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INTRODUCTION 

"Amphetamine is one of the most versatile drugs known. It undergoes a complex 
metabolic fate, it markedly alters the physiological disposition of norepinephrine 
and it causes pronounced pharmacological and behavioral effects." Julius Axelrod 

(1). 

Discovery, Effects and Early Uses 

Amphetamine (AMPH) was first synthesized in 1887 (2). The sympathomi­
metic and respiratory stimulant effects of AMPH were described in 1933 (3-5) 
and in 1 935 its stimulant actions were found to be useful in the treatment of 
narcolepsy (6) . AMPH has been used for the treatment of obesity (7) ,  attention 
deficit hyperactivity disorder (ADHD) (8) ,  and occasionally for Parkinson's 
disease (9) . AMPH causes euphoria and stimulation in humans , and these 
effects often lead to its habitual use or abuse. With repeated AMPH use, 
tolerance to its effects on mood often develops and the dose is escalated (7, 
10). Large doses of AMPH can induce a psychotic state resembling paranoid 
schizophrenia (11-13). The effects of AMPH in humans have close parallels 
in animals. At low doses ,  AMPH increases stereotypic locomotor activity and 
species-specific stereotypies at higher doses ( 14); AMPH interferes with intake 
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640 SEIDEN, SABOL & RICAURTE 

of both food and water ( 15, 16) .  This diversity of AMPH's actions in affecting 
physiology and behavior has led to its widespread clinical and experimental 
use. Further interest in this compound was engendered by the discovery that 
it interacted with catecholamine (CA) systems in the brain and peripheral 
autonomic nervous system (ANS) to produce these wide-ranging effects on 
physiology and behavior (See Refs . 1 7-21) .  

AMPH Interacts with Transmitter Release, Uptake, and 
Metabolism 

Release, uptake, and enzymatic inactivation of transmitters are three funda­
mental processes underlying the mechanisms of action of AMPH at the 
neuronal level. Both the releasing and uptake-inhibiting actions of AMPH are 
mediated by the CA uptake transporter (22-24) . Because of the prominence 
of the uptake transporter in AMPH's action, it is of interest to review the 
transporter from an historical perspective. 

Bum (25) suggested that epinephrine could be taken up by sympathetic 
nerves. In 1959, Axelrod and colleagues demonstrated that epinephrine could 
be rapidly and selectively taken up by the heart, spleen, and glandular organs , 
each of which has sympathetic innervation (26). From these observations, it 
was inferred that norepinephrine (NE) was also taken up into a storage pool 
where it was protected against enzymatic degradation, thus making it available 
for re-utilization. NE uptake was rapid and saturable, and occurred with high 
affinity in both the ANS and the CNS (27-29). The discovery that NE-con­
taining neurons could bind or take up NE against a concentration gradient led 
to the idea of a carrier-mediated active transport system as a mechanism for 
terminating the action of NE at the synaptic cleft (27, 28, 30). This 
carrier-mediated active uptake process was postulated to be similar to the 
transport of sugars and amino acids across cell membranes (3 1 ,  32). It was 
later determined that the uptake transporter could release CAs as well as 
reclaim them back into the nerve terminals (24, 33-35) . Further investigation 
revealed that AMPH apparently inhibited the uptake and release of dopamine 
(DA), NE, or both (36-38). The finding that AMPH acted on the uptake 
transporter system led to further speculation and research on the functional 
importance of the amines, as well as to explorations of the transporter system 
in terms of release and uptake. Much of our knowledge of the physiology of 
synaptic transmission stems from data generated from the study of AMPH 
interactions with CAs and transporter complexes. Because of its diverse 
pharmacological effects and its interaction with CAs, AMPH has been useful 
for characterizing the functions of the CA systems (39). Our discussion of 
AMPH's effects stems from a convergence of data from biochemistry, 
pharmacology, physiology, and psychology. 
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AMPHETAMINE 641 

AMPH has Effects on Neurochemistry and Behavior 

There is considerable evidence that AMPH interacts not only with the uptake 
transporter but also with other aspects of neuronal functioning. AMPH has 
three effects at the monoaminergic synapse: (a) inhibition of monoamine 
oxidase (MAO); (b) blockade of uptake; and (c) promotion of release into the 
synaptic cleft. Therefore, we begin by reviewing the basic anatomy and 
physiology of CA neural systems. To discuss the mechanism of action of 
AMPH, we use the dopaminergic system as the prototypic system, recognizing 
both similarities and differences between DA and NE neurons (40). 

After reviewing the mechanisms of AMPH at the cellular level we describe 
AMPH's effects on behavior. In the second part of this chapter we focus on 
AMPH as an anorectic agent and drug of abuse; we also discuss AMPH's 
effects on operant and motor behaviors. 

THE CATECHOLAMINE SYSTEMS: 
A BRIEF OVERVIEW 

Anatomy of Catecholaminergic Projections 

Dopaminergic cell bodies in the brainstem (41) project widely to telencephalic 
structures (42) . A major group of DA cell bodies lie in the zona compacta of 
the substantia nigra and project to the striatum. Another group of DA cell 
bodies lie in the ventral medial tegmentum and project to limbic system 
structures, including olfactory tubercle, septum, amygdala, nucleus 
accumbens, and prefrontal cortex. Some cell bodies from the zona compacta 
send projections to limbic structures while some DA cell bodies in the ventral 
medial tegmentum project to structures in the striatum. DA neurons have 
extensively arborized axons and dendrites and there are tO,OOO to tOo,OOO 
synaptic contacts from each cell body. The degree of arborization suggests 
that dopaminergic influence on other neurons is tonic. There are four other 
DA-containing cell groups with shorter distances between the cell bodies and 
the terminal fields (43-47). NE in the brain also has a diffuse projection 
system with several major brain stem nuclei projections to both forebrain and 
spinal cord (48). 

The Catecholaminergic Neurons 

Dopaminergic and noradrenergic cell bodies contain a nucleus, golgi appara­
tus, mitochondria, endoplasmic reticulum, and are capable of transcribing 
messenger ribonucleic acid. These CA cell bodies produce the enzymes 
required for transmitter synthesis and degradation (49, 50), as well as other 
cell structures such as tubulin, phospholipids, and lipoproteins (51). The 
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642 SEIDEN, SABOL & RICAURTE 

physiology of the DA and NE neurons has been the subject of other reviews 
(49, 52-54) . 

With specific reference to the dopaminergic system, the nerve terminals 
contain structures required for the synthesis, storage, release, and inactivation 
of DA. Dopaminergic neuronal and storage vesicle membranes are lipid 
bilayers that are relatively impermeable to charged particles. The DA axon 
terminal forms a chemical junction with postsynaptic neurons. There is also 
evidence for autoregulatory somato-dendritic and dendro-dendritic connections 
on the DA cell body (55). DA release stimulates both postsynaptic and 
presynaptic DA receptors , initiating a chain of biochemical and electrophys­
iological events that are important to the physiological and behavioral functions 
accompanying DA release. 

Transmitter Release 

DA can be released through two mechanisms: exocytotic release which is 
impulse-dependent; and transporter-mediated release, which is not impulse­
dependent and appears to be the mechanism by which AMPH releases CAs. 

IMPULSE-DEPENDENT EXOCYTOTIC RELEASE The resting potential of the 
nerve cell results from the distribution of sodium, potassium, chloride, and 
protein ions across the lipid cell membrane, and is dependent largely upon 
the K+ gradient across the cell membrane (56). Membrane depolarization can 
result in an action potential that causes exocytotic release of CAs into the 
synaptic cleft. Depolarization-induced exocytotic release of CA is dependent 
upon ATP hydrolysis, and is initiated by Ca + + influx (57) . Exocytotic CA 
release that is experimentally induced by K+stimulation is not blocked by 
inhibition of the uptake transporter (24). 

TRANSPORTER-MEDIATED RELEASE Release of CAs can be induced in vitro 
by reversing the Na + gradient across the lipid membrane; this release can be 
blocked by uptake inhibitors , and is therefore considered to be transporter­
mediated (33, 35). Similarly, AMPH-induced DA release is Na + -dependent 
and can be blocked by uptake inhibitors. Since this type of DA release is 
independent of Ca ++(58-60), dependent upon the distribution of Na +ions, 
and can be blocked by uptake inhibitors, it is thought to be mediated by the 
uptake transporter (22, 24) . As discussed below, the transporter normally 
moves DA from the outside to the inside of the cell. However, in the presence 
of some drugs (AMPH) the direction of transport appears to be reversed and 
DA is moved from the inside to the outside of the cell (See Figure 1). 

