


BLOOD-BRAIN BARRIER TRANSPORT OF DL-NAM
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Fig. 1. Chemical structures of Di.-NAM, melphalan, and some derivatives. A,

DL-NAM or DL-2-NAM-7 (DL-2-amino-7-bis[(2-chloroethyl)amino]-l,2,3,4-tet-
rahydro-2-naphthoic acid); B, DL-2-NAM-5 (DL-2-amino-5-bis[(2-chloroe-
thyl)amino]-l,2,3,4-tetrahydro-2-naphthoicacid); C, DL-l-NAM-7 (oL-1-amino-
7-bis[(2-chloroethyl)amino]-l,2,3,4-tetrahydro-l-naphthoic acid); D, DL-dechlo-
rinated-NAM (DL-2-amino-7-bis[(2-hydroxyethyl)amino]-1,2,3,4-tetrahydro-2-
naphthoic acid); E, DL-ANA (DL-2-amino-l,2,3,4-tetrahydro-2-naphthoic acid);
F, melphalan (L-p-bis|(2-chloroethyl)amino]phenylalanine). The abbreviation
"DL-NAM" is used in the paper only for the DL-2-NAM-7 isomer.

heptane-2-carboxylic acid were obtained from Sigma Chemical Co. (St.
Louis, MO). L-[i/-14C]leucine (specific activity, 320 mCi/mmol), L-[U-
'4C]phenylalanine (305 mCi/mmol), [IJC]sucrose and [3H]diazepam

were from DuPont-New England Nuclear (Boston, MA).
BBB Transport. BBB transport of DL-[3H]NAM, DL-dechlorinated

[3H]NAM, DL-[3H]ANA, and L-['4C]leucine was assessed in adult male
rats (250-350 g) using the in situ brain perfusion technique of Takasato
et al. (13, 20). Animals were anesthetized with sodium pentobarbital
(40 mg/kg i.p.). Brains were perfused via retrograde infusion of phys

iological saline or serum into the external carotid artery with a pump
(20). The infusion rate in the saline experiments was set at 10 ml/min
so as to minimize the effects of unlabeled amino acid efflux and mixing
on perfusate amino acid concentration in brain capillaries (13, 20). In
the serum experiments, a lower infusion rate (1.8 ml/min) was used in
order to obtain a more normal physiological flow value. Blood contri
butions from the systemic circulation were eliminated by ligating the
common carotid artery and by severing the heart immediately (<5 s)
before perfusion (9, 20). Saline perfusate consisted of a bicarbonate-
buffered Ringer's solution (composition in IHM;128 NaCl, 24 NaHCOj,

4.2 KC1, 1.5 CaCl2, 0.9 MgCl2, 2.4 NaH2PO4, and 9 D-glucose) to
which were added ['HJNAM, dechlorinated [3H)NAM, or ['H]ANA
(0.1-1.0 MCi/ml) to measure uptake, |14C]sucrose (0.1-0.5 MCi/ml) to
measure vascular volume, and unlabeled amino acid (0-10 HIM) to
examine self- or cross-inhibition. Some experiments used L-[i/-'4C]

leucine as the transport tracer. Rat serum for perfusion was collected
on the morning of the experiment from donor animals and received
['HjNAM as described above. All fluids were filtered, warmed to 37Â°C,

and gassed with 95% air/5% CO2 prior to infusion. To minimize
breakdown, nitrogen mustards were in solution prior to perfusion for
less than 5 min. Body temperature was maintained at 36-37Â°Cthrough

out the experiment with a heat lamp.
Perfusions lasted for 15-60 s. At the end of perfusion, experiments

were stopped, and samples of brain (20-60 mg) and perfusion fluid
(20-30 jil) were removed and analyzed for tracer contents by scintilla
tion counting (13, 20). BBB transfer coefficients (Kin)were calculated,
assuming unidirectional uptake kinetics, as

Q,*o,-

O T
(A)

where Â£?",â€ž,is the measured quantity of 3H- or 14C-amino acid in brain

(including vascular tracer) (dpm/g), K, is the brain vascular volume
(ml/g), C'pf is the perfusate concentration of labeled amino acid (dpm/
ml), and 7"is net perfusion time (9, 13, 20). K, was determined from
the brain distribution volume of ['4Clsucrose (20). Because transfer

rates for some amino acids were rapid, K,â€žvalues were corrected for
flow (F) and expressed in terms of cerebrovascular PA

PA = -F ln (B)

using the Crone-Renkin equation (20, 21). F was measured using [3H]

diazepam (13, 20). For a more complete description of the kinetics of
BBB transport, see reviews by Smith (21) and Fenstermacher and
Rapoport (22).

