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Introduction

Jerry Frankenheim

In the past decade, understanding of the multifaceted importance of the blood-
brain barrier (BBB) has mushroomed. One reflection of this is the recent
proliferation of popular and scientific publications regarding the BBB:

* “The Sciences” (Pardridge 1987)

» 1989 Grass Instrument calendar (Cserr 1989)

* Two Scientific American” articles (Spector and Johanson 1989; Goldstein
and Betz 1986)

« “Discover” (Angier 1990)

* “Trends in Neurosciences” (Risau and Wolburg 1990)

There also have been detailed reviews in “Annual Review of Pharmacology

and Toxicology” (Pardridge 1988) “Acta Neuropathologica” (Broadwell 1989),
“Handbook of Neurochemistry” (Betz and Goldstein 1984), and “Basic
Neurochemistry” (Betz et al. 1989) as well as several excellent books. The BBB
is even part of an attraction called “Body Wars,” at Epcot Center in Florida.

Without the BBB scientists who participated in this technical review and
authored this monograph, these books and articles would not have been
written. Each of these scientists has his or her name on at least one brick in
the wall, one piece of the puzzle. It was a great privilege to welcome them to
the National Institute on Drug Abuse. Their discoveries are improving the
therapy of movement disorders (e.g., Parkinson's disease), epilepsy, strokes,
and central nervous system (CNS) infection and tumors. Perhaps advances in
the treatment of drug abuse will be next. This will be a very difficult task, since
abused drugs, like almost all things that can make people feel good, are
(unfortunately) remarkably soluble in fat, and they penetrate the BBB with
extreme ease. Areas of possible interest include (but are certainly not limited
to):

* Changes (including deficits) in BBB function caused by acute and chronic
abuse of such drugs as cocaine, amphetamine, phencyclidine (PCP), and
heroin



Improved understanding of the reinforcing properties of abused drugs in
terms of their entry into the brain and their fate at the BBB and in brain
interstitium

* Other roles of the BBB (e.g., the role of its enzymes with regard to the
toxicity of abused substances)

* Rational strategies for targeting potential treatment drugs (including
peptides, neurotransmitter precursors, and nutrients) to the brain

The main reason for planning the technical review was to determine the
importance of BBB research findings to drug abuse research. In planning the
review, it was confirmed that drug abuse researchers must be constantly aware
of findings about the BBB. The chapters herein demonstrate the importance of
the BBB in understanding drug abuse and affirm that the various roles of the
BBB have to be understood to fully comprehend the mechanisms of CNS
effects of drugs, including drugs of abuse, and the treatment of drug abuse.
The central effects of drugs are not isolated from their effects on the BBB nor
from the effects of the BBB on the drugs.
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The Basic Neurobiology of Addiction

Roger M. Brown
INTRODUCTION

A thorough understanding of the relationship between the brain mechanisms
that underlie compulsive drug seeking and how these processes are changed
by exposure to drugs is essential to understand phenomena such as drug
abuse, addiction, and physical dependence and also to develop a rational
biomedical treatment for the changes in central nervous system (CNS)
homeostasis that are the direct result of chemical insult.

SUBSTRATE FOR ADDICTION

The discovery of endogenous opioid peptides in the brain has explained how
a material from a poppy plant can induce narcosis in a human. Differences in
the distribution of the endogenous opioids within the brain and spinal cord imply
that they subserve specific functions. These substances have been shown to
be involved with the modulation of pain by drugs, in physiological events such
as trauma and acupuncture, as well as in the physical dependence Induced

by opiates. The opiate narcotics, as well as barbiturates and alcohol, are

well known to have the ability to induce tolerance and physical dependence,
the hallmark of addiction. Drug dependence has long been associated

with an adaptation of the CNS to the presence of the drug so that normal
functioning is only possible in the presence of the addictive substance.

When this occurs, drug seeking becomes oriented toward an avoidance of

the painful consequences of drug abstinence. Neuroscientists are examining
the changes in presynaptic and postsynaptic receptor function that occur during
drug dependence and withdrawal to intercede and “reset” the neuron to a
normative state.

Brain Reward Circuitry—Basis for Drug Abuse
Although there has never been complete agreement on what constitutes drug

addiction, cocaine certainly does not fit the older definition of an addictive drug.
Tolerance to its effects does not occur to any appreciable extent, and it does



not induce a profound physical withdrawal syndrome. Yet, the abuse of this
“nonaddictive” drug has reached epidemic proportions, and treatment centers
are filled to capacity in attempts to help users rid themselves of it.

Over the past decade, neuropsychopharmacologists have been examining
the biological basis of drug-seeking behavior and have developed a model to
explain why taking certain drugs is so attractive. According to the hypothesis,
drugs are sought because they directly activate the brain’s reward system,

a neural network responsible for the subjective experience of pleasure.

The foundation for the hypothesis began in 1954, when Olds and Milner
(1954) reported that animals would work for electrical stimulation of certain
neuroanatomical pathways in the brain. This finding gave rise to the concept
that the brain contains a system that is responsible for the experience of
pleasure. Presumably, this pathway is activated physiologically by any
event, activity, or stimulus that is highly reinforcing. Stated another way,
these events are rewarding because this “reward” pathway is activated.

As a result of the discovery of reward centers, neuroscientists began to map
regions of the brain that were positive for brain self-stimulation. Two findings
resulted from this line of investigation. First, the dopaminergic projections of
the ventral tegmental area (VTA), the mesolimbic and mesocortical dopamine
(DA) projections, were found to be a critical link in the reward system. Second,
it was found that animals would self-administer drugs directly into the reward
circuit. Many types of abused drugs, including morphine, heroin, cocaine,
amphetamine, and possibly nicotine, activate this system, albeit at different
loci. The involvement of DA synapses is consistent with the findings that

(1) neuroleptics block intracranial self-stimulation; (2) neuroleptics block the
systemic self-administration of a variety of drug classes: opiates, amphetamine,
cocaine, and barbiturates; and (3) systemic administration of DA blockers
prevents the self-administration of drugs directly into certain regions of brain
tissue (Wise 1983; Nakajima and McKenzie 1986; Goeders and Smith 1983;
Koob et al. 1987).

The DA synapse is not the only link in the chain. Neuroleptics block the
electrical self-stimulation of reward sites in certain regions of the cerebellum,
yet there are no DA neurons there. Therefore, the DA synapse, which is
critical to brain reward, may be several synapses removed from the activating
source. Many drugs of abuse, including amphetamine, opiates, MDMA (3,4-
methylenedioxymethamphetamine or “ecstasy”), phencyclidine (PCP or ‘angel
dust”), pentazocine and tripelennamine (a combination known as “T’s and
Blues”), and nicotine, are among the drugs found to lower the threshold for
electrical self-stimulation from the VTA and other rewarding sites such as

the medial forebrain bundle (Bain and Kornetsky 1987; Hubner et al. 1988;



Kornetsky 1985; Untenvald and Kornetsky 1984). The facilitation of
intracranial self-stimulation by these drugs is blocked by opiate antagonists
such as naloxone.

Thus, the reward circuitry involves at least a dopaminergic synapse and an
opioidergic synapse. Probably several others are involved as well. The cell
bodies of the VTA contain opiate and nicotine receptors, and the postsynaptic
receptors of the terminals are dopaminergic. Whether there is a single brain
reward circuit or several is a matter of investigation in contemporary research
laboratories (Koob and Bloom 1988; Wise 1983).