Transmitter Uptake 

The uptake of transmitter back into nerve terminals is considered to be a major 
contributor to transmitter inactivation both in the sympathetic nervous system 
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AMPHETAMINE 643 

A. Impulse-dependent exocytotic release of 
,.----,-,----11 dopamine and pH-dependent vesicular 

vesicular storage of dopamine. 
Cell firing causes exocytotic release of 

dopamine into the extracellular space. The 
L.. __ r-_-l Idopamine is taken back into the nerve 

terminal through the uptake transporter. 
Dopamine is taken up into the vesicle 
through a second transporter. It is held 
inside the vesicle by a proton gradient 
maintained by an A TP-dependent proton 
pump. 

B. Low doses of AMPH (l-Smg/kg?) cause 
release of dopamine through: 

1. exchange diffusion across the cell 
membrane. 

C. Moderate doses of AMPH (5 mgikg - ?) 
cause release of dopamine through: 

1. exchange diffusion acrosS the cell 
membrane, 
2. passive diffusion of AMPH into the 
cell, 
3. an interaction between AMPH and the 
vesicular membrane transporter. 

D. High doses of AMPH cause dopamine 
release through: 

1. exchange diffusion across the cell 
membrane, 
2. passive diffusion of AMPH into the 
cell, 
3. an interaction between AM PH and the 
vesicular membrane transporter, 
4. passive diffusion of AMPH into the 
storage vesicle: alkalinization of the 
vesicle. 

Figure 1 Amphetamine-induced dopamine release: possible interactions between amphetamine 
and uptake transporters. 
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644 SEIDEN, SABOL & RICAURTE 

and the CNS (27, 30). This process can be blocked by a number of 
psychoactive drugs including antidepressants and psychomotor stimulants (27, 
36, 61). 

CHARACTERISTICS OF THE UPTAKE TRANSPORTER The DA uptake transporter 
on the neuronal membrane is thought to be a mUltipass transmembrane protein 
(62-64). The transport process has been characterized as being Na + and 
temperature-dependent and it demonstrates saturation kinetics similar to 
enzyme kinetics (65-67). The transport mechanism also appears to be 
rheogenic requiring 2 Na + and 1 CC ion for activation (67) . Similar 
characteristics have been described for the NE transporter (28, 31, 34, 68). 
Both the DA (62, 64) and NE (63) uptake transporters have recently been 
cloned. This advance will improve understanding of the dynamics of 
drug-transporter interactions, as well as our understanding of transporter-me­
diated release and uptake . 

The kinetics of drug action at the uptake transporter follow the law of mass 

action Uptake of released amine from the synaptic cleft back into the 
presynaptic ending follows the law of mass action and can be quantified by 
using Michaelis-Menton kinetics (65, 69). As with enzyme kinetics, saturabil­
ity, reversibility, affinity of the transmitter for the carrier, and the concentra­
tion of the released transmitter are important variables, and can be described 
by: 

Vo = Vmaxt(S)IKm + (S) 1. 

where Vo is the velocity of transport, Km is a measure of the affinity of the 
transmitter for the transporter, V max is the maximum velocity of transport (and 
is an indicator of the number of transporter sites available) and (S) is the 
concentration of transmitter. The Michaelis-Menton equation is useful in 
determining the extent and type of inhibition that is engendered by drugs that 
inhibit the transporter. Drugs that inhibit uptake are generally competitive 
inhibitors of transporters (67), and are described by: 

Vo = (Vmax • (S)/(Km(l+(I)/ Ki)+(S) 2.  

where Ki is similar to Km in that Ki characterizes thc affinity of the inhibitor 
for a portion of the transporter at which the amine is transported. As Ki 
becomes smaller, the apparent Km becomes larger. 

Energy source of the DA transporter is indirectly coupled to the hydrolysis 
of ATP In the uptake process, DA moves from a region of low concentration 
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AMPHETAMINE 645 

to high concentration; therefore, uptake requires energy, and is an active 
transport process (32). The Na + requirement discussed above suggests that 
the energy source for the transport is derived from the Na + gradient across 
the cell membrane [Na +] out> [Na +] in (66). As such, the DA transporter 
could make use of a co-transport mechanism where DA is carried "uphill" 

against its concentration gradient by being transported along with Na + , which 
is carried "downhill" along its electrochemical gradient. Indirectly , this 
process is ATP-dependent because the Na +/K+ -ATPase system is required 
for maintenance of the Na + gradient (65) . Similarly, the NE transporter 
appears to rely on the Na + gradient across the cell membrane for energy (34, 
70, 71). Because of this indirect reliance on ATP-derived energy, the DA 
uptake transporter is a secondary active transport system (72). 

Possible mechanisms for the return of the transporter conformation from 
inside to outside Once the transporter has carried DA to the inside of the 
neuron, the transporter presumably must reorient to the outside surface again 

to continue its DA uptake function. One mechanism for the return of the 
transporter (for serotonin in this case) to the outside of the membrane is 
suggested by Nelson & Rudnick (73). They found that high external K+ 
causes increases in serotonin efflux and inhibits serotonin uptake whereas high 
internal K+ stimulates uptake. Nelson & Rudnick hypothesized that K+ binds 
to the transporter on the inside of the membrane, facilitating its return to the 
outside surface. A similar role for K+ also applies to NE and DA (34, 65, 
66). Another mechanism for the return of the transporter to its original position 
is proposed by Sammet & Graefe (74; For discussion see 75). They suggest 
that the transporter naturally orients toward the membrane surface with the 
higher Na + concentration; Na + binds to the transporter and prevents the 
transporter from reorienting to the inside of the membrane. When DA binds 
to the transporter in combination with Na + , the transporter becomes "mobile" 
and can transport DA to the inside of the cell. Since Na + concentrations on 
the inside are low, the transporter retains its mobility, can return to the outside 
of the membrane, and is held there by Na + until the cycle begins again. 

The physical characteristics of the transporter are partially understood; the 
sequence of amino acids (62-64) and the manner in which the transporter is 
inserted into the membrane are known. However, the dynamics of moving 
substances from one side of the membrane to the other are not nearly as well 
understood for transporters as they are for ionic channels (56), and therefore 
the word orientation is used heuristically. 

POSSIBLE MECHANISM FOR THE RETENTION OF DA IN THE NEURON AFTER 

UPTAKE The following putative mechanism is based on the Na + requirement 
for DA uptake, and on Sammet & Graefe' s (74) theory of transporter 
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646 SEIDEN, SABOL & RICAURTE 

orientation. Binding to the transporter is Na + -dependent; at the resting 
potential there is a high concentration of Na + on the outside of the cell. When 
the complex of transporter, DA, and Na + orient to the inside of the cell, 
where the Na + concentration is lower, the DA may be released from the 
transporter; by recycling to the outside of the membrane once again, the 
transporter can bind the available DA because of the high Na + concentration. 
DA that is taken to the inside of the cell does not stay on the transporter or 
rebind to the transporter because the concentration of N a + is not sufficient to 
allow binding to the transporter. 

TRANSPORTER-MEASURING TECHNIQUES The characteristics of uptake trans­
porters are usually measured by two assay techniques. First, functional uptake 
of amine into isolated synaptosomes or tissue slices is measured by using 
tissue that is metabolically viable (76). This procedure uses radioactively 
labeled neurotransmitter to measure affinity (Krn) and number of transport­
ers/tissue weight (Vrnax). In the second assay, transporter affinity and number 
can be estimated by radioligand binding (77-80). In these studies, binding of 
a ligand (or drug) to the transporter molecule is measured as a high-affinity 
binding site similar to binding sites in studies measuring receptors (81 ). Both 
techniques have advantages and disadvantages and the resulting data can be 
interpreted differently. In uptake experiments, the measurement of labeled 
amine into syna.ftosomes requires comparatively larger amounts of fresh tissue 
with a Na +/K gradient; frozen tissue used in binding studies lacks the 
ATP-dependent Na +/K+ gradient and is not viable. In the binding experiment, 
tissue can be frozen; but binding to the putative transporter after freezing may 
give more than one site (82) . The issue of freezing, the buffers used, and the 
ligand to displace, can all affect the binding results (82-84). 

UPTAKE 1 vs UPTAKE 2 There are two different CA uptake processes in the 
peripheral nervous system. These have been studied in relation to NE (85). 
Uptake 1 is neuronal, has high affinity, is saturable and stereospecific, and 
requires that the cell be polarized. Uptake 1 is dependent on the presence of 
sodium and chloride ions. Uptake 2 is nonneuronal, has low affinity and is 
saturable; uptake 2 is not stereospecific, and is less dependent upon sodium 
than uptake 1 (30, 85-87). NE transported by uptake 2 is usually metabolized 
quickly; however, at high concentrations, some NE will accumulate in these 
nonneuronal sites (88). 