Brain influx rates (./<â€ž)for DL-NAM, dechlorinated NAM, and ANA
were calculated from measured PAs and perfusate concentrations (Cpj)
as

/,â€ž= PA.Q

(14). The concentration dependence of influx was analyzed using the
Michaelis-Menten equation

Jm =
"if

Â«m

where Vmâ€žis the maximal transport capacity and Km is the half-
saturation concentration (13, 23). Vmaxand Kmwere obtained by fitting
the Michaelis-Menten equation to the data using weighted nonlinear
least-squares (13). Maximal perfusate concentration was limited in all
experiments so that the contribution of the nonsaturable component
could be ignored. Transport inhibition constants (KÂ¡)were calculated
from the observed reduction in L-['4C]leucine uptake into brain at

known competitor concentration (CÂ¡)

of inhibition = 100 x
Ci + K i

as described previously (9, 14).
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Table 1 Regional blood-brain barrier PA for brain uptake ofi)L-l'H]NAM and
["C/melphalan from saline fluid in the absence of competitors

Values are means Â±SE for n = 8 (DL-NAM) and n = 6 (melphalan). Brain
flow rate (F) of saline was 8-12 x 1(T2 ml/s/g. Perfusion time for [3H]NAM was
30 s. Data for [14C]melphalan are from report of Greig et al. (8) and were

measured in the same laboratory using the same technique.
PA(ml/s/gx IO2)

BrainregionFrontal

cortex
Parietal cortex
Occipital cortex
Hippocampus
Caudate nucleus
Thalamus/hypothalamusDL-pH]NAM2.16

Â±0.09Â°
2.18 Â±0.13Â°
2.18 Â±0.13Â°
1.68 Â±0.09"*
1.67 Â±0.07Â°'*
1.73 + 0.07Â°-''['4C]Melphalan0.10

Â±0.01
0.11 Â±0.01
0.09 + 0.01
0.08 + 0.01
0.09 Â±0.01
0.08 Â±0.01

" Differs significantly (P< 0.01) from corresponding value for ['4C]melphalan.
* Differs significantly from value for parietal cortex (P < 0.05).

Octanol/Water Distribution Coefficients. Octanol/water partition
coefficients were measured at room temperature (~22Â°C)following the

method of Yunger and Cramer (24). Tracers were dissolved in 0.5 ml
phosphate-buffered saline (130 mM NaCl-20 mivi sodium phosphate,
pH 7.4), and then 0.5 ml water-saturated n-octanol (partition grade;
Sigma) was added. The mixture was vortexed for 60 s and then was
centrifuged for 3 min (3000 rpm) to separate phases. Distribution
coefficients were calculated as

[dpm/ml]bu(rcr

The aqueous phase was reextracted 3-5 times with fresh octanol to
ensure stable distribution values.

Plasma Protein Binding. Plasma protein binding of DL-[3H]NAM was
determined at 37Â°Cby centrifugal ultrafiltration (Centri-free system;

Amicon Corp., Danvers, MA) following the procedure of Greig et al.
(25). Nonspecific filter binding of NAM was <2%.

Alkylating Activity. Alkylating activity of nitrogen mustards was
assayed by the p-nitrobenzyl pyridine method (7). Activity for NAM

was measured at two different concentrations (1.0 and 2.5 mM), in
duplicate, and was compared to that of equimolar melphalan.

Statistics. Values are means Â±SE. Significant differences were
identified using either Student's i test or analysis of variance with the

Bonferroni adjustment for multiple comparisons (26).

