer Res 47: 15711576

12. Griffith OW (1982) Mechanism of action, metaboltsm, and toxicity
of buthionine suifoximine and its higher homologs, potent inhibitors
of glutathione synthesis. J Biol Chem 257: 13704~ 13712

13. Groothuis DR, Molnar P, Blasberg RG (1984) Regional blood flow
and blood-to-tissue transport in five brain tumor models. Prog Exp
Tumor Res 27: 132-152

14. Haines DR, Fuller RW, Ahmad S, Vistica DT, Marquez VE (1987)
Selective cytotoxicity of a System L specific amino acid nitrogen
mustard. J Med Chem 30: 542547

15. Hildebrand J (1985) Current status of chemotherapy of brain
tumours. Prog Exp Tumor Res 29: 152166

16. Huber KR, Rosenfeld H, Roberts J (1988) Uptake of glutamine
antimetabolites 6-diazo-5-oxo-L-norleucine (DON) and acivicin in
sensitive and resistant tumor cell lines. Int J Cancer 41; 752755

17. Kubo O, Himuro H, Inoue N, Tajika Y, Tohyama T, Sakairi M,
Yoshida M, Kaetsu I, Kitamura K (1986) Treatment of malignant
brain tumours with slow-releasing anticancer drug-polymer com-
posites. No Shinkei Geka 14: 11891195

18. Leo A, Hansch C, Elkins D (1971) Partition coefficients and their
uses. Chem Rev 71: 525-616

19. Levin VA (1987) Pharmacokinetics and central nervous system che-
motherapy. In: Hellmann K, Carter S (eds) Fundamentals of cancer
chemotherapy. McGraw-Hill, New York, pp 28 -40



94

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Levin VA, Patlak CS, Landahl HD (1980) Heuristic modeling of
drug delivery to malignant brain tumors. ] Pharmacokinet Biopharm
8:257-296

Miller RG (1966) Simultaneous statistical inference. McGraw-Hill,
New York, pp 7681

Momma S, Aoyagi M, Rapoport SI, Smith QR (1987) Phenylalanine
transport across the blood-brain barrier as studied with the in situ
brain perfusion technique. J Neurochem 48: 12911300

Neuwelt EA, Dahlborg SA (1989) Blood-brain barrier disruption in
the treatment of brain tumors: clinical implications. In: Neuwelt EA
(ed) Implications of the blood-brain barrier and its manipulation,
vol 2. Plenum Press, New York, pp 195-261

O’Dwyer PJ, Alonso MT, Leyland-Jones B (1984) Acivicin: a new
glutamine antagonist in clinical trials. J Clin Oncol 2: 1064-1071
Oldendorf WH (1973) Stereospecificity of blood-brain barrier per-
meability to amino acids. Am I Physiol 224: 967 - 969

O'Tuama LA, Phillips PC, Strauss LC, Uno Y, Smith QR, Dannals
RF, Wilson AA, Ravert HT, Lafrance ND, Wagner HN (1990)
Two-phase [1C]-methionine PET scanning in the diagnosis of child-
hood brain tumors. Pediatr Neurol 6: 163170

Oxender DL, Christensen HN (1963) Distinct mediating systems for
the transport of neutral amino acids by the Ehrlich cell. J Biol Chem
238: 36863699

Pardridge WM (1977) Kinetics of competitive inhibition of neutral
amino acid transport across the blood-brain barrier. J Neurochem 28:
103108

Piver M, Barlow J, Lee F (1975) Sequential therapy for advanced
ovarian adenocarcinoma: operation, chemotherapy, second-look la-
protomy, and radiation therapy. Am J Obstet Gynecol 122: 355357
Posner JB (1977) Management of central nervous system metastases.
Semin Oncol 4: 81-91

Preston RL, Schaeffer JF, Curran PF (1974) Structure-affinity rela-
tionships of substrates for the neutral amino acid transport system in
rabbit ileum. J Gen Physiol 64: 443467

Rama B, Mandel T, Jansen J, Dingeldein E, Mennel HD (1987) The
intraneoplastic chemotherapy in a rat brain tumour model utilizing
methotrexate-polymethylmethacrylate pellets. Acta Neurochir 87:
70-75

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

Ricardi R, Bleyer WA, Poplack DG (1983) Enhancement of delivery
of antineoplastic drugs into cerebrospinal fluid. In: Wood JH (ed)
Neurobiology of cerebrospinal fluid, vol 2. Plenum Press, New
York, pp 453466

Robinson PR, Rapoport SI (1990) Model of drug uptake by brain
tumors: effects of osmotic treatment and of diffusion in brain.
J Cereb Blood Flow Metab 10: 153-161

Schober O, Duden C, Meyer GJ, Muller JA, Hundeshagen H (1987)
Non selective transport of [11C-methyl]-L-and p-methionine into a
malignant glioma. Eur J Nucl Med 13: 103-105

Segal IH (1975) Enzyme kinetics. John Wiley and Sons, New York,
pp 100-125

Smith QR, Takasato Y, Sweeney DJ, Rapoport SI (1985) Regional
cerebrovascular transport of leucine as measured by the in situ brain
perfusion technique. J Cereb Blood Flow Metab 5: 300-311

Smith QR, Momma S, Aoyagi M, Rapoport SI (1987) Kinetics of
neutral amino acid transport across the blood-brain barrier. I Neuro-
chem 49: 1651 -1658

Smith QR, Aoyagi SI, Rapoport SI (1989) Structural specificity of
the brain capillary neutral amino acid transporter. Soc Neurosci
Abstr 15: 1025

Spector R (1986) Nucleoside and vitamin homeostasis in the mam-
malian central nervous system. Ann NY Acad Sci 481: 221-230
Takasato Y, Rapoport SI, Smith SR (1984) An in situ brain perfusion
technique to study cerebrovascular transport in the rat. Am J Physiol
247: HA84-H493

Tator CH, Wassenaar W (1977) Intraneoplastic injection of
methotrexate for experimental brain-tumor chemotherapy. J Neuro-
surg 46: 165174

Vistica DT (1983) Cellular pharmacokinetics of the phenylalanine
mustards. Pharmacol Ther 22: 379405

Vistica DT, Ahmad S, Fuller R, Hill J (1986) Transport and cytotox-
icity of amino acid nitrogen mustards: implications for design of
more selective antitumor agents. Fed Proc 45: 2447 —-2450

Williams MG, Earhart RH, Bailey H, McGovern JP (1990) Preven-
tion of central nervous system toxicity of the antitumor antibiotic
acivicin by concomitant infusion of an amino acid mixture. Cancer
Res 50: 5475-5480