With regard to the central dopaminergic system, there are also indications 
for more than one uptake transporter. Radioligand binding studies suggest 
that there are two DA transporter binding sites: a high-affinity, low-capacity 
site and a low-affinity, high-capacity site, each with different Kd and B max 
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AMPHET AMINE 647 

values (84, 89, 90). Binding studies also point to the existence of a 
Na +-dependent and a Na +-independent site (91). Animals with intact DA 
systems have Na + -independent and Na +-dependent cocaine binding, while in 
6-hydroxydopamine (6-OHDA) lesioned animals, only cocaine binding, 
which is Na +-independent, remains. This result has led the authors to conclude 
that in the eNS, a second cocaine binding site may exist on nondopaminergic 
terminals, cell bodies, or nonneural tissue (glia) (91). 

Using the ligand WIN 35 ,065-2, other evidence suggests that while there 
are two DA uptake sites, both are Na +-dependent (90). In addition, Ritz 
et al (90) reported that 6-0HDA lesions decreased both low- and high-affinity 
WIN 35,065-2 binding sites, suggesting that both high- and low-affinity 
sites are neuronal. Patel et al (92) found two binding sites on a single 
protein that is characteristic of the DA transporter and concluded that the 
multiple labeling of the transporter is due to the ligand interacting at different 
sites in close proximity on the same protein. It is at present difficult to 
determine whether results that indicate two binding sites for cocaine and 
other inhibitors of DA uptake refer to (a) neuronal vs nonneuronal uptake, 
(b) two different neuronal sites (i.e. different transmitter systems), (c) two 
different sites on the same terminal, or (d) two different conformational 
states of the same transporter. 

Transmitter Storage 
Evidence suggests that DA storage occurs in two pools in the nerve terminal: 
vesicular storage, which is dependent upon an inward proton pump and the 
maintenance of a low intravesicular pH; and cytoplasmic storage, which has 
neither of these requirements. 

VESICULAR STORAGE The transporter used for uptake into storage vesicles 
differs in its functional requirements from the transporter embedded in the 
nerve cell membrane (see Figure 1). The mechanism for the transport of the 
amine across the vesicular membrane, and its subsequent retention in the 
vesicle, is made up of two components: a transporter for carrying the 
transmitter inside the vesicle, and an ATP, Mg + + - dependent proton pump 
that maintains an acid pH and electrochemical gradient across the vesicular 
membrane (93-95; Figure 1). 

The maintenance of highly concentrated amine in the vesicle is dependent 
on several processes. Protons can be carried across the membrane by the 
hydrolysis of ATP in the presence of Mg + +, and this high concentration of 
protons within the vesicle maintains a low pH relative to the cytoplasm (5.6 
vs 7.1, respectively) (94). The high proton concentration in vesicles also 
creates an electrochemical gradient with the inside of the vesicle positive 
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648 SEIDEN, SABOL & RICAURTE 

relative to the cytoplasm. Both the acidic environment and electrical gradient 
maintain the ability of the vesicle to store the amine. Amines in the cytoplasm 
are in a cationic form (NH3+); they attach to the membrane transporter in 
neutral form (NH2), and become protonated again within the acidic environ­
ment of the vesicle (94). The positive charge prevents diffusion of transmitter 
back across the lipid membrane of the vesicle within the cytoplasm. As the 
amine molecule is carried into the vesicle by the transporter, a proton is carried 
out of the vesicle by the vesicular transporter (93, 94). 

Vesicular uptake mechanisms can therefore be summarized as follows. The 
vesicular membrane transporter carries amines into the vesicle in exchange 
for protons. This proton removal is balanced by the ATPase mechanism, 
which pumps protons back into the vesicle, to maintain the high acidic 
environment. 

Reserpine and tetrabenazine block transport of amine into the vesicle by 
blocking the transporter (94, 96). Reserpine produces temporary amine 
depletions (97 , 98), possibly by interfering with the replacement of amine in 
the storage vesicles after exocytotic release. However, this interpretation is 
only partially supported by results showing that ganglionic blocking agents 
(nicotinic receptor blockers) (99), as well as acute denervation ( 100) , only 
partially diminish reserpine-induced depletion of peripheral NE. An alternate 
explanation of reserpine's depleting effects is suggested by Stame (see Ref. 
101), who proposes that reserpine attaches to mitochondria and interferes with 
the ATP production essential for vesicular storage. Consistent with this view, 
Bonisch & Trendelenburg (75) assert that reserpine treatment causes leakage 
of amine from storage vesicles. 

Other compounds, such as weak base amines, disrupt amine storage by 
alkalinization of the vesicle. As discussed below, certain drugs that enter 
amine-containing neurons may also enter the vesicle; in so doing they increase 
the pH inside the vesicle causing the release of transmitter into the cytoplasm 
(see below). 

CYTOPLASMIC STORAGE Indirect evidence suggests that DA can also be 
stored in the cytoplasm of the nerve ending in addition to that stored in 
vesicles. Scheel-Kruger ( 102) and Braestrup ( 103) reported that DA-mediated 
( 104) AMPH-induced behaviors are not blocked by reserpine pretreatment. 
These results point to the existence of a second nonvesicular, and reserpine­
insensitive storage pool for DA within the nerve terminal. Using mathematical 
models of synaptosomal uptake experiments, Schoemaker & Nickolson ( 105) 
also concluded that DA storage within the nerve terminal exists both in the 
vesicles and in a cytoplasmic pool (newly synthesized pool) (see below). The 
existence of a releasable DA fraction in the nerve cell cytoplasm explains the 
actions of AMPHs and related compounds (see below). 
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AMPHETAMINE 649 

NEUROPHARMACOLOGY OF AMPHETAMINE 

Under normal physiological conditions, the amount of DA in the synapse is 
determined by exocytotic release followed by the process of uptake and some 
metabolic degradation (see above) .  In the presence of AMPH the amount of 
DA in the synapse is determined by transporter-mediated DA release, 
inhibition of DA uptake, release from vesicular storage into the cytoplasm, 
and finally by inhibition of monoamine oxidase (MAO) activity. There are 
two membrane transporters in the CNS where AMPH and related drugs may 
act to increase the concentrations of monoamine in the synapse (vesicular and 
cell membrane transporters) . Since the effects of AMPH at the presynaptic 
terminal may be accounted for almost entirely by the physiology and 
pharmacology of membrane transporters , the inhibitory effects of AMPH on 
MAO are only discussed briefly (106) . In the following sections we discuss 
AMPH's role as inhibitor of uptake and promoter of release, and describe 
these properties in terms of how AMPH interacts with both the cell and 
vesicular membranes. 

AMPH Inhibits Monoamine Oxidase Activity 

AMPH inhibits the oxidation of aliphatic amines in vitro when tissues are 
prepared from several sources including heart, liver, and brain ( 1 07 ,  1 08). 
The degree of in vitro inhibition of monoamine oxidase by AMPH depends 
upon the substrate used in the assay, and is competitive. Because many MAO 
substrates (including naturally occurring DA, NE, and serotonin) have higher 
affinity for the enzyme than AMPH, AMPH is considered to be a weak 
inhibitor of the enzyme in vitro ( 109 , 1 10) . The notion that AMPH has major 
effects upon MAO in vivo is tenuous. When AMPH was compared to 
iproniazid ,  an irreversible and noncompetitive inhibitor of MAO ( 1 1 1 ,  1 12) , 
the changes in oxidative metabolites catalyzed by MAO were completely 
different between iproniazid and AMPH ( 1 1 3 ,  1 14). In spite of these early 
negative findings on in vivo inhibition of MAO by AMPH, later work has 
suggested that AMPH at relatively high doses may act as a competitive 
inhibitor in vivo for type A MAO ( 1 1 5 ,  1 16) . The role of MAO inhibition in 
the expression of the pharmacological effects of AMPH, while not discounted, 
seems to occur at the high dose range, and does not seem as robust an effect 
as the effect of AMPH on amine transporters. 

AMPH Blocks Uptake and Causes Release 

We have discussed evidence that NE and DA can be taken up with high 
affinity by nerve cells in the autonomic nervous system and CNS. We will 
now discuss how AMPH may block this uptake as well as induce release of 
DA in interacting with the uptake transporter. 
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650 SEIDEN, SABOL & RICAURTE 

One of the first indications of carrier-mediated drug-induced CA release 
came from work with tyramine in the peripheral nervous system. In experi­
ments using guinea pig atria Furchgott et al ( 1 17) introduced the concepts of 
transfer sites in the cell membrane. They found that the sympathomimetics 
tyramine and cocaine both caused increased sensitivity to the positive inotropic 
effects of NE (increased force of muscular contraction). However, they also 
found that cocaine inhibited the effects of tyramine. This "cocaine paradox" 
had been identified earlier (118) , but Furchgott et a1 (117) refined the 
explanation. They reasoned that tyramine caused release of NE, whereas 
cocaine blocked the uptake of NE, as well as tyramine, through an active site 
on the nerve terminal. Furchgott et al referred to these sites as "transfer sites" . 
The work of these researchers was important for several reasons. It distin­
guished between sympathomimetic drugs that acted as uptake inhibitors vs 
releasers (cocaine and tyramine, respectively). Further, it suggested that the 
sympathomimetic drugs and CNS stimulants exerted their effects by interact­
ing with the cell membrane's uptake site. 

