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Polarity of the Blood-Brain Barrier: Neutral Amino Acid

Transport into Isolated Brain Capillaries

Abstract. Capillary endothelial cells isolated from rat brain exhibit Na*t-dependent
uptake of the neutral amino acid analog a-(methylamino)isobutyric acid. Since stud-
ies in vivo demonstrate that this transport system is not present on the blood side of
Brain capillaries we conclude that Na*-dependent neutral amino acid transport is
located on the brain side. Therefore, the luminal plasma membrane and the anti-
luminal plasma membrane appear to be functionally distinct. This polarity should
permit brain capillary endothelial cells to actively regulate the internal milieu of the

brain.

Numerous studies in vivo $how that
some polar solutes easily enter the brain
from the blood, while others do not. This
selective permeability barriet between
the blood and brain is called the blood-
brain barrier (BBB). Thus, methods
which measure unidirectional uptake of
amino acids from the blood readily dem-
onstrate a BBB transport system for
large neutral amino acids such as phenyl-
alanine, leucine, tryptophan, and methi-
onine (/-4); however, there is little or no
transport of small neutral amino acids
such as glycine, alanine, serine, and pro-
line (/, 3, 4). These two groups of amino
acids correspond respectively to the
Nat*-independent L system and the Na*-
dependent A system for neutral amino
acid transport into other cells (5). There-
fore, it has been concluded that the A
system for amino acid transport does not
exist in the BBB (3, 4, 6). The observa-
tion that the A-system analog, a-amino-

Table 1. Stereospecificity of the A system
(eMeAIB) and L system (L-leucine) for neu-
tral amino acid transport into isolated brain
capillaries. The uptake of aMeAIB was mea-
sured after incubation for 10 minutes in the
presence of 150 mM NaCl buffer and 0.3 mM
C-labeled aMeAIB (2.5 uCi/ml), with or
without 10 mM inhibiting amino acid. The up-
take of L-leucine was measured after in-
cubation for 1 minute in the presence of 150
mM choline chloride buffer and 0.15 mM L-[1-
"“Clleucine, with or without 10 mM inhibiting
amino acid. Symbols: ++++, 50 to 60 per-
cent inhibition; +++, 40 to 50 percent inhibi-
tion; ++, 30 to 40 percent inhibition; +, 10 to
30 percent inhibition; and 0, < 5 percent inhi-
biti’or}. Results are the averages of three deter-
minations. All standard deviations are less
than 7 percent inhibition.

Inhibiting Inhibition Inhibition
amino acid ofaMeAIB  ofleucine
(10 mM) uptake uptake
aMeAIB ++++ 0
L-Proline +4+++ 0
L-Methionine ++++ ++++
L-Leucine +++ ++++
L-Phenylalanine +++ ++++
L-Alanine +++ +++
Glycine ++ +
L-Tryptophan ++ ++++
L-Serine + +++
L-Histidine + +++

isobutyric acid, does not enter brain dur-
ing a single capillary passage supports
this hypothesis (/, 7). Furthermore, after
intravenous administration this amino
acid accumulates in most tissues of the
body, but not in the brain (8). Despite the
apparent absence of Na*-dependent
(concentrative) amino acid transport in
the BBB, some A-system amino acids
can be transported from brain to blood
against a concentration gradient (9).
These results raise the possibility that
the brain side of the BBB differs from the
blood side. However, interpretation of
these studies in vivo is complicated by
the presence of amino acid transport sys-
tems in choroid plexus (/0) and brain
cells (/11).

All evidence indicates that the plasma
membrane and intercellular tight junc-
tions of the brain capillary endothelial
cells are responsible for the BBB (/2).
The development of methods for isolat-
ing capillaries from brain has made it
possible to investigate the transport
properties of the BBB directly at a cellu-
lar level (/3). Thus, Sershen and Lajtha
have shown that the L system for amino
acid transport is present in isolated brain
capillaries and that it is Na*-independent
4). However, these investigators did not
study in vitro the capillary uptake of
an A-system analog. We now report on
the uptake of a-(methylamino)isobutyric
acid (aMeAIB) and L-leucine by isolated
brain capillaries. We chose these amino
acids because in other cells, aMeAIB is
transported exclusively by the Nat-de-
pendent A system while leucine is trans-
ported principally by the Nat*-indepen-
dent L system (5).