COCAINE: A POTENT REINFORCER

Researchers working to elucidate the chemical neuroanatomy of this reward
system began to realize that drugs are sought out initially because they induce
pleasure and not because of anything directly related to the development of
physical dependence. Indeed, physical dependence and brain reward can

be dissociated. As with cocaine, animals will self-administer opiates into their
VTA. They will not, however, self-administer drugs into the periaqueductal gray
(PAG) region, an anatomical relay station that is important in narcotic-induced
modulation of pain transmission and that, like the VTA, is populated with opiate
receptors. This demonstrates that the VTA is responsible for mediating opiate-
seeking behavior. On the other hand, when opiates are continuously infused
into the PAG over a 24- to 48-hour period, an abstinence syndrome is observed
when naloxone is administered. In contrast, infusions of opiate into the VTA do
not result in a precipitated abstinence syndrome following administration of
narcotic antagonist. Thus, the PAG is responsible for physical dependence,
and the VTA mediates drug self-administration (Bozarth and Wise 1984).

Abuse of a drug must be related to some positive aspect of drug action;
therefore, it is believed that different classes of drugs are abused because
they activate the brain’s reward mechanism. For example, cocaine is
potentially dangerous to health because it is rewarding (and continually used)
despite its lack of physical dependence liability, whereas heroin and other
opiates are dangerous because they are rewarding in addition to their ability
to induce physical dependence. The positive subjective effect of several drug
classes reinforces drug-seeking behavior in spite of simultaneously occurring
harmful physiological effects that may not be apparent to the user.

The strength of the rewarding impact of cocaine is illustrated by the findings of
many animal drug self-administration studies (see Johanson 1984). Cocaine is
inherently reinforcing; that is, no priming is necessary to induce animals to self-
administer the drug. Morphine, on the other hand, usually requires the



production of physical dependence before self-administration occurs. Also,
animals do not initially self-administer barbiturates; they have to be trained on
another drug first and then switched to barbiturates. In fact, cocaine is often
used as the training drug when shaping animals to self-administer. Cocaine is
not unique in this respect, however. Heroin, too, is inherently reinforcing and
requires no manipulations to set the condition for drug self-administration.

Another way to measure the rewarding value of a drug is to conduct a “breaking
point” study that asks how many lever presses an animal is willing to emit for

a single infusion of a test drug. This kind of abuse liability testing has made
possible the characterization (and comparison) of drugs in terms of relative
potency (i.e., the amount of drug required to maintain equivalent break points
relative to another drug) and/or reinforcing efficacy (i.e., the maximum break
point for any dose of the test drug). Studies to date indicate that the reinforcing
efficacy of cocaine far exceeds that of most other drugs. For example, among
drugs tested, cocaine’s breaking point exceeds that of methylphenidate,
fenfluramine, amphetamine, methamphetamine, nicotine, and local anesthetics.
Animals have been reported to press a lever more than 12,000 times for a
single cocaine dose of 0.5 mg/kg (Yanagita 1973).

Further evidence for cocaine’s potential danger to health comes from the finding
that, when given unlimited access, animals will self-administer the drug to the
point of toxicity and death. This is in contrast to opiate self-administration,
which is self-limiting. Opiates and barbiturates are examples of drugs that are
not self-administered to the point of toxicity. Again, however, cocaine is not
unique in this respect. Alcohol and amphetamine also are self-administered to
the point of toxicity. Thus, cocaine’s abuse potential and danger to health
surpasses that of morphine in two ways. First, cocaine is inherently reinforcing,
whereas other drugs such as morphine are less so; second, cocaine is self-
administered to the point of toxicity, whereas this is less so for opiates (Bozarth
and Wise 1985).

DEFINITION OF ADDICTION BASED ON DRUG SEEKING

Concern over today’s epidemic of cocaine abuse is probably the single most
important factor in focusing on the neural basis for drug seeking. As pointed
out above, cocaine does not appear to conform to the older concept of an
addictive drug, yet its abuse liability ranks along with that of the “hard drugs”
such as heroin. Because of inadequacies in the definition of addiction, Cohen
(1985) pointed out the need to define addiction in behavioral terms and
suggested that addiction be defined as “the loss of control over the intake of a
drug that leads to its compulsive use despite harmful effects in some area of
the person’s functioning.” Cocaine certainly falls into this category, along with



other abused substances, such as nicotine, that do not induce any appreciable
tolerance and physical dependence.

IMPLICATIONS OF THE BRAIN REWARD MODEL OF ADDICTION

The brain reward model explains the “why” of drug abuse and brings the
concept of psychological dependence into the realm of neurobiological
events. The model also may provide the rationale for developing effective
pharmacotherapeutic treatment strategies. According to the model, drugs are
sought because they pharmacologically activate the brain reward system to
a degree that surpasses that from natural rewards. The ventral tegmental
DA projection is critical in the circuitry, and a variety of drug classes activate
components of the neural system. The animal models used to test and
elaborate the model all have shown brain dopaminergic neurons to be

critical in mediating drug self-administration. In the human cocaine abuser,
however, greater success has been obtained with the use of DA agonists.
The discrepancy between animal and human treatments probably exists
because in the animal model the physiological reward process is the principal
determinant of the drug-seeking behavior, whereas in the clinic the therapist
may be dealing with drug reward, drug craving, or both.

Because bromocriptine, a DA agonist, has been reported effective in treating
cocaine addiction, speculations have been made concerning cocaine-induced
DA depletions (Dakis and Gold 1985). Although there is little, if any, evidence
for DA depletion following cocaine use, there may be a “functional” shortage
of neurotransmitter that is responsible for purported success with treatment
aimed at DA agonism. The “functional” DA depletion could result from
adaptive regulatory mechanisms responding to cocaine-induced excess of
neurotransmitter in the synaptic cleft, the end result being an inadequate
impulse-induced release of DA. It is not yet clear whether the most effective
way to terminate cocaine abuse should be aimed at cocaine-induced reward
(DA antagonists to block reward and possibly craving) or drug-induced
transmitter deficiencies (DA agonists to correct dopaminergic receptor down-
regulation). Both possibilities are being examined.

A recent pharmacotherapy investigation examined the role of DA receptor
subtypes in cocaine action. The two types of DA receptors on neurons in

the CNS, D; and D, DA receptors, are distinguished from each other by

their localization in brain areas, their ligand affinities, and their behavioral
characteristics. Recently, the development of drugs that are specific agonists
or antagonists for D, and D, receptors has made it possible to separate DA
neurotransmission by receptor type. One of the roles of the D, receptor is to
enable D, functioning (i.e., the behavioral events following D, stimulation



require D, receptor stimulation for their expression). D, antagonists have been
shown by several investigators (Clark and White 1987; Koob and Hubner 1989;
Koob et al 1987; Nakajima and McKenzie 1986) to block behavioral effects of
amphetamine and cocaine. The advantage of testing D, receptor antagonists
to counteract cocaine self-administration is that these drugs show a wide dose-
response curve. This is in contrast to D, antagonists, which show very narrow,
practically all-or-none, dose-effect curves. Although these studies are still in
experimental stages, the advantage of using D; receptor antagonists is that it
may be possible to titrate the patient so that the action against cocaine craving
is maximized while the distressing neuroleptic action is minimized.

