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COMMENTARY

UPTAKE MECHANISMS FOR NEUROTRANSMITTER AMINES

L. L. IVERSEN

MRC Neurochemical Pharmacology Unit, Department of Pharmacology,
Medical School, Hills Road, Cambridge CB2 2QD, England

SPECIALIZED uptake mechanisms exist in various types of neurone to mediate the
transport of neurotransmitter amines from the cxternal medium. Such mechanisms
are known to exist in noradrenergic neurones in the peripheral sympathetic nervous
system and in the CNS. in dopaminergic and tryptaminergic neurones in CNS, and
in cholinergic neurones in the periphery and CNS. In cholinergic neurones, however,
the transport mechanism is for the transmitter precursor choline rather than for ace-
tylcholine. The detailed biochemical and pharmacological properties of these amine
transport mechanisms have been reviewed recently elsewhere.!* Similar
mechanisms are thought to exist in neurones that use the amino acids GABA, glycine
and glutamate as neurotransmitters,*® but these will not be discussed here. The pres-
ent review will concentrate on some of the neuropharmacological implications of our
present knowledge of transmitter uptake systems, suggest how this information may
be used for research purposes, and point out some of the gaps in our understanding.

NORADRENALINE

Neuronal and extraneuronal uptake mechanisms. The most extensively studied
uptake systems are those responsible for the accumulation of noradrenaline (NA) by
adrenergic neurones, and in various peripheral effector tissues. The neuronal uptake
of noradrenaline is mediated by a high affinity transport system (K,, = 0-2-0-4 uM)
located in the axonal membrane of adrenergic neurones.!? This system is highly
dependent on the presence of sodium ions in the external medium and is stereoche-
mically selective in most specics and tissues for the naturally occurring ( —)-isomer
of NA. The uptake sites are not completely specific for NA and a variety of other
catecholamines and f-phenylethylamines can act as alternative substrates and are
selectively accumulated in adrenergic neurones. The neuronal uptake of NA is
potently inhibited by cocaine. by various sympathomimetic amines and by tricyclic
antidepressant drugs of the imipramine and amitriptyline series. Among the latter
drugs, the N-desmethyl derivative desipramine remains one of the most potent inhi-
bitors of NA uptake known, with a K; of approximately 0-01-0-05 uM.

In addition to the neuronal uptake of NA, sometimes known as Uptake,, there
is also a second uptake system present in various smooth muscle and glandular tis-
sues known as Uptake,.?"” This is again a membrane transport system, but differs
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from Uptake, in having a very much lower affinity for NA (K,, = approximately 250
uM). It is also less markedly sodium-dependent and shows no stereochemical selecti-
vity for (—) and (+)-NA. N-substituted catecholamines such as adrenaline and iso-
prenaline are taken up with higher affinity than NA by Uptake, sites. Although the
extraneuronal uptake sites have low affinity for catecholamines they are far more
numerous in most peripheral organs than the neuronal uptake sites, so that the rates
of removal of catecholamines from the total volume of the extracellular space by the
Uptake, and Uptake, mechanisms may in fact be comparable despite the low affinity
of the Uptake, sites for the amine substrates. Catecholamines taken up by Uptake,

1 . 1 mi idag A rata
sites are normally rapidly degraded by the enzymes monoamine oxidase and cate-

chol-O-methyl transferase in smooth muscle or other effector tissues. If, however,
tissues are exposed to very high catecholamine concentrations the rate of extraneur-
onal uptake may exceed the metabolic capacity of the tissue, and unchanged amine
will then accumulate in the extraneuronal sites.® This led to the original discovery
of the extraneuronal uptake processes, since accumulations of unchanged catechola-
mines in extraneuronal sites can be readily visualized by fluorescence histochemical
methods or measured biochemically. Uptake, is potently inhibited by O-methylated
catecholamine metabolites such as metanephrine, by various haloalkylamines such
as phenoxybenzamine and by several steroids such as f-oestradiol, corticosterone,
testosterone and (less potently) by cholesterol.®-1°