Capillaries were isolated from the cer-
ebral cortex of rats that were 30 days old
by a method that has been described
(13). Amino acid uptake by isolated cap-
illaries was followed in the presence or
absence of Na* or with the Na* gradient
abolished by ouabain. Figure 1A shows
that «MeAIB is concentrated within the
endothelial cells in the presence of Na*t
and that this accumiilation is prevented
by prior incubation with ouabain. Leu-
cine also exhibits a minor Na*-depen-
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dent accumulation. In other cells the A
system can be selectively eliminated by
incubation in the absence of Nat' (/4).
Figure 1B shows that «Me AIB uptake by
brain capillaries is markedly decreased
in the absence of Na*. By contrast, leu-
cine shows rapid uptake even when Na*
is eliminated and this process is not in-
hibited by aMeAIB. Thus, in brain capil-
laries the A and L systems for neutral
amino acid transport can be distin-
guished by incubation in the presence or
absence of Na*. The stereospecificity for
aMeAIB uptake in the presence of Na*
(A system) and for leucine uptake in the
absence of Nat (L system) is shown in
Table 1. The results demonstrate some
overlap in affinities for the two transport
systems; however, this pattern is nearly
identical to that obtained with Ehrlich
ascites cells in which the A and L sys-
tems were first described in detail (5).

Our results clearly demonstrate the
existence of Na*-dependent (A system)
and Na*-independent (L. system) neutral
amino acid transport into isolated brain
capillaries (/5). In this preparation in vi-
tro, the incubation medium has access to
both the luminal plasma membrane,
which is normally in contact with the
blood, and the antiluminal plasma mem-
brane, which is normally in contact with
the brain interstitial fluid. Since the re-
sults of numerous studies in vivo in-
dicate that A-system transport does not
occur from the luminal side of the brain
capillary (I, 3, 4, 7, 8), we conclude that
this transport system is located on the
antiluminal side. This polarity for A-sys-
tem amino acid transport would explain
the active efflux of small amino acids
from brain to blood despite their limited
entry from blood to brain (I, 3, 4, 9). In
contrast, the L. system is probably lo-
cated on both the luminal and anti-
luminal sides.

Other solutes such as K™, iodide, pros-
taglandins, and certain organic acids
which are not readily taken up from the
blood exit from the brain against a con-
centration gradient (/6). Thus, these
transport systems may also have a polar
distribution in the endothelial cell mem-
brane. The operation of such antiluminal
active transport systems, whether direct-
ly coupled to energy or coupled in-
directly through the sodium gradient,
would require a substantial energy input.
This may explain the relatively high
mitochondrial density of brain capillary
endothelial cells (/7).