While the involvement of DA receptor subtypes in drug reward is being
analyzed, other investigators are beginning to examine the processes
underlying craving and/or relapse. The model, as presented, may explain

why clinical treatment with dopammergic antagonists is not as useful as initially
speculated. First, the circuitry of the brain reward system is responsible for the
pleasurable effects of drugs, and this is what initially drives drug seeking. Once
the drug is experienced, its presence causes adaptive changes in the neuron
(e.g., up- or down-regulatory alterations in postsynaptic receptors, changes in
autoreceptor sensitivity, alterations in impulse flow). The perturbations in
homeostasis need to be corrected before the abuser can be drug-free. What
role DA neurons play in drug craving or relapse has yet to be evaluated,
although some evidence suggests that neuroleptics can prevent relapse in
some psychomotor stimulants (Ettenberg 1990).

Finally, much interest has been directed recently toward a methadone-like drug
for cocaine. In treating opiate addiction, methadone, a weak opiate agonist, is
given orally, and its presence in the body serves to prevent the development of
aversive withdrawal symptoms. As long as methadone is taken, physiological
processes are functional. The oral methadone is primarily a negative reinforcer,
in that it prevents the occurrence of abstinence symptoms. On the other hand,
quite a different situation exists in treating cocaine addiction because cocaine
does not induce physical dependence but acts directly on the reward substrate.
As aptly pointed out by Wise (1988), cocaine is a positive reinforcer, and any
drug that partially substitutes for cocaine not only would satisfy cocaine cravings
but also would simultaneously activate the brain reward mechanism and
perhaps even “prime” cocaine-seeking behavior. Clearly, a cocaine substitute
would not appear suitable as a treatment drug. On the other hand, if long-term
cocaine use leads to down-regulation of DA receptors, how does one go about
up-regulating the system without producing a “high”?



SUMMARY

This overview on cocaine’s addiction liability is presented in this monograph on
the blood-brain barrier (BBB) because the National Institute on Drug Abuse has
been given the task of finding pharmacotherapies to treat addiction. Knowledge
about the BBB might help researchers design better drugs or approaches to
keep the “good” drugs inside and/or the “bad” drugs outside. It is to be hoped
that the BBB community can be convinced that drug abuse is an exciting area
and that work on biological barriers has something to offer.
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Some Relationships Between
Addiction and Drug Delivery to
the Brain

William H. Oldendorf
INTRODUCTION

The rapidity and abruptness of drug delivery to the brain using various routes
of administration are factors in drug addiction. The shorter the interval between
intake and perceived effect of a drug, the greater the propensity toward a more
severe addiction. For example, severity of cigarette nicotine addiction is
probably related to the approximately 3 seconds elapsing between the act of
gasping smoke accumulated in the mouth and the perceived mental response.

This chapter offers some documentation in support of the following hypothesis:
Some of the steps involved in taking an addicting substance are (1) the act of
taking the substance into the body, (2) the period of time elapsing during which
there is no subjective effect, and (3) the time at which a drug effect is perceived.
The more immediate the effect after intake, the more addicting the substance is
likely to be. The latter has been widely discussed in the literature and is not
presented here as novel; rather, some hemodynamic data obtained from human
studies related to this hypothesis are presented. Most of these studies were
radioisotopic tracer studies of human brain blood flow following carotid or
intravenous (1V) injection (Oldendorf 1962; Oldendorf and Kitano 1965a,
1965b).

It is assumed that substances reported in these hemodynamic studies,
¥!1jodohippurate (hydrophilic) and **!I-iodoantipyrine (lipophilic), have no
psychotropic effects in the small tracer doses used. Their blood-brain barrier
(BBB) permeabilities closely resemble common drugs of abuse; it also is
assumed that their early distributions in the body are representative of some
drugs of addiction (i.e., nicotine, cocaine, heroin, ethanol, and morphine).

The human brain content of chromium-labeled red blood cells (**Cr-RBC)
and separately labeled plasma, radioiodinated serum albumin (**'RISA),
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after a carotid injection is shown in figure 1. Both these labeled substances
remain confined to blood and rapidly leave the brain by about 10 seconds after
their abrupt carotid injection (Oldendorf et al. 1965a). These curves show that
the labeled red blood cells pass through the brain more rapidly than does
labeled plasma. This is a well-recognized phenomenon and is included here
because it provides an indication of how rapidly blood cells and plasma pass
out of the human brain after carotid injection. Cranial counts were done by
external gamma counting. Only the cranial portion of the head is measured

in these studies.

In animal studies, a **C test substance (such as a radiolabeled drug of abuse
mixed with *HOH) has been extensively applied by rapidly injecting the mixture
into the common carotid artery of a barbiturate-anesthetized rat (Oldendorf
1971). At 5 seconds, the rat is decapitated and the side of the brain injected is
digested and subjected to liquid scintillation spectrometry. By 5 seconds after
carotid injection, any of the test substance that did not penetrate the BBB and
remained in brain was carried out of the head by continuing blood circulation.
The ®HOH was an internal standard that was almost completely cleared by
brain. Between 0 and 100 percent of the test substance is cleared by brain
during these 5 seconds. Comparison of the tritium-to-carbon ratio in the brain
with the same ratio in an aliquot of the injectate permits determination of the
fractional single pass clearance of the test substance, relative to the internal
standard (Oldendorf 1971). For some substances, the internal standard used
was '*C-butanol. Many classes of substances have been studied this way:
amino acids, amines, hexoses, inert polar substances, organic acids, drugs,
nucleic acid precursors, and peptides (Oldendorf 1971, 1974,198I; Oldendorf
et al. 1972).

Most of the common street drugs shown in table 1 are almost completely
cleared by rat brain during a single capillary passage. As a result of these
animal studies, it was clear that the equilibration of many drugs with brain was
essentially instantaneous through the BBB; the rapid increase in brain drug
concentration was determined largely by the rate at which drug concentration
rose in arterial blood following drug intake into the body.

DYNAMICS OF DRUG DELIVERY

It is of interest to consider several routes of administration and drug delivery
to brain: (1) A hypothetical injection into the ascending aorta, (2) inhalation,
(3) IV, (4) intranasal, and (5) ingestion. These are listed in, approximately,
a progressive lengthening of time of arrival in brain and, consequently, a
corresponding decrease in abruptness of delivery to brain. Other factors in
drug addiction (Goldstein and Kalant 1990) as well as other routes of drug
administration (Langer 1990) have been reviewed recently.
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FIGURE 1. Human brain content of *'Cr-RBC (solid line) and “'RISA

(dashed line) after common carotid injection (80 pc and 10 pc,
respectively). These remain intravascular and hemodynamically
would resemble morphine. In this presentation, “drug equivalent”
means that each hemodynamic curve would be similar to what
would be expected if the extensive data were transferred from
animal studies of single pass clearance by rat brain after abrupt

carotid arterial injection.

SOURCE: Oldendorf et al. 1965a, copyright 1965, American Heart Association,
Inc.

15



TABLE 1. Single pass clearance of drug (percent of *HOH)

Drug Percent of *HOH
Nicotine* 131+7
Ethanol* 104zx4
Cocaine (percent butanol)* 99.5+3.4
Heroin* 903
L-methadonet 68+6
Codeine* 262
Morphine* 2.6+£0.2

*Oldendorf 1981
toldendorf 1974

Injection Into the Ascending Aorta

A hypothetical injection into the ascending aorta should result in the most
abrupt delivery to an entire brain.