AMPH is thought to increase concentrations of CAs in the synapse by 
inducing CA release, blocking CA uptake, or both (119). Evidence for this 
comes from both in vivo and in vitro studies (120-122), Similar to that seen with 
tyramine. AMPH-induced release of DA can be blocked by uptake inhibitors 
(24). From these types of experiments it soon became apparent that the 
conceptual distinctions between release and inhibition of uptake as they relate 
to drug action were important, but difficult to differentiate experimentally. 

RELEASE AND UPTAKE INHIBITION ARE DIFFICULT TO DIFFERENTIATE EXPERI­

MENTALLY AMPH-induced changes in DA dynamics can be measured using 
either tissue slices or synaptosomal preparations suspended in an incubation 
medium (69, 123) .  However, it has been argued that it is difficult to 
discriminate release from uptake inhibition (124-126). For example, uptake 
inhibition experiments are built on the following premise: if a compound (such 
as AMPH) prevents the accumulation of eH] DA into the synaptosome or 
slice, then uptake of eH] DA is inhibited. This interpretation is confounded 
by the fact that a drug that blocks uptake and causes release may release some 
of the previously taken up eH] DA making it appear that there is an inhibition 
of uptake. 

Heikkila et al (23) addressed this problem and convincingly demonstrated 
that, under certain conditions, uptake inhibitors can be distinguished from 
releasing drugs. These investigators found that cocaine blocked the accumu­
lation of eH] DA into slices, but did not induce release in slices preincubated 
with eH] DA. For compounds that are releasers, it is more difficult to 
determine whether they are also uptake inhibitors. As discussed above, both 
release and uptake inhibition would inhibit "apparent" accumulation of (11] 
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transmitter inside the cell, and would therefore be further characterized as 
uptake inhibitors. Heikkila et al (23) showed that the releasing compounds 
potassium chloride and tyramine, both induced release (i.e. increased the 
amount of tritiated amine in the medium in preincubated preparations in a 
dose-dependent manner) and decreased uptake (i.e. blocked accumulation of 
tritiated amine from the medium into the synaptosome in a dose-dependent 
manner). They therefore argued that compounds that are primarily uptake 
inhibitors should interfere with uptake at doses that are distinctly lower than 
those required to induce release. If the uptake inhibition and release 
dose-response curves superimpose, then the compound could be regarded as 
a releaser with uptake inhibition properties. From these and other studies (see 
below), it appears that AMPH's role as an inhibitor of uptake may derive 
entirely from the fact that it temporarily competes with DA for access to the 
terminal via the uptake transporter. This view is supported by the relatively 
weak affinities (micromolar range) AMPH has for the uptake transporter in 
binding studies ( 127-129). 

Further attempts to separate releasers from uptake inhibitors led to the 
development of the superfusion technique ( 125). The superfusion experiment 
rests on the premise that the rate of perfusion is too rapid to permit uptake 
of DA to occur, and any departure from the baseline during the perfusion is 
due to additional release. Synaptosomes or slices are incubated with tritiated 
DA and perfused at a rapid rate, which measures primarily the release of 
tritiated DA. The rate of accumulation of tritiated DA in the superfusates is 
a good estimator of the rate of DA release from synaptosomes. If a releasing 
drug such as AMPH is added to the preparation, the rate of tritiated DA release 
increases, but if an uptake blocker such as nomifensine is added, the rate of 
tritiated DA release into the superfusate does not change. Hence, these results 
strongly indicate that nomifensine is a pure DA uptake blocker, but AMPH 
causes release (24, 1 26). However, the issue of uptake inhibitor vs releaser 
is complicated by the findings of Raiteri et al (284) who argue that AMPH 
blocks uptake and causes release of DA, but only blocks uptake of NE (see 
also Ref. 23) . 

One can also discriminate between uptake inhibition and release using in 
vivo dialysis. In intact animals, the exocytotic release of transmitter occurs 
during cell firing; therefore, the increase in transmitter induced by uptake 
inhibition should be blocked by decreased cell firing. On the other hand, since 
transporter-mediated release is independent of exocytotic release (60), block­
ade of cell firing should not affect release from the cytoplasm. Nomikos et 
al ( 1 30) reported that increases in extracellular DA induced by cocaine, 
nomifensine, and bupropion are almost entirely eliminated by tetrodotoxin 
(TTX) (N a + channel blocker, which blocks the action potential, and therefore 
blocks impulse-dependent release), while increases in extracellular DA 
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652 SEIDEN, SABOL & RICAURTE 

induced by AMPH occur in the presence of tetrodotoxin. In a similar 
experiment, Westerink et al (131) found that in the presence of TTX, 
AMPH-induced DA release was 66% of AMPH-induced release without TTX. 
These results confirm that cocaine, nomifensine, and bupropion are uptake 
inhibitors, and not releasers, while AMPH is a releaser that acts independent 
of cell firing. 

The in vitro and in vivo experiments described above allow us to determine 
whether a drug is a "pure" uptake inhibitor or not; however, we still have 
no definitive technique for determining whether a releaser is a "pure" 
releaser, or also an uptake inhibitor. As discussed by Heikkila et al (23), 
the fact that releasers probably compete with endogenous transmitter for 
transporter sites ensures that all releasers are also uptake inhibitors and to 
that extent the two processes are not separable. It is possible, however, that 
while releasers enter the neuron through the uptake carrier to induce release 
(see above), some molecules may adhere to the transporter and block uptake 
without entering the neuron. To our knowledge, no one has yet developed 
the methods to answer this question. In summary, uptake inhibitors block 
uptake and have no effect on release; releasers induce release and probably 
block uptake as well. This latter effect is probably due to the competition 
between releasing compound and DA for entry into the nerve terminal via 
the uptake transporter. 

AMPH-INDUCED RELEASE IS INDEPENDENT OF CELL FIRING Early experiments 
using a push pull cannula (132) found that after electrolytic lesions of the 
nigrostriatal dopaminergic bundle, there was a substantial attenuation of the 
AMPH-induced DA release; these studies also showed that electrical stimu­
lation of the nigrostriatal pathway increased AMPH-induced DA release. 
These results suggested that the efflux of DA was dependent on impulse 
activity along the nigrostriatal system. However, this interpretation is con­
founded by the fact that lesions that reduce the number of DA axon terminals 
would be expected to reduce AMPH-induced DA release independent of an 
effect on impulse flow. Also, in the stimulation experiments, it is unclear 
how the effects of stimulation and amphetamine combine to produce greater 
DA release since impulse activity was not measured. Furthermore, later 
experiments employing TTX, which blocks action potentials, suggest that 
AMPH-induced DA release is independent of impulse flow. Using in vivo 
dialysis, it was shown that the AMPH-induced DA release in the presence of 
TTX was 94% of that without TTX in one experiment (130), and 65% of that 
without TTX in another experiment ( 1 31). Furthermore, Carboni et al (58) 
showed that pretreatment with gamma-butyrolactone (an inhibitor of DA cell 
firing) failed to alter AMPH-induced DA release in vivo. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:6
39

-6
76

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.
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AMPH INTERACTIONS WITH THE CELL MEMBRANE As discussed above, the 
DA uptake transporter in the cell membrane appears to play a critical role in 
AMPH's ability to release DA. In this section we discuss the theory of 
exchange diffusion which attempts to describe the way in which AMPH 
interacts with the membrane transporter. 

Exchange Diffusion Model Fisher & Cho (22) and Liang & Rutledge (133) 
have suggested that AMPH-induced release results from an exchange diffusion 
process in which AMPH attaches to the transporter on the outside of the cell 
membrane, thereby blocking DA transport from the outside to the inside. The 
transporter moves the attached AMPH from the outside to the inside of the 
neuron where it exchanges with DA; the DA transporter complex then reorients 
to the outside where DA is released; there is a net increase in DA outside the 
cell, and a net increase of AMPH inside the cell. Fisher & Cho (22) argue 
that while AMPH may enter the neuron both through the transporter as well 
as through passive diffusion. only the AMPH that enters via the transporter 
causes DA release; they suggest that DA can only exit the terminal when a 
transporter is made available by an incoming AMPH molecule. 

Liang & Rutledge ( 1 33) provide a different version of the exchange 
diffusion theory. While they agree that AMPH may enter the neuron through 
both the transporter and through passive diffusion, they argue that both types 
of entries contribute to DA release. They develop the notion that once inside 
the terminal, AMPH displaces DA from vesicular stores into the cytoplasm, 
making more DA available for release. Since passive diffusion probably 
represents entry at higher concentrations, more AMPH is available inside the 
cell to displace stored DA, and lead to more release (see Figure 1). Whether 
or not the availability of transporter sites is rate-limiting as suggested by 
Fischer & Cho (22) and Michaelis-Menton kinetics (see next section) is yet 
to be determined. 