RESULTS

DL-['H]NAM was taken up rapidly into brain during perfu

sion with physiological saline containing only tracer concentra
tions of amino acids and no competitors. BBB PA for DL-['H]
NAM from saline (PA -2 x 10~2 ml/s/g) (Table 1) exceeded

that of melphalan, its clinical analogue, by -20 fold and was
comparable to that of the most rapidly penetrating natural
amino acids, such as L-phenylalanine, leucine and methionine
(PA ~ 1-6 x 10-2 ml/s/g)(13, 14). Addition of unlabeled DL-

NAM to the perfusate significantly reduced brain uptake of
['H]NAM in a concentration-dependent manner, consistent

with transport by a saturable carrier (Fig. 2). Uptake was
mediated by the cerebrovascular large neutral amino acid carrier
as addition of excess 2-aminobicyclo[2.2.1]heptane-2-carbox-
ylic acid (10 mivi), the defining substrate of the L system (27),
to the perfusate reduced brain ['HJNAM uptake by >95% (Fig.

2).
To ensure that the transported species in the above experi

ments was NAM and not dechlorinated NAM, the spontaneous
breakdown product of NAM (16), perfusates were chromato-
graphed at the end of experiments to examine tracer purity.
TLC verified that dechlorinated [3H]NAM constituted <5% of
the tracer in the [3H]NAM perfusion fluid. Further, preparation
of pure dechlorinated [-'H]NAM and examination of its trans-

Tracer NAM NAM BCH
O.SuM 3uM lOmM

Tracer

BCH
10mM

Fig. 2. Blood-brain barrier PA for brain uptake of DL-['H]NAM (A), DL-
dechlorinated [3H]NAM (DeClpHJNAM)(B), and DL-['H]ANA (C) from saline
perfusate in the presence and absence of respective unlabeled compound (0.3-100
>IM)and 2-aminobicyclo[2.2.1]heptane-2-carboxylic acid (10 mM) (BCH). 2-
Aminobicyclo[2.2.1]heptane-2-carboxylic acid is the defining substrate of the
sodium-independent, large neutral amino acid transporter (L system) (14, 27).
Self-competition was examined at two different concentrations of unlabeled amino
acid. The concentration of 2-aminobicyclo[2.2.1]heptane-2-carboxylic acid was
chosen so as to competitively inhibit transport by the L system by >90% (KÂ¡2-
aminobicyclo[2.2.1 ]heptane-2-carboxylic acid < 100 ^M)( ' 5). Data are for parietal
cortex. Similar trends were seen in other measured brain regions. Note differences
between graphs in v-a\is scales and concentrations.

port characteristics demonstrated that DL-dechlorinated [3H]

NAM, although taken up by the L carrier, had a BBB PA only
~25% of that of DL-["H]NAM at tracer concentrations (PA
-0.5 x \Q-2 ml/s/g) (Fig. 2). [3H]ANA, the parent compound

of NAM without the nitrogen mustard group, had a PA 4-5
times greater than that for ['HJNAM (Fig. 2), but no [3H]ANA
was found in the ['H]NAM perfusate.

Estimated Vmaxand Km values for saturable brain uptake of
DL-NAM, dechlorinated NAM, and ANA from saline perfusate
are listed in Table 2. DL-NAM had a low Km(-0.2 Ã•Ã•M),-1000
times less than that for melphalan and -50 times less than that
for L-phenylalanine, the natural amino acid with highest affinity
for the carrier. Vmuxfor NAM was also low so that the maximal
PA

PA â€”¿�
1 'Â»max
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for uptake was only ~20 times that of melphalan and one-third
that of L-phenylalanine. ANA had a Vma,comparable to that of
L-phenylalanine, whereas dechlorinated NAM had a low Vmax
similar to that for DL-NAM. Data in Table 2 are for the parietal
cortex; however, similar values (Â±30%)were obtained in the
other five measured brain regions.