Inhalation

It is likely that the gasp of cigarette smoke drawn into the lungs of the severely
addicted smoker closely approaches the abruptness of the hypothetical aortic
injection. The lung-to-brain arterial-capillary circulation time should be about 3
seconds, based on the arrival in human brain of radiographic contrast agents

injected into the aorta.

The serious smoker draws smoke into the mouth with the soft palate and
epiglottis closed, creating a high concentration of smoke in the mouth.

The mouth is then opened and a gasp of perhaps one-half to one liter of air
rapidly flushes this high concentration of smoke into the lungs. The fraction
of nicotine that is taken up by lung blood has a correspondingly sharp front
in its concentration curve. Three seconds after the intake gasp, about 20
percent of the nicotine front circulates to brain and all of it is lost to brain in
the first microcirculatory passage.

This inhalation method probably achieves the most abrupt front of drug
delivery to brain with the shortest transit time between act of intake and
perceived effects. The effect is essentially immediate following the act of
intake, and this is likely related to the severity and Intractability of nicotine
smoking. The immediate effect reinforces both the intake act and the central
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response. Accordingly, smoking cigarettes is more addicting than is taking
a similar amount of nicotine by chewing gum. An extensive report of smoking
and addiction has been published recently (Surgeon General 1988).

Based on animal studies (Oldendorf 1974; Bradbury et al. 1975; Oldendorf et al.
1979), all nicotine delivered to brain after carotid injection remains there, and no
measurable nicotine leaves the brain during the first minute.

Such an immediate effect in brain also may enter into the inhalation of
freebase cocaine, where the inhalation is followed in 2 to 3 seconds by the
central stimulation sensation. This intake interval is much shorter than would
be obtained by nasal “snorting” or by IV injection; it may play a part in the
rapid and severe addiction experienced by freebase cocaine users.

IV Injection

Figure 2 shows a common carotid arterial concentration of a commonly
used dye, cardio-green, after its abrupt IV injection (Oldendorf 1962;
Oldendorf et al. 1965b). Concentration was continually measured
calorimetrically. This shows the sharpness of the arrival in the human
brain after the initially abrupt bolus has been spread by cardiopulmonary
passage. In figure 3, an IV injection of radiolabeled **!I-iodohippurate
(hydrophilic tracer) is seen (Oldendorf 1962; Oldendorf and Kitano 1963)
measured by external gamma counting. lodohippurate brain clearance
resembles that of morphine, which has a single-pass clearance of about
1 percent, based on animal studies.

While working extensively with external gamma counting of human brain, a
method was developed that was more accurate if the bolus was delivered into
the right heart in as compact a bolus as possible. The bolus inevitably is spread
longitudinally by heart and lung passage. Following a routine IV injection, the
count rate from the human head normally began to rise in 8 to 10 seconds,
reached a peak in about 14 seconds, and was completely gone from the head
in 20 seconds.

To improve the precision of measurement, a procedure was developed for
inflating the arm veins with a blood pressure cuff placed around the upper arm
and inflated to diastolic pressure for about 1 minute (Oldendorf et al. 1965b).
The distal venous pressure in the arm rose to this drastolic pressure, creating
considerable peripheral venous distention. A small needle was placed in an
antecubital vein and the blood pressure cuff raised above systolic pressure.
This created a static inflated distal venous pool in the arm. The isotope was
injected into the vein and then the cuff was abruptly released, allowing collapse

17



SAMPLE
4

BRAIN
POOL

PR

C. Carotld An] l

Concentration

Q 5 ' 10 ' '1'5 ) :‘_'O 25 30 35
Seconds

FIGURE 2. Concentration of cardio-green sampled from the human common
carotid artery (c. carotid art.) after IV injection. This would be
expected to be hemodynamically equivalent to morphine.

SOURCE: Oldendorf 1962, copyright 1962, The Society of Nuclear Medicine

of the distal venous pool and driving the bolus into the right heart. This created
a measurably earlier and more dependable abrupt delivery of isotope into the
brain (Oldendorf et al. 1965b). This procedure is now in common use in nuclear
medicine laboratories to deliver an IV bolus to the right heart as abruptly as
possible.

Several drugs are almost completely cleared during a single capillary passage;
the amount delivered to any particular region depends on the fraction of cardiac
output distributing to that region. Because skeletal muscle and skin blood flow
can be altered considerably as a function of recent muscular exertion and air
temperature, it should be possible to substantially alter the fraction of highly
cleared drugs delivered to brain (e.g., cocaine or heroin). Thoroughly relaxed
muscle may differ in blood flow by a factor of about 20 from fully active muscle
blood flow.

In a wasteful scenario, the addict would, immediately after obtaining his or

her drug, hurry home, run upstairs to the highest and warmest part of the
house, apply a tourniquet while standing, insert the needle in a vein, and inject
the drug. In a less wasteful scenario, the addict would walk home, climb as
few stairs as possible, and lie down in a cool room for 5 to 10 minutes. The
tourniquet then would be applied, venipuncture accomplished, and the injection
made while sitting or lying prone.
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This curve shows human brain content after IV injection of labeled
131|jodohippurate (400 pc), which is assumed to be
hemodynamically similar to morphine.

SOURCE: Oldendorf 1962, copyright 1962, The Society of Nuclear Medicine

In the first scenario described, muscle blood flow would be near its maximum
and might be 12 to 15 liters per minute. Blood flow to brain is constant with
exercise; thus, the greater muscle and skin blood flow would “steal” cardiac
output from brain. Cocaine or heroin, for example, in such “stolen” blood would
be lost to muscle and skin as well as all other organs. The second scenario
might deliver 2 to 3 times as much intravenously injected blood to brain,

resulting in a

corresponding increase in drug deposition in brain.

One could estimate that, of a $100-per-day cocaine habit, perhaps only 2 or
3 cents worth of cocaine would find its way to human brain receptors in the
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first scenario. However, in the less wasteful second scenario, perhaps 10 to
15 cents worth of cocaine would find its specific brain receptor, the remainder
being dispersed elsewhere in the body, where it is nonspecifically bound,
producing no central effect.

Lipophillicity of Drug

Figures 4 and 5 show the isotope content of the human brain after IV injection
of a lipophilic tracer, **'I-iodoantipyrine (Oldendorf and Kitano 1965b). The
start of the time base is the time the tourniquet-cuff was released and the bolus
began its movement centrally (figure 4). There is then a period of about 8 to
10 seconds before the head curve begins to rise. It rises to a maximum and
then remains constant.

Figure 5 shows the externally gamma counted **!I-iodoantipyrine averaged
from 17 human subjects after IV injections (Oldendorf and Kitano 1965b).
Seven of these had angiographically confirmed arteriovenous malformations;
the remaining 10 were normal controls. The averaged curve with the initial
peak represents a substantial amount of blood shunted around the local

100
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FIGURE 4. This curve shows normal human subject brain content after
IV **'l-iodoantipyrine (8 pc), which is assumed to be
hemodynamically similar to nicotine and cocaine.

SOURCE: Oldendorf and Kitano 1965b, copyright 1965, Neurology
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FIGURE 5. These averaged curves show human brain content after 1V
3!|jodoantipyrine (8 to 20 pc), a lipophilic tracer. Time base
starts at first appearance in head. The initially peaked curve
probably would resemble incompletely cleared heroin. The
unpeaked curve probably resembles cocaine and nicotine
hemodynamically.