Although the physical changes in the transporter in terms of its orientation 
toward the inside or outside of the membrane are not understood, certain of 
the chemical requirements for an exchange diffusion process are better 
understood. 

Characteristics of AMPH-induced DA release AMPH-induced DA release 
from synaptosomes has the same physical characteristics as the uptake of DA 
into the nerve terminal. AMPH-induced DA release shows saturation kinetics, 
is temperature- and sodium-dependent, and shows stereoselectivity, with the 
dextro isomer of AMPH being more potent at releasing DA than the levo 
isomer (22, 1 34). In addition, some compounds that block the uptake of DA 
into the neuron also attenuate AMPH-induced release of DA (22, 24, 60, 
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1 35-1 37) . These characteristics of AMPH-induced DA release are consistent 
with exchange diffusion theory. 

Characteristics of uptake of AMPH into synaptosomes Similar to the uptake 
of DA, Zaczek et al ( 138) found that the uptake of AMPH is an active 
transport process . It follows saturation kinetics, is Na 

+ 
-dependent, shows 

stereospecificity, but may ( 138) or may not ( 139) be temperature-dependent. 
In addition , Zaczek et al ( 140, 14 1 )  reported a process in which AMPH is 
sequestered into synaptosomes with lower affinity. Under conditions of 
sequestration,  eH] AMPH is taken up into synaptosomes, but this process is 
disrupted by procedures that disrupt the synaptosomal membrane itself 
(sonication, hypotonic media, and digitonin), and is not stereospecific . The 
authors draw a parallel between their results and the low- and high-concen­
tration effects of AMPH on DA release (22) : low-concentration effects of 
AMPH reflect transport, while high-concentration effects of AMPH reflect 
sequestration. 

One problem with exchange diffusion theory It is unclear what mechanism 
AMPH uses for making DA available for transport out of the cell . As discussed 
above, the low Na + concentration inside the nerve terminal may prevent DA 
from binding to the transporter, thereby preventing DA's return to the outside 
of the cell (74); in fact, the low Na + concentration may promote the 
dissociation of the DAitransporter complex. According to exchange diffusion 
theory, AMPH-induced DA release occurs through reversal of the uptake 
transporter, but the evidence in favor of this hypothesis is indirect (see above). 
Although the transporter can be reversed by inverting the usual Na + gradient 
(24, 35), the manner in which AMPH reverses the transporter is unknown. 

AMPH RELEASES DA FROM NONVESICULAR AND VESICULAR STORES 1 There is 
evidence that AMPH releases DA from nonvesicular stores. AMPH in rats 
induces a dose-dependent behavioral syndrome beginning with locomotion, 
sniffing, and rearing at low doses, and ending with focused intense licking 
and gnawing at higher doses ( 14 ,  1 02). These AMPH-induced behaviors are 
inhibited by blockade of DA synthesis with the tyrosine hydroxylase inhibitor, 
alpha methyl-para tyrosine (AMPT), but not by reserpine, suggesting that the 
effects of AMPH are mediated by a nonvesicular newly synthesized pool of 
DA ( 14 ,  102, 103, 142-145). Furthermore, AMPH-induced DA release from 
newly synthesized stores was demonstrated by the use of tritiated tyrosine in 
vitro . It was shown that more tritiated DA was released by AMPH early in 

'Material in this section appeared in part in Sabol, K. E . ,  Seiden, L. S. 1992. Transporters 
of delight. Curro Bioi. 2:414-16 
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the tyrosine infusion than was released latter in the infusion; furthermore, the 
total amount of tritiated DA in the tissue was constant throughout the infusion. 
These results can be interpreted to mean that early in the infusion cytoplasmic 
DA did not have time to equilibrate with vesicular stores and more was 
available for release. As the two pools became more homogeneous in terms 
of tritiated DA, a smaller amount of tritiated DA was available for release by 
AMPH ( 146-148). Consistent with these results, AMPT but not reserpine 
blocks AMPH-induced release of DA in vivo ( 1 35, 1 49) . In addition, Chiueh 
& Moore (150) present evidence that newly synthesized DA is important for 
AMPH's action; however, they also suggest that DA from vesicular storage 
contributes to AMPH-induced DA release. 

Evidence indicating that AMPH releases DA from vesicular stores comes 
from Parker & Cubeddu (137). These investigators have shown that AMPH 
releases less DA from brain slices taken from rabbits pretreated with reserpine 
than from slices taken from control animals. These results indicate that 
AMPH-induced DA release is, at least in part, dependent upon the vesicular 
storage pool (disrupted by reserpine). Based on these and similar findings 
( 151), Parker & Cubeddu proposed that AMPH releases DA from a cytoplas­
mic storage pool that is supplied both by newly synthesized DA and by the 
vesicular storage pool. Movement from vesicular storage into the cytoplasmic 
pool is both spontaneous and drug-induced. Consistent with this view are 
previous reports that AMPH interacts with the storage vesicle membrane. It 
blocks the uptake of NE ( 152, 153) and DA ( 153 ,  154) into synaptic vesicles. 

As discussed above, a pH gradient is maintained across the vesicular 
membrane (94, 155) .  Weak base amines such as ammonia and tyramine 
alkalinize the amine storage vesicles (93). AMPH, also a weak base, causes 
alkalinization of storage vesicles (156) . AMPH increases alkalinization of (a) 
intraneuronal compartments in cultured ventral tegmental area (VIA) neurons, 
and (b) chromaffin granule ghosts (organelles with the same membrane 
transporter that exists on the intraneuronal storage vesicle (93». Reserpine 
does not block AMPH-induced alkalinization; nor is AMPH-induced alkalin­
ization stereospecific. Finally, AMPH induces the release of eH] serotonin 
from chromaffin granules from adrenal medulla ( 156) . 

The results of this series of experiments indicates that AMPH causes release 
of transmitter from the intracellular storage vesicles; this release can be linked 
to alkalinization of the storage vesicles. To alter the pH of the vesicle, AMPH 
probably enters the vesicle through diffusion since (a) reserpine does not block 
AMPH-induced alkalinization, and (b) both the D and L isomers of AMPH 
are similar in their ability to alter the proton gradient across the storage vesicle 
membrane. 

In addition to the effect of AMPH on the pH of the vesicular storage 
compartment, other AMPH-like compounds are capable of a direct interaction 
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with the vesicular transporter . Rudnick & Wall ( 157) reported that 
methylenedioxymethamphetamine (MDMA) inhibits the uptake of serotonin 
into the chromaffin granules , as well as facilitates the release of serotonin 
from the chromaffin granules; both of these results were stereospecific, with 
the + isomer more potent than the - isomer . As mentioned above, the 
chromaffin granules are the experimental model for studying intraneuronal 
storage vesicles. Rudnick & Wall also evaluated the effects of MDMA on 
the pH gradient maintained across the chromaffin granule membrane. They 
found a concentration-dependent dissipation of this gradient that was not 
stereospecific; however, the concentration required to dissipate the pH 
gradient was greater than that needed to block uptake and induce release from 
the chromaffin granule . It can be concluded that MDMA interacts with the 
storage vesicle membrane in two ways. At low concentrations, it blocks uptake 
into and facilitates release from the vesicle by direct interaction with the 
serotonin carrier. At high concentrations, MDMA causes release by dissipat­
ing the pH gradient. Because the disruption of the pH gradient lacks 
stereospecificity, MDMA probably enters the storage vesicles by diffusion 
across the vesicular membrane at these concentrations. Similar findings were 
reported using the AMPH-like compound para-chloroamphetamine ( 158) .  

With both AMPH and MDMA, therefore, it  appears that one mechanism 
of drug-induced transmitter release from storage vesicles into the cytoplasm 
occurs through dissipation of the pH gradient. This relies on high concentra­
tions of either compound entering the vesicle through diffusion ( 156, 157) .  
At intermediate doses ,  AMPH-like compounds may disrupt transmitter storage 
in vesicles by direct interaction with the transporter on the vesicular membrane 
(see Figure 1). 

One difficulty with the weak base explanation of AMPH-vesicle interactions 
is that neurotransmitters themselves are weak bases, and yet are much less 
potent in inducing alkalinization of the chromaffin granules. Based only on 
this characteristic , one would expect serotonin to be more potent in altering 
the pH gradient than AMPH. As discussed by Sulzer & Rayport ( 156) , 
however, other factors such as lipophilicity , binding to intravesicular constit­
uents, and interactions with membrane-uptake systems may be responsible 
for the differences in alkalinization observed with the different amines. 

