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Some 15 years ago Svante Ross, together 
with Richard Dahlbom in Sweden, initiated 
a search for tertiary haloalkylamines related 
to bretylium which could cross the. 
blood-brain barrier and, once in the brain, 
cyclise to form quaternary ammonium 
compounds. Various of these amines had 
the anticipated adrenergic-neuron blocking 
activity but others, devoid of this property, 
when injected, unexpectedly produced a 
long-lasting inhibition of noradrenaline 
(NA) uptake by brain slicesL This interest- 
ing effect prompted a more careful analysis 
of some of these compounds. Initially 
Ross, and then others, characterized the 
properties of N - (2 - chloroethyl) - N - 
e thy l -  2 - bromobenzylamine (DSP4) 
while Arthur Cho's group at the UCLA 
School of Medicine, synthesized a related 
2-chloroethylamine ( 2 - C E A ) N -  ( 2 -  
chloroethyl) - N - ethyl - 2 - methylben- 
zylamine (xylamine) and studied its biolog- 
ical activity 2 (Fig. 1 ). Structural features of 
these molecules relevant to their potency 
and specificity for inhibiting NA uptake by 
noradrenergic neurons are the o r t h o  sub- 
stitution in the benzylamino group, with a 
2-chloroethyl moiety and a tertiary amino 
function. On the basis of evidence gathered 
during the last three years, 2-CEA com- 
pounds have emerged as useful additions to 
the group of chemical tools already avail- 
able for studying noradrenergic neurons. 

Noradrenaline uptake inhibition/n v/a'o 
The most notable effect of 2-CEA com- 

pounds, either/n vi tro  or after injection, is 
a marked inhibition of NA uptake in both 
peripheral and central noradrenergic 
neurons. In -v i t ro  studies have helped to 
clarify the mode of action of these com- 
pounds s,4. Incubation of rabbit aortic rings, 
rodent brain slices or synaptosomes in the 
presence of 2-CEA compounds, markedly 
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inhibits [SH]NA uptake with an IC~o of 
approximately 10-TM. This inhibition takes 
some time to develop and is irreversible 
since it persists when tissues are repeatedly 
washed after incubation and before addition 
of [SH]NA to the medium. The effects of 
2-CEA compounds on NA uptake are 
closely related to the activity of membrane 
mechanisms responsible for that uptake: 
they are prevented by incubating tissues 
with the compounds in media devoid of 
Na +, with low K + or containing ouabain or 
thiosulfate. The irreversible inhibition of 
NA uptake is also prevented by co- 
incubation with reversible inhibitors of this 
uptake, such as amphetamine, cocaine or 
desipramine (DMI). Accumulation of 
[SH]xylamine by noradrenergic neurons 
depends on the normal activity of the NA 
carrier, confirming the association between 
these processes s. 
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Fig. 1. Molecular smucture o f  the 2- 
chloroethylamines DSP4 and xylamine I Both 
compounds spontaneously cyclize in solution to the 
corresponding quaternary aziridinium ion 11 The 
latter can be .further hydrolysed to y/e/d a 
2-hydroxyethylamine while a dimeric piperazinium 
compound can be formed between the parent amine 
I and the aziridinium ion ll (For details o f  the 
molecular transformations see Ref. 6.) 

2-CEA compounds are very rapidly 
transformed in aqueous solutions: DSP4 
has a half-life of 7 rain at 37°(2 and pH 7.4 
(Ref. l). The major species derived from 
the parent compounds are the aziridinium 
ion, its hydrolysis product and a piper- 
azinium dimer formed between the parent 
nitrogen mustard and the aziridinium ion 
(Fig. 1). The actions of the parent com- 
pound are reproduced by the aziridinium 
ion, which thus seems to be responsible 
for its uptake blocking activity because 
the other compounds generated do not 
influence this effect and are almost inactive 
by themselves% 