SOURCE: Oldendorf and Kitano 1965b, copyright 1965, Neurology

microcirculation. The radioisotope being measured in this arteriovenous
shunt rapidly leaves the brain. The remainder of the isotope passes through
a capillary bed, and no peak is seen in the average normal subjects (dashed
line).

In the rat model, iodoantipyrine, like cocaine, is cleared 100 percent during
a single brain passage; heroin is about 65 percent cleared. These curves
(figures 4 and 5) presumably closely resemble the human brain content
following IV cocaine and approximate heroin given intravenously. The
normal **!l-iodoantipyrine curve shown in figure 4, with no initial peak,
would be representative of the behavior of cocaine. The initially peaked
curve shown in figure 5 should represent the curve expected from the
incompletely cleared heroin.
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When a drug that is almost completely cleared by brain is injected
intravenously, its local concentration in brain some 15 seconds later is
proportional to regional blood flow to that region. This regional distribution

of blood flow ordinarily is unrelated to regional distribution of specific receptors.

Radiolabeled heroin and morphine have been injected intravenously into
mature rats and then the amount of drug in total brain assessed 1 minute

later (unpublished data). Approximately 50 times as much heroin distributed
to brain relative to morphine. From this, one might expect heroin would be
about 50 times more potent, mole for mole, as an analgesic than morphine.
However, the usual relative analgesia attributed to these drugs is that heroin is
3 to 5 times as efficacious as morphine. One explanation of this unexpectedly
low ratio is that the heroin probably is delivered to various regions of brain in
proportion to blood flow, independent of receptor density.

Morphine, which is much more hydrophilic than heroin, is only about 1 percent
cleared in a single rat brain passage but accumulates slowly in various regions
in proportion to the local opiate receptor density. This may relate to morphine’s
clinically observed 10- to 15-minute delay before peak analgesia after IV
injection.

Intranasal

From informal discussion with cocaine users, the stimulation after intranasal
intake is more delayed than after IV injection. According to the hypothesis
under discussion here, this stimulation delay should make intranasal cocaine
slightly less addicting than IV cocaine. One also would expect other factors to
enter into this, such as the relative simplicity of snorting vs. the paraphernalia
required for an IV injection.

Ingestion

The major drug under consideration here is ethanol (alcohol). The partition
coefficient (PC) of ethanol is ideal for a socially usable drug. Its olive oil:water
PC is 0.04 (figure 6) (Oldendorf 1974). This means that ethanol achieves

25 times the concentration in water as in olive oil. If one assumed that olive
oil is reasonably representative of human depot fat, then distribution of ethanol
probably is predominantly to lean body mass. As such, obese drinkers can
become intoxicated with litle more ethanol than those of normal habitus.

If the PC of ethanol were one or two orders of magnitude larger, ethanol

would tend to accumulate in depot fat and therefore require a much larger
dose. Assuming its rate of metabolism would be unchanged, the effects of
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FIGURE 6. The relationship between olive oil:water PC at 37 °C, pH 7.5
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clearance following carotid injection. In addition to the drug’'s
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system, there is another high uptake group having much lower
PCs that lie above the average curve. They are encircled by a
dashed line and are metabolized substances.

SOURCE: Oldendorf 1974, copyright 1974, Society for Experimental Biology
and Medicine

ethanol would be considerably prolonged. Instead, the situation that exists is
that a “social drinker” can drink during the evening, have a few hours of effect,
and be sober by the next morning. The effects of alcohol ingestion are noted
after perhaps 5 minutes. If one consumed alcohol in the evening and did not
become intoxicated until the next morning, alcohol probably would largely
cease to be a substance of abuse.

If the PC were one or two orders of magnitude lower, ethanol would equilibrate
very slowly with brain through the BBB. As shown in figure 6, there seems to

be a broad threshold at around 0.05 olive oil:water PC, above which the single
pass clearance of a substance in the rat model is substantial. A drug such as
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ethanol has a PC just high enough to get into brain freely, yet not accumulate
excessively in depot fat.

SUMMARY

Hemodynamic radioisotope studies of brain blood flow in humans have been
correlated with the delivery of some common addictive drugs. Both lipophilic
and hydrophilic tracers were used in the hemodynamic studies. lodoantipyrine
is lipophilic and is completely cleared by brain during a single brain circulatory
passage, as are cocaine and nicotine. lodohippurate is hydrophilic, so its brain
clearance after IV injection resembles that of morphine.

The earlier studies performed in humans have been related here with recent
studies of blood brain penetration of drugs of abuse. As presented, these
separate studies are consistent with the proposed hypothesis that the interval
between drug intake and perceived effect is a significant consideration when
explaining severity of addiction. The shorter the time interval between drug
intake and its perceived effect, the more severe the addiction appears to be.
This relationship may explain differences in severity of addiction to the same
drug taken by various routes of administration.
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Neuroactive Peptides and Amino Acids
at the Blood-Brain Barrier: Possible
Implications for Drug Abuse

Berlslav V. Zlokovilc, J. Gordon McComb, Lynn Per/mutter,
Martln H. Welss, and Hugh Davson

INTRODUCTION

The blood-brain barrier (BBB) normally serves to isolate the brain, to a large
degree, from compounds dissolved in blood plasma. However, the BBB must
not be regarded as an absolute restriction to blood-borne molecules, but rather
as a multiple regulatory brain unit(s) with highly developed transport, metabolic,
and receptor-mediated functions (Oldendorf 1971; Davson 1976; Betz and
Goldstein 1986; Pardridge 1988). These functions are of vital importance for
regional homeostasis of the neural microenvironment and maintenance of
normal local cell-to-cell communications within the brain. The BBB is described
anatomically as a continuous cellular layer of the endothelial cells that are
sealed by tight junctions (Brightman 1977). Several homeostatic BBB
mechanisms are related to substances that act as neurotransmitters and/or
neuromodulators in the brain and hormones at the periphery (Segal and
Zlokovic 1990). This review is limited to the authors’ observations with the
vascular brain perfusion (VBP) model.

BBB TO NEUROACTIVE SUBSTANCES

The pioneering work of Oldendorf (1971) has shown that BBB restricts rapid
penetration of monoamines (e.g., norepinephrine, dopamine, serotonin [5-HT),
amino acid neurotransmitters (e.g., glutamate, glycine, gamma aminobutyric
acid [GABA]), and neuropeptides (e.g., enkephalins, thyrotropin-releasing
hormone FRH]) (Cornford et al. 1978), whereas some neuroactive drugs, such
as amphetamine (Pardridge and Connor 1973) as well as cocaine and nicotine
(Oldendorf 1981), can cross the BBB quite rapidly. Once in the brain, these
drugs act on various neurotransmitter and neuropeptide systems to produce
distinct psychostimulant and neurotoxic effects. A moderate BBB permeability
to synthetic analogs of naturally occurring opioid peptides has been
demonstrated by Rapoport and colleagues (1980). An enzymatic barrier with
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a role in terminating actions of neurotransmitters (e.g., monoamines) also
has been suggested (Harik, this volume). The hypothesis that the brain
capillary receptor for peptide is a component of a BBB transport system has
been formulated by Pardridge (1966), and specialized carrier-, receptor-, or
absorption-mediated transcytosis mechanisms within the brain capillary
endothelium have been shown for large peptides and proteins (e.g., insulin,
insulin-like growth factor [IGF] | and I, transferrin, cationized albumin, and
immunoglobulin G [IgG]) either by autoradiographic analysis of the in situ
perfused brain or by capillary isolation methods (Pardridge 1988).