INTEGRATION OF EXCHANGE DIFFUSION WITH VESICULAR ALKALINIZATION: 

DIFFERENTIAL DOSE THEORy
2 The differences between two sets of data 

described in the literature are difficult to reconcile. On the one hand, 
AMPH-induced behaviors are not blocked by reserpine, indicating that 

2Material in this section appeared in part in Sabol, K. E . ,  Seiden, L. S. 1992. Transporters 
of delight. Curro Bioi. 2:414-16 
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functional AMPH-induced DA release is independent of DA stored in vesicles 
( 102) . On the other hand, experiments with in vitro slices ( 1 37) and chromaffin 
granules ( 156, 1 57) indicate that AMPH and MDMA are capable of releasing 
transmitter stored in these intracellular vesicles. These apparently contradic­
tory results may be attributable to the concentrations/doses of AMPH used. 
Rudnick & Wall ( 157), and Sulzer & Rayport ( 1 56) both reported that the 
effects of the AMPH-like compounds on release are concentration-dependent. 
Although the assays were different, and may not be directly comparable, 
Rudnick & Wall found that the concentrations required to release serotonin 
from the cell membrane preparation were smaller than those required to release 
serotonin from the vesicular membrane preparation. In the behavioral assess­
ment experiments discussed above ( 102, 103), the AMPH doses used to induce 
stereotypic locomotion and intense stereotypic licking, biting, and gnawing 
may correspond to those concentrations of AMPH that only release DA across 
the cell membrane in vitro ( 1-5mg/kg; see Figure 1, panel B). 

At moderate and high doses (above 5 mg/kg; see Figure 1, panels C & D), 
AMPH-induced DA release uses both vesicular and cytoplasmic stores. As 
previously suggested ( 1 59), low doses of AMPH may release cytoplasmic 
stores of DA while high doses release both the cytoplasmic and vesicular 
pools of DA. Further support of this theory comes from the work of Liang 
& Rutledge ( 1 33). These authors suggested that low doses of AMPH enter 
the neuron through the exchange diffusion process causing DA to leave the 
terminal in the exchange. At higher doses , when the transporters are saturated, 
AMPH is more likely to enter the neuron through passive diffusion, and cause 
release by displacing DA from vesicular storage into the cytoplasm. Kuzcinski 
(20) also suggested that AMPH disrupts vesicular storage.  Similarly, Zaczek 
et al ( 138) suggested that there are two processes of AMPH uptake, 
corresponding to low- and high-dose effects of the drug. The low-dose process 
is a high-affinity active transport process, and the high-dose uptake refers to 
a sequestration process (see above). 

Based on the papers reviewed here, a working model of the mechanism by 
which AMPH releases DA is depicted in Figure 1 .  At low doses ( 1-5 mg/kg), 
AMPH enters the neuron and releases DA through exchange diffusion (see 
Figure 1 ,  panel B). AMPH makes DA available for this exchange by 
displacing it from cytoplasmic storage . Low-dose ( 1-5 mg/kg) DA release 
induces stereotypic locomotion and oral movements . The release of DA is 
derived from newly synthesized DA since both the DA release and behavioral 
effects can be blocked by AMPT. At higher doses, (> 5 mg/kg), AMPH enters 
the neuron through the transporter and passive diffusion. At these concentra­
tions, AMPH is more likely to enter the storage vesicles (see Figure 1 ,  panel 
C). Initially, this effect is mediated through the vesicle-uptake transporter; as 
doses further increase, AMPH crosses this second lipid membrane by passive 
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diffusion. With sufficient AMPH entry into the vesicle, alkalinization of the 
vesicle results in further release of vesicular stores into the cytoplasm of the 
cell (see Figure 1, panel D). One assumption made with this model is that at 
low doses of AMPH the drug is removed from the neuron (back out through 
the uptake carrier, perhaps) before a significant amount can enter the vesicle 
and cause release of DA into the cytoplasm (see Figure 1 ) .  

In vivo dialysis data documenting DA release from the striatum, support 
this theory (160) . When four successive injections of 4 .0 mg/kg of meth­
AMPH were administered to rats at 2-hr intervals, small increases in DA were 
seen after the first three injections; however, the fourth injection induced a 
very large increase in DA. This result suggests that the fourth injection in the 
sequence recruited a second pool of DA for release. According to the theory 
proposed above, this would be the vesicular storage pool. 

AMPHETAMINE AND BEHAVIOR 

In the first part of this chapter we reviewed the cellular mechanisms of 
AMPH's action on the catecholamine systems. In so doing ,  we developed 
some concepts in depth that we felt were important to our understanding of 
AMPH's  mechanisms of action. This has been the primary emphasis of the 
chapter. In the second part of this chapter we will review AMPH's effects on 
behavior. This review is not meant to be exhaustive, but a survey of the 
behavioral effects of AMPH. Since each area is sufficiently large and complex 
as to warrant a review of its own, our intent is to direct the reader to papers 
and reviews that have dealt with complex and controversial issues . 

AMPH has Wide-Ranging Effects on Behavior 
The diversity of human behavioral effects engendered by AMPH has led to 
detailed research on the effects of AMPH in animals . AMPH research in both 
animals and humans has implicated a role for either DA, NE or both in 
behavioral disorders, including schizophrenia (161-163) and obesity (7, 10), 
as well as in the mediation of the rewarding aspects of drugs of abuse ( 164, 
1 65) .  AMPH has profound effects on a wide range of physiological and 
behavioral processes: motor activity ( 102, 143, 166-168); ingestive behavior 
( 169-1 73); sleep ( 174-177); attention ( 178 ,  1 79); aggression ( 1 80-1 82); 
sexual behavior (183); learning and memory (184-1 87); classical conditioning 
( 1 88); and operant behavior ( 1 89-191 ) .  In addition, AMPH affects sensory 
modalities as evidenced by its ability to serve as a discriminative stimulus 
(50) . The ability of AMPH to serve as a reinforcer in self-administration 
paradigms probably accounts for and predicts its abuse liability in humans 
( 192-194) . (For detailed reviews of the behavioral effects of AMPH see 17 ,  
1 66, 169,  190,  1 95-1 99 . )  
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AMPHETAMINE 659 

AMPH Is Used as a Therapeutic Agent as Well as a Drug of 
Abuse in Humans 

AMPH AS AN APPETITE SUPPRESSANT AMPH reduces appetite and food 
intake in humans (7 , 200) , and has been used as an adjunct to dieting for 
the treatment of obesity. When given daily for several days, AMPH causes 
a loss in body weight in both obese and nonobese humans and dogs . Since 
there is no evidence that AMPH alters metabolism, the decrease in body 
weight is attributed to reduced food intake, caused by a decrease in appetite 
(201 ,  202) . The AMPH reductions in food intake often dissipate shortly 
after the drug is initiated and the dose needs to be escalated. In addition, 
in some individuals the euphoria engendered by AMPH increases the risk 
that these individuals will become AMPH-dependent (7) .  Although AMPH 
is a short-term (i.e . 1 0--1 4  days) anorectic agent, it has the risk of tolerance 
and dependence . 

AMPH AS A TREATMENT FOR ATTENTIONAL-DEFICIT HYPERACTIVE DISORDER 

AMPH is useful in treating children suffering from attentional-deficit hyper­
active disorder (ADHD). These children (and occasionally adults) are 
hyperkinetic and have difficulty focusing their attention for prolonged periods 
of time. ADHD is associated with learning impairments and inappropriate 
social behavior (8, 203). Since AMPH increases locomotion in animals and 
frequently decreases attention in normal children and adults, the effects of  
AMPH on ADHD are often referred to as paradoxical (204) . However, as 
discussed below , when viewed in relation to its effects in experimental 
animals , the effects of AMPH in the treatment of ADHD are consistent with 
a broader interpretation of its mechanism of action ( 199 ,  205) .  

AMPH AS A DRUG OF ABUSE The amphetamines are w idely abused by 
humans ( 10,  206-208) . AMPH users have been known to self-administer 
as much as a 500--1000 mg within 24 hr ( 13 ,  193,  209). Large doses of  
AMPH lead to stereotypic motor activity in humans, such as compulsive 
cleaning and grooming, sorting, and disassembling objects ( 12) .  Individuals 
self-administering such high doses of AMPH eat and sleep less while they 
are taking AMPH ( 1 2, 1 76, 193) . Upon discontinuing AMPH , characteristic 
signs of withdrawal include periods of depression and hypersomnolence ( 1 1 ,  
2 10) .  