Role of uptake in inactivation of NA. The neuronal recapture of NA after its release
from adrenergic nerve terminal is now well established as an important mechanism
in the inactivation of neurally released NA. The exact extent of this recapture, how-
ever, is not clear. In organs with a dense sympathetic terminal innervation, in which
neuronal release sites are situated relatively close to the transmitter target cells in
the effector tissue, the tecapture mechanism seems likely to be far more efficient than
in tissues, such as arterial smooth muscle, in which there is only a sparse sympathetic
innervation and the transmitter substance has to penetrate for a relatively long dis-
tance from the nerve terminals to the sites of actions. The available evidence concern-
ing the extent of neuronal recapture of released NA has come almost entirely from
densely innervated organs such as the nictitating membrane, cardiac tissues and vas
deferens. In such tissues the overflow of NA and NA metabolites in response to
stimulation of the sympathetic innervation increases by 3-4 fold when the tissues are
exposed to cocaine.!!*2 This suggests that some 70-80 per cent of the released NA
is normally removed by the neuronal recapture mechanism. It is now recognised that
the much larger increases in NA overflow evoked by treatment with phenoxybenza-
mine in such experiments are only partially attributable to an inhibition of NA
uptake by this drug. Several recent studies suggest that phenoxybenzamine and other
a-adrenoceptor antagonists increase the overflow of NA in response to sympathetic
nerve stimulation by blocking a negative feedback mechanism in adrenergic nerve
terminals whereby released NA acts upon presynaptic x-adrenoceptors to inhibit
further transmitter release.'-'* In addition to such an action phenoxybenzamine is
also a potent inhibitor of the Uptake, mechanism and thus prevents released NA
from being taken up and metabolized in the postsynaptic tissues, an action which
again tends to increase the amount of unchanged NA appearing in overflow exper-
iments. From studies on the overflow of NA and its metabolites from stimulated tis-
sues after exposure to inhibitors of Uptake, and/or Uptake, it appears that these
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two mechanisms constitute alternative routes for terminating the actions of neurally
released NA. If Uptake, sites are blocked with cocaine a larger proportion of the
released NA is diverted to the “Uptake,-followed-by-metabolism” mechanism.'?
This mode of inactivation also becomes more important than neuronal recapture un-
der conditions in which the sympathetic nerves are stimulated at frequencies of 10
Hz or more; this appears to lead to a situation in which the release of NA occurs
more rapidly than can be dealt with by the Uptake, mechanism. Thus, cocaine
causes only a small increase in NA overflow if stimulation is carried out at 25 Hz,'!
and Uptake, inhibitors cause only small potentiation of the responses of sympatheti-
cally innervated tissues to nerve stimulation at high frequencies, although such poten-
tiation may be marked when tissues are stimulated at more physiologically normal
frequencies (around | Hz). This balance between the Uptake; and Uptake,
mechanisms could be of importance since it implies that Uptake, offers an alterna-
tive mechanism for transmitter inactivation under conditions in which neuronal
recapture is inadequate. Such conditions might occur in densely innervated tissues
when the sympathetic innervation is fired at high frequencies, or it might be impor-
tant in less densely innervated tissues even at lower stimulation frequencies, since in
such tissues the Uptake, sites are far more numerous than the neuronal recapture
sites, by comparison with densely innervated organs. The interaction between the tis-
sue uptake mechanisms, which catalyse a rapid removal of NA from the extracellular
space, and the negative feedback mechanisms involved in controlling transmitter
release from presynaptic terminals remains to be explored. The latter mechanisms
involve either an interaction of NA with presynaptic x-adrenoceptors as described
above, or a stimulation of prostaglandin release by NA.!® These control mechanisms
will only be activated under conditions in which NA accumulates in the extracellular
space after its release, for example when sympathetic nerves are stimulated con-
tinuously at relatively high frequencies. Such mechanisms could not, of course, oper-
ate if the removal of released NA by Uptake, and/or Uptake, occurred very rapidly,
since NA would then never accumulate in the extracellular space.

It is likely that Uptake, sites are important not merely as a back-up mechanism
to Uptake, in disposing of neurally released NA, but also as a mechanism for the
rapid inactivation of catecholamines released into the circulation from the adrenal
medulla. Adrenaline, for example, is taken up by Uptake, sites with greater affinity
than NA. Uptake, sites are present in abundance in the smooth muscle cells of small
blood vessels, and are thus ideally situated to remove circulating catecholamines dur-
ing their passage through peripheral vascular beds. Uptake, sites also occur in
several smooth muscle tissues that are not innervated by sympathetic nerves,!® sug-
gesting that this uptake mechanism plays some role not necessarily associated with
adrenergic neurotransmission. There is, however, little direct evidence to support this
hypothesis. If it were correct one would expect that substances known to act as speci-
fic inhibitors of Uptake,, such as steroids, O-methylated catecholamines and certain
haloalkylamines should prolong and potentiate the actions of circulating catechola-
mines more effectively than inhibitors of Uptake; such as cocaine or desipramine.
The possible effects of circulating or tissue concentrations of steroids such as choles-
terol in regulating the activity of Uptake, sites could also have important physiologi-
cal implications. If “Uptake,-followed-by-metabolism” is an important mechanism
for inactivating circulating catecholamines then an excess of cholesterol would be
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expected to potentiate physiological responses to adrenal catecholamines by render-
ing cardiovascular tissues more responsive to such amines.