During recent years, the authors have developed a long-term (up to 20
minutes) VBP model in the guinea pig to investigate interactions of neuroactive
substances at the blood-brain interface (Zlokovic et al. 1986). Investigations
conducted with this technique suggested that extremely low initial brain
extractions of neuropeptides (e.g., leucine-enkephalin [leu-enk], delta sleep-
inducing peptide [DSIP], arginine-vasopressin [AVP]) and neurotransmitters
(e.g., glutamic acid) may have resulted from relatively slow but specific uptake
mechanisms at the luminal side of the BBB (Zlokovic 1990). The method has
proven to be sensitive to measure discrete transient changes of impaired BBB
permeability during chronic drug intoxication (Rakic et al. 1969) and in the brain
affected by an autoimmune process (Zlokovic et al. 1989a).

VBP MODEL: TECHNICAL CONSIDERATIONS

The VBP model allows for experimental control of the concentration of test
molecules and the composition of arterial Inflow. In this preparation, brain
perfusion is carried out through the righ! common carotid artery in the

guinea pig, which is cannulated by fine polyethylene tubing connected to

the extracorporeal perfusion circuit (Zlokovic et al. 1986). The contralateral
carotid artery is ligated, and both jugular veins are cut to allow drainage of

the perfusate. The perfusion medium is an artificial plasma and 20 percent
sheep red blood cells. The surgical procedure in the guinea pig is reduced
compared with the rat (Takasato et al. 1964) since the cauterization of the right
superior thyroid, ophthalmic, and pterygopalatine artery is not required. The
unigue anatomy of the cerebral circulation in the guinea pig has not been found
In any mammals other than cavoids (Bugge 1974). The forebrain supply relies
largely on the external carotid artery, and the Internal carotid artery normally
does not exist. The blood flow in the internal ophthalmic artery Is reversed
under physiological conditions, due to five anastomotic new branches derived
from the proximal part of the external carotid artery and the stapedial arterial
system. The circle of Willis is complete, but communication between carotid
and vertebral circulations is poor, resulting in the retrograde postcannulation
pressure in the right common carotid artery between 10 and 15 mm Hg. The
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functional separation between artificial and vertebral circulations has been
confirmed by isotope experiments (Zlokovic et al. 1966a). The molecules under
study are protected from hydrolysis and, therefore, are presented to the blood-
brain interface in the intact form.

During brain perfusion, jugular venous outflow can be collected for
radioimmunoassay hormone analysis. Placement of an arterial carotid loop
may be required when brain microdialysis is conducted simultaneously with
vascular brain perfusion. The physiological (e.g., perfusion and arterial blood
pressure, heart rate, respirations, electrocardiogram, electroencephalogram,
cerebral blood flow, Py, acid-base status), biochemical (e.g., water,
electrolyte, adenosine triphosphate, and lactate brain content) (Zlokovic et al.
1986), and morphological (e.g., brain immunogenicity, ultrastructural integrity
of the neural tissue at the BBB and non-BBB regions) (figure 1) parameters
remain normal in the perfused brain.

Biomathematical modeling of kinetic data from isotopic experiments relies on
previously published treatments (Pardridge and Mietus 1962; Patlak et al. 1963;
Smith et al. 1987). A novel computer-assisted microimaging of the perfused
brain is based on immunohistochemical analysis of blood-borne peptide/protein.

NEUROPEPTIDES

The multiple time point/graphic analysis was used to estimate the unidirectional
transfer rate constant, K, (uL min* g?), for radiolabeled neuropeptides and
inert polar molecules (figure 2). A time-dependent progressive linear brain
uptake of leu-enk and TRH during the 20 minutes was significantly higher than
for the inert polar molecules. Figure 2 shows that, during relatively short
periods of 1 to 2 minutes, it is not possible to distinguish between the extraction
for a given peptide from either those of inert polar molecules or those of other
peptides. K;, values for neuropeptides, IgG, and inert polar molecules are
given in table 1.

It has been demonstrated that K;, for the tracer estimated in the absence of
potential inhibitors and/or competitors represents its maximal permeability
surface area product (Smith et al. 1967). The cerebrovascular permeability
constants for leu-enk, AVP, TRH, DSIP, cyclosporin A, and inert polar
molecules have been correlated with their olive oil:water partition coefficients,
or reciprocal values of the square root of their molecular weight (Zlokovic et al.
1990). This analysis indicated that lipophilicity and molecular weight are not
good predictors for cerebrovascular permeability of small peptides.

28



FIGURE 1.

Ultrastructural integrity of the ipsilateral supraoptic nucleus from
guinea pig brain vascularly perfused for 10 minutes with the
medium containing 20 percent sheep red blood cells suspended
in artificial plasma. la. The capillary and cellular elements
within the neuropil remain intact, retaining their appropriate
morphological relationships. E, endothelial cell; L, capillary
lumen; N, neuron; D, dendrite. Print magnification=X 7,000. 1b.
Two dendrites cut in cross-section are contacted by several axon
terminals (ax), and a synapse (arrowheads) is evident. Print
magnification=X 31,1 000.
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FIGURE 2. Uptake of small neuropetides, D-mannitol, and polyethylene
glycol (PEG) by the parietal cortex of perfused guinea pig brain

NOTE: K;,=[Cgr(T)/Cp.-V]/IT where Cgg(T) and Cp_ are dpm per unit mass
of brain and plasma, respectively, at perfusion time T; V, is the initial
volume of distribution (ordinate intercept).

SOURCE: Values are taken from Zlokovic et al. 1987, 1988a, and Rakic et al.
1989.
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TABLE 1, Uptake of neuropeptides, 1gG, and inert polar molecules at the
luminal side of the BBB

Kin Vi
Tracer (UL min* g™ (mL 100 g™
[*H] Leu-enk 3.62+0.11 0.40+0.07
[*H] AVP 2.78+0.04 0.27+0.04
[*H] TRH 1.22+0.08 0.78+0.09
[***I] DSIP 0.93+0.14 0.94+0.13
[**1] 19G 0.58+0.05 0.29+0.03
[*H] D-mannitol 0.24+0.04 0.35+0.07
[*H] Dextran 0.05+0.01 0.31+0.02

NOTE: Values are means&E of 7 to 12 perfused brains. K;,, values are
significantly different by analysis of variance (ANOVA). K, and V,
values were graphically estimated in the parietal cortex using the
equation given in figure 2. Molecular weight of dextran was 70,000.

SOURCE: Values are taken from Zlokovic et al. 1987, 1988a, 1988b, 1989a,
1989c, 1990.