AMPH PSYCHOSIS AMPH psychosis occurs in two forms: toxic psychosis , 
which usually occurs after a s ingle large dose, is characterized by confusion 
and disorientation ; and repeated-use psychosis, which is considered to 
resemble schizophrenia. AMPH psychosis w ith chronic use can occur after 
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continuous high-dose use (500-1000 mg/day) ( 1 3) ,  or after lower-dose use 
(0. 3- 1 . 2  mg/kg, or 20-80 mg/day) ( 1 97), and is characterized by increased 
activity, repetitive and compulsive behavior, social withdrawal, delusions, 
and paranoia ( 1 3, 209, 2 1 1 ,  2 1 2) .  AMPH psychosis after chronic use may 
be accompanied by auditory hallucinations; although visual hallucinations 
have been seen with AMPH psychosis it is usually seen only in the acute 
toxic form (209, 2 1 3) .  Both the toxic and repeated-use AMPH psychoses 
clear after withdrawal of AMPH. 

Snyder (214) points out the similarities and differences between AMPH 
psychosis and schizophrenia. The two conditions are considered similar 
because (a) chronic AMPH abusers are often misdiagnosed as schizophrenics; 
(b) both conditions respond to treatment with antipsychotic drugs; (c) AMPH 
will often heighten psychotic symptoms in schizophrenic patients; and (d) 
both conditions have auditory hallucinations, delusions, and paranoia. The 
two conditions are different because (a) schizophrenic patients demonstrate a 
diminished affect, while the altered affect of chronic AMPH users is not 
considered to be diminished or flattened; (b) the "formal thought disorder" 
characteristic of schizophrenia is absent in AMPH psychosis; (c) AMPH 

psychosis is characterized by stereotypic motor behaviors whereas schizophre­
nia is not. Although Snyder (21 4) asserts that schizophrenia is not character­
ized by stereotypies, Ellinwood et al (215) ,  and Ellinwood & Sudilovsky ( 1 2) 
argue that schizophrenic patients demonstrate stereotyped behavioral or 
thought patterns. According to Freedman & Kaplan (21 6) ,  stereotyped 
behavior is seen in schizophrenia, but it is not invariably associated with the 
disease (217). 

AMPH IN THE TREATMENT OF NARCOLEPSY AMPH has been used in the 
treatment of narcolepsy (21 8, 2 19) . The cause of narcolepsy is not known, 
but is characterized by sleep attacks, usually lasting for about 15 min, loss 
of muscle tone, and difficulty in voluntary motion during the transition from 
sleep to waking during a sleep attack. Hypnagogic hallucinations also occur, 
with rapid eye movements and reduced muscle tone (220) . People suffering 
from narcolepsy often fall asleep at inappropriate times. AMPH can ward off 
sleepiness and the loss of alertness. However, narcoleptic patients taking 
AMPH, as a treatment, may use up to 200 mg per day and become dependent 
on its mood-elevating effects . Furthermore, these large doses of AMPH can 
interfere with sleep during the normal sleep cycle and cause unwanted side 
effects such as sleep deprivation, weight loss due to anorexia, hypertenSion, 
irritability, and occasionally, AMPH-induced psychosis (218,  219). AMPH 
also decreases the total amount of rapid eye movement (REM) sleep in normal 
humans during a normal night sleep cycle ( 177). The REM-like features of 
narcolepsy, and the possible involvement of catecholamines in REM sleep 
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AMPHETAMINE 66 1 

(221 ) ,  make catecholamine release a possible mechanism for the effects of 
AMPH in the treatment of narcolepsy. 

Effects of AMPH on Animal Behavior Parallel the Effects 
Seen in Humans 

AMPH REDUCES FOOD INTAKE AMPH decreases food intake in rats with free 
access to food and water, and in rats with restricted access to food ( 16) . 
However, there is evidence for an interaction between the decrease in food 
intake caused by AMPH and the condition of food availability (15). In addition 
to food intake, AMPH interferes with water consumption in rats . Repeated 
administration of AMPH results in the development of tolerance to both the 
anorexic and adipsic effects of AMPH (222, 223) . Regions of the hypothal­
amus have been considered to play a key role in the regulation of food intake 
( 169 , 224-227) and therefore the way in which AMPH effects hypothalamic 
nuclei , especially with respect to NE and DA, are of considerable interest 
(see Ref. 40). 

AMPH DECREASES ACTIVITY IN HYPERACTIVE RATS Under most circum­
stances AMPH increases locomotion and other types of species-specific 
behavior. However, rats depleted of DA by 6-0HDA as neonates become 
hyperactive throughout their life span; when the hyperactive (DA-depleted) 
rat is treated with AMPH as an adult, the locomotor activity of the rat is 
decreased (228-23 1) .  This effect in hyperactive rats parallels the AMPH-in­
duced decrease in hyperactivity observed in patients with attentional-deficit 
hyperactive disorder (ADHD). The AMPH-induced decrease in hyperactivity 
in this rat model, as well as in patients with ADHD, seems paradoxical. As 
discussed below , AMPH' s  effects are related to baseline levels of a particular 
behavior. For low-rate behaviors , AMPH increases their occurrence, for 
high-rate behaviors, AMPH decreases their occurrence. Patients suffering 
from ADHD, as well as the neonatal DA-depleted rat model, may fall into 
this latter category. 

The hyperactive rat model is induced by neonatal DA depletions (6-0HDA) , 
but no known DA deficiency exists in the human patient with ADHD. 
Furthermore, the effects of AMPH on hyperactivity induced by the neonatal 
DA depletions appear to be related to the serotonin system (232). Again there 
is little evidence regarding this point in humans . Therefore, the neurochemical 
basis for ADHD and AMPH' s  treatment of this condition remains unknown.  

AMPH SELF-ADMINISTRATION AND DRUG DISCRIMINATION PARADIGMS Drugs 
self-adminstered by humans are also self-administered by laboratory animals. 
The animal self-administration test has become a standard benchmark for 
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determining the abuse potential of drugs ( 1 94, 233) . The pattern of self-admin­
istration in animals is often similar to that of humans when using the i .  v .  route 
of injection (234-236). When the drug unit dose in animals is small, AMPH is 
self-administered at a high rate, particularly if the opportunity for self-admin­
istration is limited (234, 237). When the unit dose is high or access is unlimited, 
monkeys self-administer AMPH in a cyclic pattern (236-238) .  A large amount 
of drug is administered over a short period of time followed by cessation of 
administration for a time, after which the administration pattern is repeated. 
These cyclic episodes can continue for several days (237). This cyclic pattern 
has been identified in human AMPH abusers in the field ( 193) . 

Another paradigm used in animals to assess the subjective effects of drugs 
is drug discrimination. In a two-lever operant chamber, the animal is trained 
to press one lever for food after saline pretreatment, and the second lever for 
food after AMPH pretreatment. Animals learn to press the appropriate lever, 
which indicates that there is an internal state (i .e. discrimination) associated 
with AMPH vs saline. When the animal learns the discrimination, different 
drugs may be used to determine whether the test drug substitutes for saline 
or AMPH. A large number of stimulant-like drugs of abuse, such as cocaine 
and meth-AMPH, substitute for AMPH in this paradigm. (239-243) . 

Treatment with DA antagonists as well as lesioning of the DA system both 
attenuate the self-administration of AMPH and drugs that substitute for AMPH 
in the self-administration paradigm (244). Furthermore, DA antagonists and 
lesions of the DA system can interfere with the acquisition and maintenance 
of drug discrimination when one is considering saline vs AMPH. 

AMPH-INDUCED STEREOTYPIES AS AN ANIMAL MODEL FOR SCHIZOPHRENIA As 
discussed above, both AMPH psychosis and schizophrenia in humans have 
behavioral and biochemical similarities ( 13 ,  2 1 5) .  Accordingly, it was 
demonstrated that AMPH-induced stereotypic behaviors in rats can be blocked 
by the same drugs that are successful in the treatment of schizophrenia (245 , 
246) . Human users of amphetamines sometimes develop psychosis with a 
single dose after a period of abstinence (247); that is, sensitization to the drug 
appears to develop after chronic use. Behavioral sensitization also develops 
in rats given chronic, intermittent AMPH treatment (see 197 ,  248-250) . 
Because of the behavioral and biochemical similarities between schizophrenia 
and chronic AMPH psychosis in humans (see above), the behavioral sensiti­
zation model of chronic AMPH treatment is considered a useful animal model 
of schizophrenia (215, 251). 

The compounds used as antipsychotic agents usually fall into the category 
of dopaminergic postsynaptic receptor blockers ( 1 6 1 ,  252, 253). Since 
antipsychotic compounds block both schizophrenic symptoms in humans as 
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well as AMPH-induced stereotypies in animals, both syndromes are thought 
to have a common neurochemical basis: overactivity of the dopaminergic 
system (254). Further evidence that AMPH-induced stereotypies are depen­
dent upon an intact dopaminergic system comes from the work of Creese & 
Iversen ( 104) . Lesions of the ascending DA systems, but not the NE systems, 
inhibit AMPH-induced locomotor and oral stereotypies. DA theories of 
schizophrenia have been widely reviewed ( 162, 163 ,  1 97). 