Pharmacological implications of NA uptake. The existence of NA uptake systems
in adrenergic neurones and in effector tissues has many implications for understand-
ing drugs actions on adrenergic mechanisms. It is probable, for example, that the
effects of drugs such as cocaine or desipramine in potentiating the responses of effec-
tor tissues to neurally released or administered catecholamines can be explained
almost entirely by virtue of the inhibition of neuronal uptake sites caused by these
drugs. This potentiation of effector responses by uptake inhibitors also implies that
the neuronal uptake mechanism is capable of removing catecholamines from the bio-
phase sufficiently rapidly to limit the concentration of amine in the extracellular
space adjacent to adrenoceptor sites in the effector tissues. Since this potentiation
occurs both for NA released from adrenergic terminals and for externally applied
catecholamines this means that neuronal uptake from the biophase adjacent to such
receptors can occur more rapidly than the rate of penetration of applied amine from
the external medium, This has further important implications in assessing agonist
responses in sympathetically innervated tissues. If a series of agonist drugs is com-
pared a quite misleading set of results regarding their relative potencies may be
obtained unless some precaution is taken to inactivate the neuronal uptake sites. Dif-
ferent agonist amines will also differ in the relative importance of the neuronal
uptake mechanism in limiting their concentration at adrenoceptor sites. This effect
will be most important for amines which have both a high affinity for uptake sites
and are potent agonists. Such amines will stimulate receptor responses at con-
centrations in which uptake sites are not saturated by the amine and are thus operat-
ing most effectively. Weak agonists, on the other hand, will generally need to be used
at concentrations which are so high that neuronal uptake sites will be completely
saturated and thus relatively ineffective. This explains, for example, why the re-
sponses of effector tissues to the (—) isomers of catecholamines are potentiated to
a much greater extent by the removal of uptake sites following sympathetic denerva-
tion or after cocaine treatment than the less potent (+ )-isomers, even though both
(—) and (+ )-isomers are substrates for the neuronal uptake mechanism.!” Other
amines such as isoprenaline are not substrates at all for the neuronal uptake sites,
and their effects are thus not affected by removal or inhibition of such uptake sites.
Responses to isoprenaline, however, can still be potentiated by inhibition of Uptake,
sites.!® The affinity of agonists for both Uptake,; and Uptake, sites thus needs to
be considered in assessing effector tissue responses. The ideal situation for measuring
such responses might be to use a sympathetically denervated tissue treated with a
selective Uptake, inhibitor such as corticosterone.

Apart from considering the role of uptake mechanisms in limiting the con-
centrations of agonist drugs available at adrenoceptor sites, uptake can also be im-
portant in explaining the pharmacological actions of drugs that depend on a selective:
accumulation in adrenergic nerve endings in order to exert their actions. Several g-
phenethylamines, for example, metaraminol and a-methyl NA, can be selectively accu-
mulated in adrenergic nerves where they replace NA and are stored and released as
“false transmitters”. The high affinity that such amines have for neuronal uptake
sites, together with their resistance to metabolic degradation probably accounts for
their long half lives in adrenergic nerves; uptake probably accounts not only for their
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initial entry but also for their conservation through multiple cycles of release and
recapture. Other sympathomimetic amines that act indirectly by displacing NA from
adrenergic nerve terminals may also depend upon the neuronal uptake mechanism
to enter the adrenergic terminals. Tyramine, for example, is a substrate for the neur-
onal uptake mechanism and its actions are antagonized by drugs such as cocaine
that block such uptake sites. Other indirectly acting amines, however, such as
amphetamine may be sufficiently lipid soluble to achieve an adequate penctration
of adrenergic terminals without requiring the mediation of uptake mechanisms.
Adrenergic neurone blocking drugs such as bretylium and guanethidine are also

selectively concentrated by uptake in adrenergic nerves and this, together with their

local anaesthetic properties, may account for their selective actions in blocking nerve
conduction in adrenergic terminal fibres. Another drug which owes the selectivity of
its actions on adrenergic neurones to its ability to act as a substrate for neuronal
uptake is 6-hydroxydopamine. The selective actions of this neurotoxic substance on
adrenergic nerves derive from the selective accumulation of this amine by neuronal
uptake sites in adrenergic neurones.