To more thoroughly examine the effect of solute structure on
transport affinity, the ability of NAM and several isomers of
NAM to inhibit brain uptake of L-[14C]leucine was determined

at tracer leucine concentrations using saline perfusate (Table
3). The KÃŒfor DL-NAM via this method agreed well with the
Km from the self-saturation studies. NAM affinity was markedly
influenced by solute structure as transfer of the nitrogen mus
tard from C-7 to C-5 of the tetrahydronaphthalene ring reduced
affinity (l/KÂ¡)by > 100-fold. Similarly, transfer of the amino
acid group from C-2 to C-l diminished affinity by over 3 orders
of magnitude (Table 3).

Brain uptake of DL-['H]NAM was measured during perfusion

with rat serum (Table 4) to evaluate the effect of plasma protein
binding and competition by endogenous amino acids on BBB
transport. PA for [3H]NAM from serum was some 20-30-fold

less than that from tracer saline but was still appreciable (PA
-7.4 x 10~4 ml/s/g) and predicted a tv, for brain equilibration

ofâ€”8-15 min

In2

Table 2 Vâ€žâ€ž,Km,and PA^^for saturable amino acid influx into brain from
physiological saline in the absence of competitors

Values are means Â±SEfor the parietal cortex. PAmâ€žis defined as Vmâ€ž/Jfm.

assuming a brain distribution volume (Vbr)of 0.5-1.0 ml/g (21).
The observed reduction in PA agreed well with that predicted
from competition from serum amino acids (~20-30 fold), based
on reported plasma concentrations and transport Kmvalues (14,
23). Serum protein binding of [3H]NAM was low (21.2 Â±1.3%,
n = 4) and appeared to be mediated primarily by albumin
inasmuch as binding values of similar magnitude (19.2 Â±2.1,
n = 3) were obtained with 4% bovine serum albumin. Brain
transport of NAM from serum was mediated via the L carrier
as addition of 20 HIML-phenylalanine to serum decreased [3H]

NAM influx by >86% (Table 4).
Octanol/water distribution coefficients for DL-NAM, DL-

ANA, L-phenylalanine and DL-dechlorinated NAM equaled
0.159 Â±0.007, 0.099 Â±0.003, 0.032 Â±0.001, and 0.010 Â±
0.001 (n = 3-6), respectively. The distribution coefficient for
NAM exceeded that for L-phenylalanine by ~5-fold. DL-NAM
was a potent alkylator and demonstrated a 1.6- Â±0.1-fold
greater activity than equimolar melphalan via the p-nitroben-
zylpyridine assay. Brain [14C]sucrose distribution space (F,.)

averaged 0.008 Â±0.001 (SD) ml/g and did not vary with
perfusate NAM (0.001-3 MM) or melphalan (0.05-1.0 HIM)
concentration (perfusion time, 15-60 s) (P > 0.05). Similarly,
NAM, in concentrations up to 3 MM,did not elicit a significant
change in brain perfusion fluid flow (T = 30 s) (P > 0.05).

DISCUSSION

This study demonstrates that DL-NAM is taken up into brain
with high affinity by the large neutral amino acid carrier of the
BBB. Brain transfer of DL-NAM is rapid with a PA on the
same order of magnitude as that for the most highly penetrating
natural amino acids (i.e., L-phenylalanine, L-leucine and L-
methionine; 1-6 x 10~2 ml/s/g) (13, 14, 23) and -20-fold
greater than that of L-melphalan (8). Because DL-['H]NAM is

a racemic mixture and the carrier prefers L isomers (13, 23),

AminoacidDL-NAM

DL-Dechlorinated-NAM
Melphalan"L-Phenylalanine''

DL-ANA
L-Leucine*Vmâ€ž

(nmol/
min/g)0.26

Â±0.03
0.58 Â±0.10

5.4 Â±1.841

Â±2
39 Â±4
59 Â±5Km

(MM)0.19

Â±0.02
1.7 Â±0.3

150Â±6011

Â±1
7.1 Â±0.9
29 Â±6PAmt>

(ml/s/g
xIO2)2.28

0.57
0.066.21

9.15
3.39

" From report of Greig et al. (8).
* From report of Smith et al. (13, 14). Perfusion time for NAM, dechlorinated

NAM, and ANA was 30 s. Values were determined in the absence of competing
amino acids.