Epithelial cells which line the lumen of
the small intestine and the proximal tu-
bule of the kidney are also polar (I8).
The luminal membranes of these cells
contain Nat-dependent glucose and
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amino acid transport systems and the
enzyme alkaline phosphatase, whereas
Na*-independent solute transport and
Na*- and K*-dependent adenosinetri-
phosphatase are located in the anti-
luminal membrane. Besides polarity,
other similarities with brain capillary
endothelial cells include the presence of
intercellular tight junctions (/9), a high
activity of alkaline phosphatase (20) and
y-glutamyltranspeptidase (2/), and the
presence of a large number of mito-
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Fig. 1. The uptake of *C-labeled aMeAIB or
L-[1-'*C]leucine was measured at 37°C in a to-
tal incubation volume of 0.2 ml containing 0.1
to 0.2 mg of capillary protein, 0.5 to 1.0 wCi of
14C, and the stated concentration of unlabeled
amino acid. The incubation buffer consisted
of 150 mM NaCl (A) or 150 mM choline chlo-
ride (B) and 4 mM KCl, 3.2 mM CaCl,, 1.2
mM MgCl,, 15 mM Hepes (pH 7.4), S mM glu-
cose, and 1 percent (weight to volume) bovine
serum albumin: The reaction was stopped by
filtration through a glass fiber filter and the
cells were washed with ice-cold Hepes-buf-
fered Ringer solution. The washed filters were
immediately placed in 6 percent (weight to
volume) perchloric acid and sonicated for $§
minutes. After centrifugation, the supernatant
was counted in a liquid scintillation spectrom-
eter. For the blank, a portion of cells was add-
ed to the ice-cold Hepes-buffered Ringer solu-
tion before the addition of isotope. Calcu-
lation of the distribution ratio was based on an
intracellular water content of 4.2 ul per milli-
gram of protein. This value was determined
previously (22) as the difference between the
wet and dry weight of the preparation minus
the L-glucose space. Results are the average
of three determinations; standard deviations
not shown were less than the size of the sym-
bol. (A) Cells were first incubated for 20 min-
utes at 37°C with or without 1 mM ouabain.
(B) Cells were prepared in NaCl buffer but
then washed three times with a buffer contain-
ing an equimolar concentration of choline
chloride and no NaCl. After 20 minutes of in-
cubation at 37°C, uptake experiments were
performed in the choline buffer.

chondria (/7). Thus, in many respects,
cerebral endothelial cells are similar to
polar epithelial cells in other tissues.

In conclusion, we propose that the
endothelial cells in brain capillaries have
a polar distribution of solute transport
carriers. Limitation of the Na'-depen-
dent amino acid transport system to the
antiluminal plasma membrane of these
cells allows for the transfer of selected
amino acids from brain to blood against a
concentration gradient. Similarly, a po-
lar distribution of ion and organic acid
transport carriers would permit active
regulation of the composition of brain in-
terstitial fluid and the net secretion or ab-
sorption of this fluid by brain capillaries.

A. LoORrRIS BETZ
GARY W. GOLDSTEIN
Departments of Neurology and
Pediatrics, University of California,
San Francisco 94143
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Cocaine Plasma Concentration: Relation to Physiological

and Subjective Effects in Humans

Abstract. Volunteer subjects with previous histories of cocaine use were adminis-
tered cocaine hydrochloride intravenously or intranasally. There was a positive re-
lationship between peak plasma concentration, physiological and subjective re-
sponses, and dose administered. The rate of cocaine disappearance after intra-
venous administration paralleled the drop in physiological and subjective drug
effects. After intranasal administration, blood levels remained elevated for a consid-

erably longer period.

The presence of a positive correlation
between plasma levels of cocaine in hu-
mans and its physiological and sub-
jective effects has been questioned in
two recent reports (I, 2). Van Dyck et al.
(1) applied a 10 percent solution of co-
caine hydrochloride to the nasal mucosa
of surgical patients (who were also given
other drugs), and found that the peak
concentrations in plasma occurred after
approximately 60 minutes. They noted
that since maximum euphoria reported
by street users occurs within 3 to 5 min-
utes after inhalation of the drug, the peak
plasma levels of cocaine are not related
to peak euphoric effects. Resnick et al.
(2) administered cocaine solutions intra-
venously and intranasally and found that
peak drug effects occurred within 5 to 10
minutes after intravenous injection and
15 to 20 minutes after intranasal adminis-
tration, but did not measure plasma lev-
els. Using for comparison the data of
Van Dyck et al. (I), who measured
plasma levels but not subjective effects,
Resnick et al. concluded that the time
course of the physiological and sub-
jective effects is apparently not related to
levels of cocaine in plasma.

The present study was designed to
correlate physiological and subjective ef-
fects with the plasma concentration of
cocaine in the same subjects (3). Ten
adult volunteers with histories of intra-
venous cocaine use were the subjects.
Prior to inclusion in the study, each was
given an extensive drug history inter-
view and a thorough psychiatric and
physical examination (¢). Subjects were
admitted to the clinical research unit of
Billings Hospital for a 2-week period
during which they were tested daily with
either intravenous cocaine or saline or
intranasal cocaine. Cocaine hydro-
chloride (16 or 32 mg) dissolved in physi-
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ological saline was administered intra-
venously (1 ml in 60 sec) through a pre-
viously inserted scalp-vein infusion set.
Intranasal cocaine was administered as
100 mg of white powder consisting of the
appropriate dose of cocaine (16, 64, and
96 mg) mixed with lactose powder. Sub-
jects were instructed to inhale this mix-
ture through a 5.0-cm straw within 1 min-
ute.