The first interacting step of circulating neuropeptide at the BBB is the luminal
site contact, The kinetics of radiolabeled peptide BBB uptake were examined in
the presence of (1) fully saturated L-amino acid transporter, (2) aminopeptidase
and amidase inhibitors, (3) unlabeled peptide, (4) peptide fragments, and

(5) peptide receptor antagonists and agonists. These experiments failed to
demonstrate cross-inhibition between neuropeptides and L-amino acids,
confirming a hypothesis that peptide bond prevents utilization of amino

acid BBB transporter (Zlokovic et al. 1983). It also has been difficult to
demonstrate a carrier-mediated transport of amino acid residues released

from peptides, which may suggest that the N-terminal enzymatic hydrolysis
may not necessarily be the primary event during peptide interactions at the
luminal BBB site. These findings have been supported by a lack of significant
inhibition of leu-enk and AVP uptake in the presence of aminopeptidase
Inhibitors, bestatin, and bacitracin (Zlokovic et al. 1987, 1989b, 1990). The
authors’ earlier studies indicated that bacitracin reduced leu-enk brain

uptake index (BUI) values to the level of intravascular markers, most likely

by preventing actions of blood-borne aminopeptidases on the bolus (Zlokovic
et al. 1985a). It has been shown that aminopeptidase rapidly degrades leu-enk
in vitro (Pardridge and Mietus 1981), so the lack of this effect in the VBP model
may suggest that the enzyme is situated at the abluminal site. It has been
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demonstrated that microvascular aminopeptidase M is a membrane-bound
protein contributing to about 1 percent of the total brain “enkephalinase” activity,
but its exact cellular location in the BBB has not been determined (Churchill et
al. 1987).

The dose-dependent self-inhibition of K, values was demonstrated for leu-enk
and AVP, and Michaelis-Menten parameters are given in table 2. Table 2
shows that the K,, for leu-enk uptake is similar to the large neutral amino acids
determined during brain perfusion in the rat (Smith et al. 1987), but the capacity
of this system is about three orders of magnitude less. It would seem that leu-
enk kinetic parameters compare best with the BBB transport mechanisms of
purine bases and nucleotides, whereas the AVP system has K, similar to the
carrier-mediated transport system for thyroid hormones, but its capacity was
about 35 times less (Pardridge 1988). The diffusion component, Ky, for both
peptides was negligible. Leu-enk peptide fragments, Tyr-Gly, Tyr-Gly-Gly,

and Gly-Gly-Phe-Leu (Zlokovic et al. 1987, 1989b), and AVP peptide fragments,
AVP-(1-8) pressinoic acid, and [pGlu® CytS]JAVP-(4-9) (Zlokovic et al. 1990),
did not influence BBB uptake of their parent peptides. These results indicate
saturable luminal BBB uptake of intact peptides, as well as the absence of
significant saturable metabolism of the peptide fragments.

The specific a-opioid receptor antagonist ally’-Tyr-AIB-Phe-OH, p-opioid
receptor agonist Tyr-D-Ala-Gly-Me-Phe-NH(CH,),OH, and naloxone did
not affect significantly uptake of [°H]-leu-enk (Zlokovic et al. 1989b). On
the other hand, the Vj-vasopressinergic receptor antagonist, TMeAVP

TABLE 2. Kinetic parameters for leu-enk and AVP uptake at the luminal side

of the BBB
Peptide K (UM) Vimax (Pmol min? g™
Leu-enk 39+3.2 160122
AVP 2+0.3 5.49+0.74

NOTE: Values are meanstSE for 5 to 9 K;, observations in the parietal cortex.
Michaelis-Menten parameters were estimated by fitting equation
Kin=Vmax(KntCp)+Ky to e rain perfusion data with weighted
nonlinear least squares. Ky values were not significantly different
from zero.

SOURCE: Values are taken from Zlokovic et al. 1989b. 1990.
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(1-B-mercapto-i3,R3,cyclopentamethylenepropionic acid,2-(O-methyl)tyrosine-
vasopressin], but not the V,-agonist, dDAVP (1 -deamino-[8-D-argininel-
vasopressin), significantly inhibited AVP BBB uptake. The affinity of TMeAVP
was about two times less than for the peptide (Zlokovic et al. 1990). The AVP
BBB receptors may represent either a part of peptide BBB transport system, as
demonstrated for insulin, IGF | and Il, and transferrin (Pardridge 1988), or they
can mediate hormone effects on the BBB. In the latter case, the cellular uptake
of circulating peptide would be limited primarily to its binding at the blood-brain
interface, similar to that observed for the in situ steroid hormone binding
(Pardridge 1987).

The fact that small neuropeptides may be taken up intact at the luminal side

of the BBB does not rule out the possibility that they may be subsequently
metabolized in the adjacent compartments, such as the cytosolic endothelial
space, abluminal surface of the BBB, and surrounding neuropil. This

matter was investigated in more detail with AVP. High-performance liquid
chromatography analysis of ipsilateral forebrain homogenates depleted from
capillaries indicated that about 50 percent of the AVP remained in its intact
form after 1 minute, whereas the percentage of the intact peptide progressively
fell with time; after 10 and 15 minutes, the radioactivity was eluted primarily in
the fraction corresponding to L-(*H]-phenylalanine (Zlokovic et al. 1991 a). This
suggests that there is normally a time-dependent, progressive aminopeptidase
degradation of circulating AVP once it has been transferred across the luminal
BBB side; the possibility that AVP is a precursor of more potent centrally active
fragments, such as [pGlu®,Cyte)-AVP-(4-9), has been suggested (Burbach

et al. 1983). On the other hand, thin-layer chromatography analysis of forebrain
homogenates has shown that DSIP remained predominantly in intact form in the
brain during the lo-minute period of perfusion, which is consistent with
previously demonstrated resistance of this peptide to hydrolysis after crossing
biological barriers (Banks et al. 1983).

Permeability of the special regions also has been examined by the VBP

model and in the in situ isolated perfused choroid plexus of the sheep. Kinetic
analysis revealed saturable AVP (Zlokovic et al. 1991 b) and DSIP (Zlokovic

et al. 1988b) uptake at the basolateral face of the choroid plexus with respective
K, values of about 30 and 5 nM. It is suggested that specific AVP uptake
mechanisms in the choroid plexus can detect circulating hormone primarily

by V,-receptors. Saturable cellular uptake in the choroid plexus also has been
found for leu-enk (Zlokovic et al. 1988c), but not for TRH (Zlokovic et al. 1985b).
Selective permeability to blood-borne AVP has been demonstrated by
immunohistochemical studies in the paraventricular nucleus (PVN) of the
hypothalamus. In these experiments, brains were perfused with unlabeled
AVP, and immunoreaction product was found to lightly stain only the
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perivascular space of the PVN, but not of the other BBB regions (B.V. Zlokovic,
L. Perimutter, J.G. McComb, and C. Segal, unpublished data). This pattern
may be due either to selective permeability of PVN to the circulating AVP or to
locally induced hormone release. Specific uptake mechanisms for AVP also
have been described in the hypothalamo-pituitary axis and pineal gland
(Zlokovic et al. 1991 c), and it Is suggested that AVP uptake in these regions
represents hormone binding in situ primarily to the V,-type receptors.

CIRCULATING NEUROACTIVE AMINO ACIDS

The BUI method indicated the presence of a low-capacity independent

carrier system at the BBB, transporting two neurotransmitters, L-glutamic

and L-aspartic acid (Oldendorf and Szabo 1976). Those studies were
extended to determine Michaelis-Menten parameters for L-glutamic acid

using the VBP model (Davson et al. 1990). Kinetic experiments revealed
regional Michaelis constant between 3 and 5 uM and capacity that was three
orders of magnitude lower than for neutral and basic amino acids. Regional
unidirectional saturable influx of L-glutamic acid was inhibited by 72 to 94
percent in the presence of 0.5 mM L-aspartic acid. These results indicate that
the carrier-mediated system for L-glutamic acid located at the luminal BBB side
may be fully saturated at normal plasma concentrations of this amino acid.
The physiological importance of this system and its relationship with N-methyl-
D-aspartate (NMDA) receptors are under investigation. Unidirectional transfer
rate constants for amino acid neurotransmitters and 5-HT are given in table 3.
It can be seen that studied neurotransmitters exhibit significantly higher
cerebrovascular permeability than N-methyl-a-aminoisobutyric acid (MeAIB),
a model substrate for the A amino acid transport system (Zlokovic et al. 1986).