Although the actions of 2-CEA com- 
pounds seem to be mainly exerted at the 
level of the neuronal membrane, indepen- 
dently of the presence of a functional 
inWaneuronal storage mechanism, the 
molecular processes involved are not yet 
completely understoodZL The active 
species, the aziridinium ions, are elec- 
trophilic intermediates that strongly react 
with tissue nucleophiles and cause their 
alkylation. The protection provided by NA 
uptake blockers and by thiosulfate, sug- 
gests that the parent compound or the 
aziridinium ion are bound to the carrier 
which is then alkylated by the latter. TMs 
results in the irreversible inhibition of the 
membrane uptake pump. Alternatively, the 
active species could be transported into the 
neuron by the NA carder and, once there, 
alkylate a site controlling uptake. However, 
the direct interaction of DSP4 with the NA 
carrier is further suggested by the recent 
finding that the compound selectively 
inhibits the high-affinity binding of 
[~H]DMI to cortical membranes. The 
irreversibility of this inhibition indicates 
that NA uptake sites are most probably 
alkylated 7. The fact that, in cultures of 
superior cervical ganglia exposed to 
xylamine, recovery of NA uptake seems to 
require the synthesis of new protein s also 
favors permanent inactivation of the 
carrier. 

Noradrenaline depletion and possible 
neurotoxic actions of 2-CEA compounds 

2-CEA compounds also produce a 
marked inhibition of NA uptake by central 
and peripheral noradrenergic neurons when 
injected systemically into rodents. This 
effect is already apparent 1 h after injection 
and is dose-related: DSP4 inhibits NA 
uptake by cortical synaptosomes, with an 
EDso of 20 mg kg -1 i.p. and maximal 
effects require 50 mg kg -1 i.p. This inhibi- 
tion is blocked by pretreatment with NA 
uptake blockers, such as DMI or 
amphetamine, but not by reserpine 3. 

Apart from the impairment of NA 
uptake, one of the most interesting findings 
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of the earlier studies in which these corn-' | 0 0  . . . . . .  
pounds were used, was the rapid depletion 
of endogenous NA which they cause in the 
brain and the periphery, leaving adrenal 
catecholamines 5,8,~2 unaffected. As shown 
in Fig. 2, while the depletion of NA, and 
the inhibition of NA uptake in the brain is 
long-lasting, in peripheral organs there is a 
gradual recovery of NA levels and of 
uptake capacity with time. 

The association of a long-term impair- 
ment of NA uptake with the reduction of 
endogenous NA stores, suggested that 
2-CEA compounds were acting as 
neurotoxins. This idea is supported by the 
behavior of another biochemical marker of 
noradrenergic neurons: the activity of the 
biosynthetic enzyme dopamine-fl-mono- 
oxygenase (DBM) which decreases in both 
the brain and the heart after a single injec- 
tion of DSP4 (50 mg kg -~ i.p.). In the 
heart, the onset of this effect has a lag 
period of 2-4 days and enzyme activity 
recovers after 1-2 weeks, while in the brain 
a significant reduction of DBM activity was 
still present 8 months after injection. As 
with other effects of DSP4, the decrease of 
DBM activity is prevented by pretreatment 
with NA uptake blockers 3. 

The postulated neurodegenerative action 
of 2-CEA compounds has been studied 
morphologically by histochemical fluores- 
cence of catecholamines t~,~2. Briefly, NA 
fluorescence in the terminal arborizations 
of peripheral sympathetic neurons in the iris 
and atria disappears very rapidly after injec- 
tion of DSP4, while NA accumulates prox- 
imally, a characteristic sign of degenerative 
processes. The fluorescence gradually 
recovers with time, in agreement with the 
restoration of NA uptake capacity, 
endogenous NA levels and DBM activity. 
In the brain, fluorescent nerve terminals are 
also lost from areas receiving noradrenergic 
innervation and, likewise, NA accumulates 
in swollen axons. In the brain, however, the 
lost fluorescence does not seem to recover. 
The projections of the neurons of the locus 
coeruleus are those mainly affected by 
DSP4, but cell bodies of noradrenergic 
neurons do not seem to be altered either in 
the locus coeruleus nor in peripheral gang- 
lia. While the noradrenergic neurotoxin 
6-hydroxydopamine (6-OI-IDA) alters the 
blood-brain barrier, produces extensive 
gliosis and damages non-monoaminergic 
systems, xylamine seems to be devoid of 
these effects TM. 