Table 3 Transport KÂ¡values and apparent affinity for uptake into brain
KÂ¡values are means Â±SE for the parietal cortex. Number in parentheses is the

total number of animals used to calculate KÂ¡.Values for DL-2-NAM-5, DL-1-
NAM-7, DL-dechlorinated NAM and DL-2-ANA are estimates based on observed
inhibition (40-80%) at one or two perfusate drug concentrations (n = 3-4).
Values for DL-NAM and melphalan were based on more observations (4 concen
trations, n = 3-4 animals/concentration) and thus are more accurate. Affinity (I/
KÃ•)is expressed relative to that for L-phenylalanine (affinity of L-phenylalanine =
1.00). Perfusion time was 15-30 s.

AminoacidDL-2-NAM-7

DL-2-NAM-5
DL-l-NAM-7
DL-Dechlorinated NAM
DL-2-ANA
MelphalanTransport

KÂ¡ Apparent affinity (relative
(MM) toL-phenylalanine)0.16

25
730
1.3
6.7
1020.01

(15)7(3)

57(6)
0.01 (4)
1.1 (4)
6(14)69

0.44
0.015
8.5
1.6
0.11

Table 4 Blood-brain barrier PA for brain uptake ofi>i.-[*H]NAMfrom rat serum
and inhibition by 20 m.\i L-phenylalanine

PA values are means Â±SE for n = 5 (serum) and n = 3 (L-phenylalanine).
Brain serum flow rate (F) equaled ~2 x 10~2ml/s/g. Perfusion time was 60 s.

PA (ml/s/g x 10")

BrainregionFrontal

cortex
Parietal cortex
Occipital cortex
Hippocampus
Caudate nucleus
Thalamus/hypothalamusSerum8.2

Â±0.5
7.5 Â±0.6
7.5 Â±0.8
6.8 Â±0.7
7.8 Â±0.6
6.8 Â±0.6Serum

+ 20 mM
L-phenylalanine0.66

Â±0.20"
0.78 Â±0.18"
0.63 Â±0.15Â°
0.96 + 0.10Â°
0.84 + 0.12"
0.83 + 0.13Â°%

of inhibition92

90
92
86
89
88

Mean 7.4 0.78 90
"Differs (P < 0.01) from corresponding regional value with no added L-

phenylalanine in the perfusate.

the true difference in PA between L-NAM and melphalan may
approach 40-fold. The greater brain uptake of NAM, as well as
its enhanced alkylating activity and reduced myelosuppressive
activity (16), may make NAM of interest for the treatment of
brain tumors.

The high affinity of NAM for the L system derives in part
from the marked hydrophobicity of the tetrahydronaphthalene
ring. Due to the large ring structure, DL-NAM possesses an
-10-fold greater lipid solubility than melphalan (octanol/water
distribution coefficient for melphalan, 0.019) (28) and would
be expected to exhibit -16-fold higher transport affinity, based
on the empirical relation between l/Km and lipid solubility
reported by Smith et al. (14, 15). The observed difference in
affinity, however, is far greater (â€”1000-fold), and thus other
factors likely contribute as well. One is the position of the
substituent groups, as demonstrated by the large differences in
affinity among the NAM isomers. The nitrogen mustard group
on position 7 of DL-2-NAM-7 may be ideally placed for for-
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mation of a hydrogen bond or to allow interaction with an
additional hydrophobia pocket on the carrier. In this regard, it
should be noted that the "meta" isomer of melphalan (L-m-

phenylalanine mustard), which has the nitrogen mustard in the
same position as that of DL-2-NAM-7, is reportedly taken up
more rapidly than melphalan (L-/?-phenylalanine mustard) into
lymphocytes (29). This suggests that the "meta" position may

be preferable for the L carrier and that the meta isomer of
melphalan may show enhanced affinity and transport into brain.