DOPAMINE

Studies of the uptake of tritiated dopamine by slices of homogenates of the dopa-
mine-rich neostriatum of mammalian brain have demonstrated that dopaminergic
neurones possess their own uptake mechanism.'~® This is similar in many respects
to the neuronal uptake mechanism for NA; dopamine uptake sites are sodium-
dependent and have a high affinity for dopamine (K,, = 0-4 uM). NA is also taken
up by the dopaminergic neurones, but with a lower affinity (K,, = 2-0 uM) and with
no stereochemical selectivity. Other f-phenylethylamines can inhibit dopamine
uptake, and the structure-activity relationships for dopamine uptake sites seem to
be similar to those previously described for NA uptake sites in noradrenergic neur-
ones. It was at first thought that the (+) and (— )-isomers of amphetamine were equi-
potent as inhibitors at dopamine uptake sites, but subsequent findings indicate that,
as in noradrenergic neurones, (+ )-amphetamine is considerably more potent than
(—)-amphetamine. The most striking difference in inhibitor sensitivity is the relative
ineffectiveness of tricyclic antidepressant drugs as inhibitors of dopamine uptake.
Desipramine, for example, is approximately one thousand times less potent as an
inhibitor of dopamine uptake than of NA uptake.!® On the other hand, dopamine
uptake sites are potently inhibited by benztropine and certain related anticholinergic
drugs. Benztropine is approximately twenty times more potent as an inhibitor of
dopamine uptake than of NA uptake.!® These findings make it clear that the uptake
sites in dopaminergic neurones are different from those in noradrenergic neurones.
The functional importance of dopamine uptake, however, remains obscure, although
by analogy with the situation in noradrenergic neurones a role in transmitter inacti-
vation seems most probable. The pharmacological importance of dopamine uptake
is also unclear. It is possible that benztropine and related anticholinergic drugs used
in the treatment of Parkinsonism may owe some of their actions to an inhibition of
dopamine uptake, thus potentiating and prolonging the actions of any residual dopa-
mine released in the Parkinsonian brain. Such drugs, however, do not appear to pro-
duce signs of dopaminergic hyperactivity when administered to normal animals.
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5-HYDROXYTRYPTAMINE

5-hydroxytryptamine (5-HT) is also taken up by a specific high affinity mechanism
that appears to be associated with tryptaminergic (5-HT containing) neurones in
mammalian brain.>* The uptake of labelled 5-HT by synaptosomes is greatly
reduced after surgical lesions of the raphe nuclei in rat brain, which cause a selective
degeneration of 5-HT containing nerve terminals.* Autoradiographic studies indi-
cate that only a very small proportion of the synaptosomes in rat forebrain homo-
genates are capable of 5-HT uptake (less than 0-067 per cent), presumably corre-
sponding to the relatively small number of tryptaminergic synaptic terminals.* 5-HT
uptake is again sodium-dependent and is mediated by a high affinity mechanism
(K, = 0:2 uM). It is inhibited by various indolamines, but in general not potently
inhibited by f-phenylethylamines. 5-HT is also taken up, although with considerably
lower affinity (K,, = 8 ugM) by both dopaminergic and noradrenergic neuronal
uptake sites. This makes studies of S-HT uptake difficult unless very low con-
centrations (ca. 0-1 uM) of amine are used, since otherwise 5-HT uptake occurs into
both tryptaminergic and catecholamine uptake sites. It has recently been found that
the high affinity uptake of 5-HT in tryptaminergic neurones is very potently inhibited
by tricyclic antidepressant drugs of both the imipramine and amitriptyline series,
although the structure—activity relations among such drugs as inhibitors of 5-HT
uptake are different from those for inhibition of NA uptake by these compounds.
For example, the tertiary, amine derivatives imipramine and amitriptyline are more
potent inhibitors of 5-HT uptake than their desmethyl derivatives desipramine and
nortriptyline, a situation which is the converse of that for inhibition of NA uptake.
3-chloroimipramine is the most potent inhibitor of 5S-HT uptake sites so far described
(K; approx. 0-1 uM). The inhibition of 5-HT uptake sites in brain by tricyclic anti-
depressants and by indolamines closely parallels the behaviour of 5-HT uptake sites
in blood platelets.2® Indeed, the parallels are so close as to suggest that the 5-HT
uptake mechanisms in platelets and in tryptaminergic neurones may be identical.
The finding that antidepressant drugs are powerful inhibitors of both NA and 5-HT
uptake sites in brain leaves some confusion as to which of these effects is critical for
the antidepressant action of these drugs—if indeed this action does depend upon
amine uptake inhibition. This question, however, is difficult to answer with the drugs
presently available, since no tricyclic antidepressant drugs have been described
which are selective inhibitors of either NA or 5-HT uptake. No doubt such com-
pounds would not be difficult to discover by careful screening, and investigations of
the clinical actions of such selective amine uptake inhibitors in affective disorders
might be most interesting.