IMPLICATIONS FOR DRUG ABUSE

It has been shown that tricyclic antidepressants (e.g., amitriptyline, imipramine),
which act as indirect adrenergic agonists, increase the diffusibility of water
across the BBB (Prescorn et al. 1980). On the basis of these experiments,

it has been suggested that there is a neuronal system acting in a humoral
fashion to regulate the movement of substances across the BBB. The

authors have explored this hypothesis by testing BBB permeability to inert
polar molecules, leu-enk, AVP, glutamic acid, and GABA using the chronic
amphetamine intoxication animal model. The VBP technique was employed to
ensure control over peripheral factors (e.g., central hypertension) during tests
of BBB functions. The behavioral syndrom—consisting of increased locomotor
activity, stereotypy (continuous gnawing and sniffing of the cage floor and side
bars), absence of normal exploratory and grooming behavior, and loss of
weight-was developed in all animals treated with amphetamine for at least 14
days (Rakic et al. 1989). The effect of withdrawal was studied in animals that
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TABLE 3. Uptake of amino acid neurotransmitters, 5-HT, and MeAIB at the
luminal side of the BBB

Neurotransmitter Kin (ML min™ g™)
L-’H] Glutamic acid 6.73£0.20
[*H] Glycine 4.62+0.49
[3H] GABA 1.09+0.20
5-[3H] HT 1.02+0.35
*C] MeAlB 0.75%0.07

NOTE: Values are means+SE of 5 to 24 perfused brains. K,,, values are
significantly different by ANOVA, except for GABA and 5-HT. K,
values were graphically estimated using the equation given in figure 2

SOURCE: Values for glutamic acid and MeAIB are taken from Davson et al.
1990 and Zlokovic et al. 1986.

had been treated with amphetamine for 20 days. The behavioral syndrome in
these animals progressively subsided and was absent by 7 days. Figure 3
illustrates the changes in the ratio of cerebrovascular permeability constants for
D-mannitol and PEG 4,000 simultaneously perfused in the guinea pig forebrain
during the course of the induced amphetamine intoxication and recovery. It can
be seen that ratio falls to about 1 after 14 days of treatment and stays about the
same after the extension of treatment to 20 days. A spontaneous recovery of
BBB to metabolically inert molecules was established 28 days after cessation of
treatment. Opening of the BBB also was confirmed histologically by penetration
of the fluorescent dye Lucifer yellow in animals treated with amphetamine for 14
days. A marked amphetamine-induced increase in leu-enk and AVP BBB
uptake was shown after 20 days of amphetamine treatment. K, values for

both peptides exhibited similar time-dependent changes, suggesting an initial
fourfold to fivefold increase in BBB uptake (figure 4). K, vs. time curves may
indicate no change in affinity but a significant increase of capacity of both
peptide systems. It is noteworthy that only a modest increase in BBB
permeability to TRH was measured. It also has been demonstrated that
amphetamine significantly increases BBB uptake of glutamic acid and GABA
(table 4).

Metaphit, an isothiocyanate analog of phencylidine (PCP) has been shown to
induce audiogenic seizures (Debler et al. 1989). The authors have examined
BBB permeability to glutamic acid In the guinea pig with metaphit-induced
audiogenic seizures. A significant reduction of glutamic acid brain uptake was
found in comparison with control animals. This finding is in contrast with an
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FIGURE 3. Cerebrovascular permeability constant, P, mannitol/PEG ratio
for vascularly perfused guinea pig forebrain during the course
of chronic amphetamine intoxication after 14 and 20 days of
treatment with D-amphetamine sulphate (i.p., 5 mg/kg daily), and
7 and 28 days after cessation of 20 days chronic treatment with
amphetamine. Interrupted line represents P omio/Prec ratio
obtained in control, nontreated animals; dashed line represents
mannitol/PEG ratio of reciprocal values of the square root of
molecular weight. Olive oiL:water partition coefficient ratio of
mannitol/PEG is 1:30. Values are means of 5 to 12 animals.

SOURCE: Rakic et al. 1989, copyright 1989, Elsevier Science Publishers

increased cerebrovascular permeability to horseradish peroxidase observed
in electrically induced seizures (Westergaard et al. 1978) and may suggest
inhibition of specific uptake mechanism for the neurotransmitter. It has been
proposed that metaphit may bind irreversibly to a site allosterically linked to
NMDA receptor (Debler et al. 1989), and the authors’ preliminary experiments
demonstrated cross-inhibition between glutamic acid and NMDA BBB uptake.
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FIGURE 4. Time-dependent changes of K, leu-enk values in the forebrain of
guinea pigs treated with amphetamine for 20 days as explained in
figure 3. Curve is computed on the basis of 10 animals that were
perfused at different times up to 20 minutes; interrupted lines are
confidence bands.

It has been demonstrated that tobacco smoking results in increased plasma
AVP levels, and it has been suggested that some reinforcing and withdrawal
effects of nicotine may depend on AVP psychoactive actions (Fuxe et al.

1989). The authors have shown that chronic 14-day treatment with nicotine
administered to guinea pig by osmotic minipumps alters BBB permeability to
AVP and hormone binding to non-BBB regions. An increased uptake was
found in the caudate nucleus, as well as in capillary-depleted brain tissue and
cerebral microvessels (M. Lipovac, B.V. Zlokovic, L. Perimutter, and E. Barrone,
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TABLE 4. Uptake of L-glutamic acid and GABA by the parietal cortex in the
guinea pig treated with amphetamine for 20 days

Cgr/Cpr (ML ™)
Treatment [*H] Glutamic Acid [*H] GABA
Control 0.105+0.006 (9) 0.021+0.001 (5)
Amphetamine 0.151+0.008 (6)* 0.079+0.004 (4)*

NOTE: Values are meanstSE (n); *p<0.001. Cgr/Cp, is the ratio of
neurotransmitter radioactivity per unit mass of the brain and plasma
measured during the 10-minute period of brain perfusion. Treatment
with amphetamine is explained in figure 3.

unpublished data). Parallel preliminary ultrastructural examination of
neurohypophysis has revealed fewer dense core vesicles than in control
animals. As many of these vesicles contain AVP, this decrease is consistent
with the reported increase in plasma AVP levels that accompanies chronic
nicotine exposure. In addition, neurohypophyseal capillaries from nicotine-
treated animals had prominent finger-like projections into the lumen, and the
enclosure of axon terminals by pituicyte cytoplasm, a well-documented normal
configuration of the region in times of low hormone demand (Hatton et al. 1984)
was seen only in the control animals.

CONCLUSION

Cerebrovascular permeability to slowly penetrating neuropeptides (leu-enk,
AVP, DSIP, TRH) and neurotransmitters (glutamic acid, glycine, GABA, 5-HT)
is 5 to 120 times higher than for metabolically inert polar molecules. Olive
oil:water partition coefficients and molecular weights are not good predictors
of BBB permeability to small peptides. Neuropeptides do not use BBB amino
acid transporters, and enzymatic hydrolysis may not necessaril