One or two scalp-vein butterfly in-
fusion sets attached to saline drip bags
were inserted into arm veins and appro-
priate physiological monitoring devices
were placed on each subject 1.5 hours
before drug administration. Heart rate
was continuously recorded, and subjects
were required to report on their drug
“‘high’’ and fill out drug effects question-
naires, which included identifying the
drug they were given and rating it on a 0
to 10 scale (0 = placebo, 5 = average
dose of ‘‘street’” cocaine, 10 = largest
dose of ““street’’ cocaine ever taken) (5).

Blood samples were collected through
a scalp-vein infusion set. When the route
of drug administration was intravenous,
blood was withdrawn from the arm op-

Table 1. Plasma concentrations of cocaine af-
ter intravenous administration. Cocaine val-
ues are given as mean * standard error; n,
number of determinations.

Dose
Time
since 16 mg 32 mg
gnr?f) Cocaine Cocaine
(ng/ml) (ng/ml)

5 221 = 41 12 308 = 32 15
10 164 = 24 14 253 = 25 19
20 150 = 22 9 253 + 45 8
30 109 = 13 14 170 = 19 19
60 62+ 9 14 111 = 14 20
90 30 3 5 61 = 10 14

120 21 = 4 5 49 = 10 10
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posite to the infusion arm. Sodium fluo-
ride (2.5 mg per milliliter of blood) was
added to each sample, which was then
mixed and separated into plasma and red
blood cells. Cocaine from the sample
was extracted without delay and deter-
mined by gas chromatographic method
using an electron capture detector (6).
Samples were identified by code only,
and the code was not broken until all
subjective and physiological data had
been analyzed.

Plasma concentrations of cocaine after
intravenous injections of 16 and 32 mg
are given in Table 1. Plasma levels were
higher after the larger dose. There were
large intersubject variations in the
plasma concentrations in the ten subjects
studied (for instance, cocaine plasma
concentrations ranged from 86 to 309 ng/
ml 5 minutes after a 16-mg injection and
from 216 to 409 ng/ml 5 minutes after a
32-mg injection). Half-life of cocaine dis-
appearance from plasma varied from 16
to 87 minutes (7). This is the first study of
plasma half-life of cocaine in humans af-
ter intravenous injection, although Misra
8) reported plasma half-life of cocaine
after intravenous injection in rats, dogs,
and monkeys of 18, 72, and 72 to 78 min-
utes, respectively.

The rate of cocaine disappearance in
human plasma after intravenous injec-
tion paralleled the return of heart rate to
predrug levels after the peak increase 8
to 12 minutes after cocaine administra-
tion (Fig. 1). Although some intersubject
variability was seen, changes in heart
rate after intravenous cocaine were simi-
lar to those previously reported (¢), with
heart rate returning to predrug levels by
30 to 45 minutes. After intravenous in-
jection of drug, subjects reported that
the maximum ‘‘high’’ occurred approxi-
mately 3 to 5 minutes after injection.
They indicated that the drug effect had
disappeared within 30 to 40 minutes and
that, if self-injecting, they would be
ready for a second dose at this time.
Both plasma concentration of cocaine
and physiological and subjective effects
were dose-related. It appears that the
cardiovascular and subjective effects are
highly correlated with the rapid increase
in cocaine plasma levels, peaking early
and showing parallel decreases over the
first 30 minutes after intravenous injec-
tion.

Plasma concentrations of cocaine after
different intranasal doses are given in
Table 2. Concentrations increased rapid-
ly for the first 20 to 30 minutes after in-
halation, reaching peak levels before 60
minutes, and then decreased gradually
over the next hour. Higher doses yielded
higher peak plasma values. As was ob-
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