The functional importance of 5-HT uptake is unknown, as with the dopamine
uptake process. Pharmacologically the existence of 5-HT uptake sites almost cer-
tainly underlies the selective neurotoxic actions of the compound 5,6-dihydroxytryp-
tamine (5,6-HT) on 5-HT containing neurones.’! 5,6-HT has a considerably higher
affinity for 5-HT uptake sites than for NA or dopamine uptake sites, and this implies
that it is selectively concentrated in 5-HT containing neurones in which it acts in
a manner similar to 6-hydroxydopamine in adrenergic neurones.

CHOLINE
The enzyme acetylcholinesterase is present at all cholinergic synapses and is re-
sponsible for the rapid inactivation of released acetylcholine by enzymic hydrolysis.
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It might thus appear that cholinergic neurones have no need of a high affinity amine
uptake mechanism, but recent findings indicate that this is not in fact the case. It
has been known for some time that cholinergic neurones are highly dependent upon
a continuing external supply of the precursor choline in order to maintain the syn-
thesis of acetylcholine. It has been assumed that such neurones obtained their supply
of choline by an uptake of choline by a relatively low affinity transport system (K,,
approx. 200 uM) that had been described in many tissues. Choline is, of course,
required by many cells other than cholinergic neurones as a precursor for the biosyn-
thesis of phospholipids. More recently, however, a high affinity uptake system for
choline has been described which appears to be specifically located in cholinergic
neurones.®2? Studies of the uptake of labelled choline by homogenates of rat brain
revealed the presence of two components on kinetic analysis. A low affinity com-
ponent (K,, = 100 uM) was present in all brain regions. However, at very low exter-
nal choline concentrations a second component with much higher affinity (K,, 1-3
uM) predominated. This component, unlike the low affinity system, was not present
in brain regions which contain only few cholinergic neurones, such as cerebellum,
but was prominent in acetylcholine-rich regions such as the striatum.?* The high
affinity uptake component was also markedly reduced in homogenates of rat hippo-
campus following surgical lesions that destroyed the cholinergic input to this brain
region, suggesting that high affinity choline uptake sites were specifically associated
with cholinergic nerve terminals.* This was also the case in guinea pig ileum, in
which high affinity choline uptake sites occurred only in those parts of the organ
known to contain cholinergic fibres.® Further evidence that the high affinity uptake
sites for choline are associated with cholinergic neurones in both ileum and brain
came from the finding that in each case *H-choline taken up from low external con-
centrations by this mechanism was rapidly and completely converted into *H-acetyl-
choline, whereas a much smaller proportion of the material taken up from higher
choline concentrations was thus converted. A high affinity uptake of choline has been
described in studies of choline uptake by synaptosomes prepared from squid CNS.23

The high affinity uptake of choline by cholinergic nerves probably represents an
important mechanism for recapturing this essential transmitter precursor substance
after acetylcholine has been released from cholinergic nerve terminals and enzymi-
cally hydrolysed in the synaptic cleft. This may be particularly important for cho-
linergic neurones in the CNS, since brain tissue is incapable of synthesising choline
de novo.

The potent inhibition of choline uptake sites by hemicholinium-3 (K; = approx.
1 uM) also explains the inhibitory effects of this drug on acetylcholine synthesis in
cholinergic neurones. The finding that acetylcholine has an appreciable affinity for
choline uptake sites may also account for the remarkabie capacity of brain tissue to
accumulate this amine when acetylcholinesterase has been inactivated with organo-
phosphorus inhibitors.

