Blood-Brain Barrier: Penetration of Morphine, Codeine,
Heroin, and Methadone after Carotid Injection

Abstract. Labeled morphine, codeine, heroin, or methadone was injected as a
bolus into the common carotid artery of the rat, and the rat was decapitated 15
seconds later. The brain uptake of the drug was calculated by measurement of
the brain content of the drug as a percentage of a labeled, highly diffusible refer-
ence substance simultaneously injected. The uptake of morphine was below
measurability; the uptake of codeine was 24 percent; heroin, 68 percent; and
methadone, 42 percent. Brain uptakes of morphine and codeine were also studied
after intravenous injection and correlated well with uptakes after carotid injection;
the uptake of codeine being nearly complete by 30 seconds. These studies indicate
that brain uptake of certain of these drugs is very rapid and that uptake of heroin
injected intravenously is probably limited by the regional flow of blood in the
brain. The possible relation of this rapid penetration of the blood-brain barrier
by heroin to its strongly addictive properties is discussed.

The blood-brain barrier is often a
major factor determining the amount
of a drug that reaches the extracellular
fluid of the brain after systemic admin-
istration. In the usual experimental
methods of measuring the permeability
of the blood-brain barrier, a radio-
labeled or unlabeled test drug is intro-
duced systemically, and its brain con-
centration is measured at some later
time. The blood-brain barrier is con-
sidered permeable when appreciable
amounts of the drug appear in the
brain. Plasma protein binding, variable
systemic biotransformation of the drug,
and other factors, may obscure the in-
trinsic permeability of the blood-brain
barrier to the unbound original com-
pound. In our study we utilize a tech-
nique in which the test substance is in-
jected quickly into the common carotid
artery of the rat, thereby introducing
a predictable amount of test substance
into the microcirculation of the brain.
The amount of test substance taken up
by the brain during a single microcir-
culatory passage is used as an index of
permeability of the blood-brain barrier.

The labeled narcotics (1) shown in
Fig. 1 were each injected as a bolus
into the surgically exposed common
carotid artery of adult rats anesthetized
with pentobarbital (2). The injection
vehicle was 0.2 ml of Ringer solution
(3). In addition to the test substance,
the injected solution also contained tri-
tiated water as a diffusible standard (4)
when the test substance was [1*C]co-
deine, [1*Clmorphine, or ['*C]heroin;
[**Clisopropanol was the diffusible
standard when the test substance was
[*H]methadone. The rat was decapi-
tated 15 seconds after the injection.

Blood to brain exchange of the test
substance occurs in the first 1 to 2 sec-

onds after injection, and mixing with
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blood during this time is minimized be-
cause of the high rate of bolus injec-
tion. It is assumed that nearly 100 per-
cent of the diffusible reference sub-
stances had penetrated the blood-brain
barrier and remained in the brain. Some
fraction of the injected test substance
also had penetrated the blood-brain
barrier and remained in the brain at
15 seconds. Any of the test substance
remaining intravascular was, by the
time of decapitation, cleared from the
vasculature and distributed to the en-
tire rat. The amount of test substance
remaining in the brain at 15 seconds
after the injection was expressed as a
percentage of the diffusible reference
substance present at that time. This cal-
culation was carried out after routine
simultaneous #C and 3H liquid scintil-
lation counting of approximately 0.2 g
of brain tissue rostral to midbrain and
ipsilateral to the carotid injection.
When this study was carried out with
the use of nondiffusible test substances,
such as sucrose or inulin, about 2 per-
cent remained in the brain at 15 sec-
onds (4). This 2 percent is considered
the background level of the method and
has not been subtracted to calculate

the brain uptakes reported in our study.

The brain uptakes of the drugs stud-
ied after carotid injection are shown in
Fig. 1. The uptake of morphine is not
significantly elevated above the 2 per-
cent background level of the method.
The uptake of codeine is 243 per-
cent; heroin, 68x6 percent; and
methadone, 42 +3 percent (5).

When measuring the brain uptake of
a test drug after routine systemic
administration it is common to wait
some minutes after administration to
determine brain concentration. Since
our carotid injection studies indicate
that a large fraction of codeine, heroin,

and methadone penetrate into the brain
during a single capillary passage, it was
postulated that distribution of many
drugs to the brain take place during the
first few seconds after intravenous in-
jection. A delay of some minutes before
measuring brain concentration may give
a spurious impression of the rate of
distribution to the brain. To determine
the relevance of the brain uptakes of
drugs after carotid injection to the
more usual systemic administration,
we studied the concentrations of co-
deine and morphine in plasma and
brain starting at 30 seconds and up to
32 minutes after intravenous adminis-
tration. Heroin was not studied after
intravenous injection. :