AMPH ACTS AS A SYMPATHOMIMETIC AMPH affects all major systems in the 
sympathetic nervous system. It causes an increase in blood pressure by 
augmenting cardiac output and causing vasoconstriction. AMPH also causes 
dilation of the pupils and stimulates piloerection. AMPH stimulates respiratory 
rate through its actions on the brain-stern (4, 5 ,  68, 169). 

Experimental Analysis of the Behavioral Effects of AMPH in 
Animals 

AMPH STIMULATES STEREOTYPIC BEHAVIORS Considerable efforts have been 
made to understand the mechanisms that underlie AMPH-induced stereotypies 
( 102, 166, 255, 256) . Low doses of AMPH are said to increase locomotion, 
while higher doses induce stereotypy, i .e. implying that low doses of AMPH 
do not induce stereotyped behavior while high doses do. As Rebec & Bashore 
(256) point out, however, it is inaccurate to make this kind of dichotomy . 
They maintain that the term stereotypic behavior applies to both the repetitive 
locomotion associated with low doses of AMPH , as well as the repetitive oral 
movements associated with high doses of AMPH. In other words, both the 
locomotor effects of low doses of AMPH and the intense oral movements 
seen with high doses of AMPH are stereotypic in nature . 

This distinction can be clarified by looking at the theory of AMPH' s  
behavioral mechanism o f  action presented b y  Lyon & Robbins (166) . These 
investigators describe the effects of AMPH on behavior in a manner that is 
consistent with the view presented by Rebec & Bashore (256) . According to 
Lyon & Robbins ( 166) , the effects of AMPH are dose-dependent, with 
increasing doses causing shorter and shorter duration behaviors to occur. Low 
doses of AMPH cause an increase in all types of behavior. With increasing 
doses of the drug, smaller duration behavioral sequences are emitted, while 
longer duration behavioral sequences (such as locomotion) are truncated. With 
high doses of AMPH many behaviors may be initiated, but only those of short 
duration, such as licking and gnawing, are completed. From this perspective, 
it is inappropriate to view AMPH's effects on behavior as a strict dichotomy 
between locomotion and stereotyped oral movements. With this distinction in 
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mind, we continue with our discussion of AMPH's motor effects by focussing 
on the stereotyped locomotor vs stereotyped oral movements most frequently 
described in the literature. 

NEUROANATOMICAL SUBSTRATES OF STEREOTYPED LOCOMOTION VS ORAL 

MOVEMENTS While on the one hand there is a dose-related difference in the 
topography of responses produced by AMPH, there are also different 
neuroanatomical substrates that can mediate the different behavioral responses 
induced by AMPH. After selective 6-0HDA lesions of striatum, AMPH-in­
duced nonlocomotor stereotypy is decreased whereas AMPH-induced stereo­
typed locomotion is increased relative to controls (257-259) . Further, selective 
6-0HDA lesions of the nucleus accumbens decrease AMPH-induced locomo­
tion, sniffing, and rearing (259, 260) . These results suggest that nucleus 
accumbens mediates AMPH-induced locomotion, and striatum mediates 
AMPH-induced oral movements . Consistent with these results , direct injec­
tions of AMPH into the nucleus accumbens induces locomotion (261) .  
Although the data discussed here strongly support a role for the nucleus 
accumbens in the mediation of AMPH-induced locomotion, other anterior 
forebrain regions have also been implicated (see Ref. 262). AMPH injections 
into striatum induced oral stereotypies (263 , 264) or failed to induce oral 
stereotypies (licking, biting, and gnawing) (265) . This discrepancy may relate 
to the specific site of AMPH injection within striatum: Kelley et al (266) 
have recently reported that ventrolateral striatum is important for AMPH-in­
duced oral movements . 

RATE DEPENDENCY AND OPERANT BEHAVIOR Given that AMPH has effects 
on both consummatory behavior and motor function, it is not surprising that 
AMPH has effects on operant behaviors in animals where the rate and pattern 
of responding are controlled by schedules of negative and positive reinforce­
ment. When AMPH is administered in low doses to rats pressing on low fixed 
ratio (FR) schedules of reinforcement, the response rate tends not to change. 
At higher doses the response rate decreases ( 190, 199,  205 , 267 , 268) .  On 
very high FR schedules, low doses of AMPH induce an increase in response 
rate. Consistent with the Lyon & Robbins theory discussed above, this 
AMPH-induced increase in response rate has been accounted for by the 
elimination of pauses that occur to a large extent on high ratio schedules 
(205) .  The effects of AMPH on fixed interval (FI) responding are complex 
insofar as the low rates in the beginning of the interval are increased and the 
high rates at the end of the interval are decreased ( 190, 199, 267-269) . The 
effects of AMPH on FR and FI behavior led to the "rate-dependency" theory 
of AMPH action. Simply put, rate-dependency asserted that the effects of 
AMPH depend on the predrug response rate: low baseline response rates are 
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increased by AMPH, and high baseline response rates are decreased by AMPH 
( 190, 1 99,  267, 270). Rate-dependency theory, in regard to both the 
behavioral effects of AMPH as well as its underlying drug and neurochemical 
interactions, has generated interesting research and theory over the years ( 198 ,  
27 1 , 272) . 

AMPH has marked effects on the differential reinforcement of low-rate 
behavior (DRL) schedule (273, 274). Consistent with rate-dependency theory, 
predrug DRL response rates are low, and AMPH causes them to increase.  

AMPH increases the rate of lever pressing in a nondiscriminated continuous 
avoidance situation. Since the response requirements for avoiding shock 
engender a low rate of responding, the effect of AMPH on this schedule is 
consistent with rate-dependency theory (275-278).  In operant schedules with 
a punished component, AMPH does not increase responding that has been 
suppressed by shock (279-283) .  Since the baseline rate of responding 
suppressed by shock is low, these results are not consistent with rate-depen­
dency theory. 

INTEGRATION OF RATE-DEPENDENCY WITH LYON AND ROBBINS THEORY OF 

AMPH Rate-dependency offers a description of AMPH' s  effects on operant 
behavior, i .e .  high rate responding is reduced while low rate responding is 
increased by AMPH. Rate-dependency describes the effects of AMPH on 
operant performance in most cases. 

The observations of rate-dependency on operant performance are consistent 
with the interpretations of AMPH' s  effects on behavior presented by Lyon & 
Robbins (166) . As previously discussed, these authors ( 1 66) argued that 
increasing doses of AMPH cause shorter and shorter duration behaviors to 
occur. Many longer duration behaviors are initiated, but may be truncated 
before they come to completion. In this regard, a rat performing an operant 
task after AMPH treatment may touch the lever repeatedly, but fail to depress 
it, decreasing the rate of recorded lever presses. Their interpretation ( 166) of 
this decrease in response rate would be that the rat was unable to complete 
responses that may have in fact resulted in an increase in response rate had 
they all been successful switch closures . 

A second explanation of AMPH's effects consistent with rate-dependency 
suggests that with AMPH treatment, there is an increased occurrence of 
behaviors in direct competition with the operant response ( 1 98). The compet­
ing behavior (such as stereotypic licking and gnawing) increases in rate, 
causing the operant response to decrease in rate. 

So, although rate-dependency may accurately describe the pattern of switch 
closures (completed bar presses) the rat makes under AMPH treatment, a 
more complete consideration of response topography is required in order to 
adequately understand the animal 's behavioral response to AMPH. 
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CONCLUSION 

Since the initial discovery of amphetamine in 1 887 , much has been learned 
regarding its cellular mechanisms of action. Further, insights into the cellular 
and behavioral actions of amphetamine contributed to important advances in 
our understanding of endogenous catecholamines (CAs): (a) CAs are com­
partmentalized in at least two different pools within the nerve ending; (b) CAs 
interact with neuronal transporters located on nerve endings as well as on 
synaptic vesicles; (c) CA projections to one area of the brain (e. g .  striatum) 
may be differently regUlated than those projecting to other brain regions (e .g .  
nucleus accumbens; (d) CAs play a role in  a variety of  normal functions of 
the peripheral sympathetic and central nervous systems; (e) CAs are involved 
in a number of disease states (schizophrenia, feeding disorders , etc) . 

Despite these advances, several gaps remain in our understanding of the 
molecular mechanisms of amphetamine. However, a fuller understanding of 
AMPH neuropharmacology will surely emerge as more is learned regarding 
the following areas; (a) the mode of entry of amphetamine into CA neurons; 
(b) the molecular biology of transporter interactions with amphetamine and 
CAs; (c) the relation between the CA transporters on nerve endings and 
synaptic vesicles; (d) the interaction between the cytoplasmic and vesicular 
pools of CAs in the nerve ending; (e) the role of other neurotransmitter systems 
in the behavioral effects of amphetamine; and (j) the precise relation between 
amphetamine' s  neurochemical and behavioral effects . 
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