GENERAL CONCLUSIONS
The various amine uptake mechanisms associated with adrenergic, tryptaminergic
and cholinergic neurones share many common features. In each case uptake is
mediated by a transport mechanism which is completely dependent upon the pres-
ence of sodium ions in the external medium, and which has a very high affinity for
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the substrate amine, with K,, values in the range 0-2-1-0 uM. These high affinity
uptake processes are capable of generating extremely high concentration ratios
between the external medium and the intraneuronal space. Such concentrative capa-
cities are further enhanced by the fact that amines accumulated by the high affinity
uptakes do not remain free in the axoplasm but are rapidly sequestered in intraneur-
onal amine storage vesicles, or in the case of choline rapidly converted into acetyl-
choline.

The knowledge of the existence of such mechanisms can be exploited in many dif-
ferent ways for research purposes. The presence of specific amine uptake sites in
brain or in peripheral tissues can be used, for example, as a sensitive indicator of
the presence and density of innervation by various transmitter-specific neurones.
Since uptake sites disappear almost completely after surgical lesions that lead to ter-
minal degeneration in adrenergic, tryptaminergic or cholinergic pathways the pres-
ence of uptake sites can be used to indicate the extent of terminal degeneration of
various pathways in CNS following such lesions. The development of simple tech-
niques for measuring the rate of uptake of radioactively labelled amines by synapto-
somes in homogenates of brain incubated in vitro has greatly facilitated such
studies.>** The ability to introduce radioactively labelled amines selectively into NA,
dopamine, 5-HT or acetylcholine-containing neurones by means of the uptake
mechanisms also offers many possibilities for studies of transmitter metabolism, stor-
age, release and inactivation in complex neuronal tissues such as the brain. The selec-
tive labelling of transmitter-specific neurones can also be used in conjunction with
radioautographic techniques for the identification and mapping of aminergic path-
ways,>+25 although this cannot at present be applied easily to cholinergic neurones
since neither choline nor acetylcholine can be retained in tissue specimens after con-
ventional fixation procedures. Radioautographic procedures may have advantages
over other histochemical and cytochemical techniques for localizing the adrenergic
or tryptaminergic neurones, particularly at the fine structural level. Autoradio-
graphic localization of tritium-labelled catecholamines or 5-HT can be performed
readily at the electron microscope level, where other cytochemical techniques are at
present difficult to apply, especially to adrenergic neurones in the CNS. The possible
ambiguities that may result by a non-selective uptake of tritiated NA by dopaminer-
gic neurones, or by 5-HT uptake into adrenergic neurones can be avoided if careful
attention is paid to the concentration of labelled amine used, and the possible use
of labelled amines in conjunction with selective inhibitors of one or other amine
uptake.

The functional importance of dopamine and 5-HT uptake is still unclear. If, how-
ever, these mechanisms are involved in terminating the actions of dopamine and 5-
HT after their neural release, the pharmacological considerations discussed in detail
above for NA uptake should be expected to hold for these amines also. In particular
one would expect that inhibitors of these amine uptake sites will prolong and poten-
tiate the actions of dopamine and 5-HT in CNS, and that the presence of such uptake
sites will affect the availability of various agonist drugs at dopamine and 5-HT recep-
tor sites in CNS.

The loss of high affinity amine uptake sites following denervation, both in the peri-
phery and in the CNS, also has an important bearing on the phenomenon of dener-
vation supersensitivity in different transmitter specific pathways. A loss of uptake
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sites following sympathetic denervation of peripheral organs is known to play an im-
portant role in the immediate development of supersensitivity in such organs, and
it is likely that similar phenomena also occur in the CNS and that they apply to both
dopaminergic and tryptaminergic pathways as well as to noradrenergic ones.

Our present knowledge of the biochemical and pharmacological properties of
amine uptake mechanisms should be sufficient to serve as a useful guide for the future
development of more selective inhibitors of the various different uptake processes.
Many of the inhibitors that are currently available suffer from being inadequately
specific in that they will affect more than one of the amine uptake systems. If more
specific inhibitors were available they could serve as valuable tools for further studies
of the functional and pharmacological importance of individual amine uptake
mechanisms, and such drugs might- -in the case of NA or 5-HT uptake— also have
clinical applications as more selective antidepressant agents.
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