‘Approximately 2 uc of [Clcodeine
4 pc of [MClmorphine, or 4 uc of
[BH]mannitol (1) were injected into
the femoral vein of Fisher rats (200 g)
(6), which were decapitated 0.5, 1, 2,
4, 8, 16, or 32 minutes later. Radio-
activity in weighed blood plasma and
brain was determined by routine liquid
scintillation counting immediately after
decapitation. The entire brain rostral
to the midbrain was included in the
specimen. A portion of the injected
solution was weighed and counted. The
[*H]mannitol was included in the study
to compare the rate of its disappearance
from plasma and its appearance in
brain relative to codeine and morphine
(7). The brain and plasma concentra-
tions in this intravenous study are ex-
pressed as a percentage of the mean
body concentration (8).

Figure 2 shows the concentration of
[**CJcodeine and [MClmorphine in
plasma and brain at various times after -
intravenous injection. By 30 seconds
after injection more than 90 percent of
both codeine and morphine have left the
blood plasma (9). The maximum con-
centration of brain codeine is reached
by 1 to 4 minutes and is nearly at the
maximum level by 30 seconds. This
very rapid entry into brain correlates
with the 25 percent uptake noted in
the single brain passage after carotid
injection (Fig. 1).

At no time during the 32-minute
period did the brain concentration of
morphine exceed approximately 6 per-
cent of the mean body concentration
after intravenous injection (Fig. 2).
Throughout the 32-minute interval the
brain concentration of morphine was
approximately one-tenth that of co-
deine. This relation to codeine corre-
lates well with the relative brain up-
takes after carotid injection (Fig. 1).
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Fig. 1. Structural formulas and brain
uptakes of morphine, codeine, heroin, and
methadone in a single brain passage after
carotid injection. The greater uptake of
codeine and heroin relative to morphine
can be explained on the basis of their
greater lipid solubility relative to mor-
phine. For each mean and standard
deviation, n = six rats.

Although methadone and heroin were
not studied after intravenous injection,
it is reasonable to assume their entry
into brain would be even more rapid
than codeine.

Both
phine disappeared from plasma con-
siderably more rapidly than did [3H]-
mannitol (Fig. 2). The brain concen-
tration of [C]morphine was always
higher than that of [*H]mannitol.

The amount of a drug that distributes
to brain after introduction into ‘the
body is a function of several unpre-
dictable variables. Some of these are:
(i) the rate of transfer into blood from
the intestinal lumen or other entrance
site, (ii) the fraction of circulating drug
bound to plasma protein, (iii) the free-
dom with which the unbound circu-
lating fraction of the drug penetrates
the blood-brain barrier, (iv) the bind-
ing by the brain once the drug has
penetrated the blood-brain barrier, (v)
the biotransformation of the drug prior
to and after penetration into brain, and
(vi) the fraction of the drug ionized
at blood pH. With systemic adminis-
tration it is difficult to separate the
penetration of the blood-brain barrier
[see (iii) above] from other variables.

Mixing of the test drug with blood
is minimized by the high rate of com-
mon carotid injection. After the brief
period of injection, forward circulation
resumes and the injected bolus passes
through the brain reasonably well iso-
lated from contact with plasma. With
all systemic routes of administration,
the test drug is in contact with blood
protein prior to its passage through the

Fig. 2. Tissue concentrations of [*C]-
codeine and ["'C]morphine in brain after
intravenous injection in the rat expressed
as a percentage of mean body concentra-
tion. By 30 seconds, more than 90 per-
cent of both codeine and morphine are
no longer present in the blood plasma,
and nearly maximum concentrations of
codeine have already been achieved in
the brain. The considerably lower con-
centrations of morphine in the brain seen
here after intravenous injection correlate
well with the relative uptakes of codeine
and morphine after carotid injection, as
shown in Fig. 1.
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microcirculation of the brain and, de-
pending on the affinity of the drug for
plasma protein binding sites, some vari-
able fraction remains in free solution.
Probably only this unbound plasma
fraction is available for blood to brain
exchange, and it presumably is the
rapidity of the exchange of this un-
bound fraction that our carotid injec-
tion methodology defines. The injected
labeied test substance is, after carotid
injection, almost entirely in free solu-
tion when it enters the microcirculation
of the brain where its rapidity of up-
take by the brain probably is greater
than the uptake that would occur if
the test substance had been carried into
the brain mixed with blood and thus
partially protein bound. However,
plasma protein binding studies of sev-
eral morphine analogs (/0) and metha-
done (/7) indicate that 33 to 82 per-
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cent of these drugs are unbound in
plasma. This suggests that, at least for
these relatively poorly bound drugs, the
brain uptakes after carotid injection
(Fig. 1) can predict the rate of pene-
tration of the blood-brain barrier after
systemic administration.