Although the difference in transport affinity between DL-
NAM and L-melphalan approaches 1000-fold, the difference in
uptake between the two amino acids is only a factor of 20. This
discrepancy arises because the Vmaxfor NAM is low, ~l/20th
of that for melphalan and ~ 1/150th that of L-phenylalanine.
The low Vmaxfor NAM is not the result of NAM alkylation of
the transporter as dechlorinated-NAM also shows a low Vmax.
The low value confirms the observation that differences exist
in Vmaxamong neutral amino acids (14) and raises questions
concerning the molecular factors that influence transport ca
pacity. Although NAM binds tightly to the carrier, it may not
be translocated efficiently due to some steric restriction to
movement through the carrier mechanism. A similar reduction
in Vmaxhas been noted for transport of large, hydrophobic
choline analogues by the erythrocyte choline carrier (30). The
results suggest that further work will have to be done to more
fully characterize the size capacity and structural requirements
of the L system carrier.

Brain influx of DL-[3H]NAM from serum was lower than that
from saline but was still appreciable (PA ~8 x 10~4 ml/s/g)

with a predicted tv, for brain equilibration of 8-15 min. Similar
reductions in PA (20-30-fold) have been reported for other
large neutral amino acids (13, 14, 23), including melphalan
(PAmclphaiaâ€žfrom blood = 0.25 x IO'4 ml/s/g ) (31). The reduced

uptake from serum arises primarily from transport competition
with endogenous plasma amino acids which share the cerebro-
vascular L system carrier. At normal plasma concentrations the
carrier is heavily saturated with amino acids as a group (13, 14,
23), and individual amino acids must compete for available
transport sites. Competition reduces amino acid influx rates by
~20-30-fold (13, 14, 23). Plasma protein binding contributes
minimally to the observed reduction in NAM uptake from
serum, inasmuch as the bound fraction for DL-NAM was <
20%. Melphalan, on the other hand, binds far more extensively
(>80%) (25, 32). The low plasma protein binding of NAM
makes its uptake and distribution less dependent on factors that
influence binding, such as albumin concentration, drug inter
actions, disease, and age (33, 34).

Melphalan, due to its low transport affinity and marked
plasma protein binding, is taken up poorly into brain and attains
a cortex:plasma area-under-the-curve ratio following peripheral
injection of only ~8-10% (8). The low brain accessibility of
melphalan markedly limits its therapeutic efficacy against in-
tracerebral tumors (32). DL-NAM, on the other hand, is more
readily taken up into brain and shows enhanced in vitro cyto-
toxicity and reduced myelosuppressive activity (16). Because
tumor cells often exhibit elevated amino acid transport activity
(35, 36), NAM may accumulate more readily in brain tumor
than surrounding brain tissue, which would further reduce
toxicity and enhance therapeutic effect.

Melphalan has recently been reported to open the BBB in
high concentrations (37). In our experiments, however, no
evidence was observed for increased brain uptake of [14C]sucrose

during brain perfusion with melphalan or NAM at concentra

tions of up to 1 mM and 3 ^M, respectively. Brain sucrose space
equaled 0.89 Â±0.04 x 10~2 ml/g (n = 8) in control animals
(saline perfusion, 30 s), 0.88 Â±0.02 x 10~2 (Â«= 4) in animals

perfused with 1 mM melphalan (30 s), and 0.88 Â±0.06 x
10 ~2(n = 7) in animals perfused with 3 /IM DL-NAM (30 s).

Inspection of the brain perfusion data of Greig et al. (8) revealed
no evidence for a marked change in the brain [3H]inulin space

during brain perfusion for 60 s at melphalan concentrations of
up to 16 mM. Values at 8 mM melphalan did not differ signifi
cantly from controls (P > 0.05) and values at 16 HIM only
exceeded controls by 20-30%. Thus, the data do not support
the hypothesis that melphalan opens the BBB. The large (2-4-
fold) increases in brain extraction seen by Cornford et al. (37)
may have arisen from a secondary factor, such as melphalan
alkylation of the reference tracer ([14C]diazepam) to form a less

permeant product.
In summary, the results demonstrate that high-affinity drugs

can be designed for the natural nutrient carriers of the BBB.
Although NAM was developed for the large neutral amino acid
carrier, drugs can be produced for other systems, as shown by
work of Schein et al. (38) with nitrogen mustard monosaccha-
rides. Finally, the high affinity of NAM may also make it useful
for the selective binding and labeling of the cerebro vascular L
system transporter, similar to that previously carried out using
cytochalasin B for the o-glucose carrier (39).
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