Our studies indicate that some drugs
come into equilibrium between blood
and brain within a few seconds and that
the amount of drug taken up by the
brain after systemic administration is
often determined by its rate of appear-
ance in the blood, particularly after
subcutaneous, intramuscular, or intra-
peritoneal injection. After intravenous
injection the concentration in brain
during the first 30 seconds is of interest
with many drugs because blood or tis-
sue sampling delayed more than a few
minutes after injection may miss ini-
tially high values. Our data (Fig. 2)
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suggest that brain uptake studies of
systemically administered drugs should,
in most cases, use intravenous injection
with brain tissue concentration mea-
surements beginning at 30 seconds.

To be entirely representative of brain
uptake of clinical doses of drugs, the
intravenous studies described here
would have to be repeated in the
presence of therapeutic blood concen-
trations of unlabeled drug. The tracer
concentrations used in our studies
would probably be bound more com-
pletely to plasma protein than when
present in therapeutic concentrations.
If penetration of the blood-brain bar-
rier by the drug was, in part, carriér-
mediated, significant saturation effects
could be seen with therapeutic con-
centrations but not with trace amounts.

The observation that most of the
heroin entering the brain after carotid
injection is taken up by the brain sug-
gests that delivery to any region of
brain tissue is largely determined by
the regional flow of blood in the brain.
Accordingly, after rapid intravenous
injection the amount of heroin de-
posited regionally in the brain is prob-
ably approximately in proportion to the
blood flow (12). Even though heroin
is rapidly hydrolyzed in blood to 6-
monoacetylmorphine and to morphine
(13), it probably largely survives as her-
oin the 10 to 15 seconds required to be
delivered peripherally after intravenous
injection in humans. Once in the brain
it is rapidly hydrolyzed to 6-mono-
acetylmorphine and to morphine (13).
Redistribution of this morphine back
through the blood-brain barrier to cir-
culating blood probably is retarded both
by tissue binding and by the low per-
meability of the blood-brain barrier to
morphine. These kinetics may, in part,
account for the greater pharmacological
effectiveness of heroin.

The observation that both codeine
and morphine disappear from blood
plasma substantially more rapidly than
mannitol (Fig. 2) is consistent with the
observation that morphine has a high
affinity for many general tissue binding
sites (14).

The high. uptake of heroin reported
here after carotid injection indicates
that an abrupt entrance of heroin into
brain tissue probably occurs 10 to 20
seconds after the usual intravenous in-
jection by addicts. This rapid entry rel-
ative to morphine may reinforce the
addict’s relating the act of drug admin-
istration to central nervous system
response and thereby be a factor in the
more intractable addiction to heroin.
This rapid entry into brain may also be
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a factor in nicotine dependence since
its brain uptake when studied by the
present carotid technique is more than
100 percent (15).
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Antigens Specific for Human Lymphocytic and Myeloid

Leukemia Cells: Detection by Nonhuman Primate Antiserums

Abstract. Primate antiserums to human leukemia cells can detect antigens
specific for lymphocytic leukemia cells or antigens present on certain myeloid
leukemia cells. The antigen specific for lymphocytic leukemia cells is destroyed
by treatment with neuraminidase or trypsin. Tryptic digests of lymphocytic leu-
kemia cells contain the antigen, which has a high molecular weight.

Immunization of monkeys with pe-
ripheral blood cells from individual
patients with chronic lymphocytic leu-
kemia (CLL), acute myelogenous leu-
kemia (AML), or chronic granulocytic
leukemia (CGL) leads to the production
of high-titered antibodies which, after
appropriate absorption techniques, ap-
pear to be detecting antigens specific
for either lymphocytic leukemia or
certain myeloid leukemia cells.

For immunization of primates, leu-

kocytes were obtained from buffy coat
cells from four different leukemia pa-
tients placed on an Aminco cell sepa-
rator. Most of the erythrocytes were
removed from the buffy coat suspen-
sion by sedimentation with Plasmagel

(1). Leukemia cells used for the initial
immunization of primates were thrice
washed with Hanks balanced salt
solution (> 90 percent viability) and
injected on the same day. Some of
the cells to be used later for booster
immunizations and testing were sus-
pended in RPMI (Roswell Park Me-
morial Institute) 1640 medium with 10
percent autologous serum and 10 per-
cent dimethyl sulfoxide, frozen, and
stored in liquid nitrogen. Cells for the
initial injection (10°) were emulsified
in Freund’s complete adjuvant (2) and
injected intradermally and subcutane-
ously into various species of monkeys.
Cells from one patient with CLL
(HL-A1, 8, 12) were injected into a
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