Compounds generated from DSP4 in 
solution, most probably the aziridinium 
ion, also deplete heart and brain NA TM. 
Thus, the injection of a solution of DSP4 in 
which the parent compound has been 
almost totally transformed, depleted NA 
from the heart but not from the brain. When 
the bloed--brain barrier is by-passed by 
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Fig. 2. Time-course o f  DSP4 induced reducttons in the endogenous N A  content o f  rat heart and cerebral 
cortex. Adult rats were rejected once wtth DS19 4 (50 mg kg -1 i.p.) and killed at different times after inlection. 
The results are expressed as percentages o f  untreated controls +- S.E. *P<O.05; **P<O.O1; ***P<O.O01. 
(Adapted from Ref. 10 ) 

directly injecting the same solution into the 
brain, NA is depleted as by the original 
compound. 

DSP4 is 10 times less potent than 
phenoxybenzamine in blocking a- 
adrenergic receptors t,s. This blockade is 
reversible and much less sustained than the 
NA uptake inhibition since it disappears 6 h 
after injection of the compound. Because of 
the impaired noradrenergic function, DSP4 
alters the number and affinity of different 
subtypes of adrenergic receptors in the 
braill".'. 1 t. 14. 

The currently held view is that the 
interaction of 2-CEA compounds with the 
NA uptake system of noradrenergic 
neurons, preventable by NA uptake block- 
ers, triggers a series of changes in these 
neurons that results in the destruction of 
their terminal fields. As it will occur after 
6-OHDA treatment, this process seems to 
be reversible only in the periphery; the 
cause of this difference between the 
regenerative properties of peripheral and 
central noradrenergic neurons remains 
unknown. 

Developing noradrenergic neurons and 
2-CEA compounds 

DSP4 injected into newborn rodents, 
markedly alters the subsequent develop- 
ment of noradrenergic neurons such as 
6-OHDA or its precursor amino acid, 
6-hydroxydopa (6-OHDOPA) ~°, 1~ is. Such 
morphological and biochemical changes 
are compatible with a noradrenergic hyper- 
innervation of the brain stem, and particu- 
larly the cerebellum, as well as with a 
destruction of the terminal fields in the 
cerebral cortex and the spinal cord. These 
alterations are persistent, dose-dependent, 

and preventable by DMI and pargyline. As 
with 6-OHDA and 6-OHDOPA, NA is 
acutely depleted in all brain regions in new- 
borns. While this reduction persists in the 
cortex and other terminal areas, in the pons 
-medulla and the cerebellum, there is a 
gradual elevation of NA levels that rise 
above control values. The capacity of 
lesioned neurons to respond with such an 
outgrowth in the vicinity of their cell bodies 
is rapidly lost: if DSP4 is injected a few 
days after birth, NA is depleted throughout 
the brain 15. 

DSP4 crosses the placenta and this 
makes possible the study of its interaction 
with noradrenergic neurons at the prenatal 
stage 10,15. The changes in brain NA in this 
situation are similar to those produced 
when DSP4 is injected at birth, although the 
timing of the prenatal injection seems to be 
critical in determining the nature and extent 
of these long-term changes. 

DSP4 given to newborn rats does not 
alter peripheral sympathetic neurons unlike 
6-OHDA that destroys numerous norad- 
renergic cell bodies in sympathetic ganglia 
producing a partial but permanent 
peripheral sympathectomy when injected at 
birth. This probably reflects a low 
neurotoxic potency of DSP4 t°" ts. 

Selectivity of action of 2-CEA 
compounds 

2-CEA compounds seem to affect norad- 
renergic neurons quite selectively. 
Neuronal uptake of dopamine (DA), 
serotouln (5-HT) or choline, is not modi- 
fied by concentrations of DSP4 or xylamine 
that markedly inhibit NA uptake a,u,12. 
DSP4 does not interfere with [aH]imi- 
pramine binding, associated with 5-HT 
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uptake sites, at concentrations which inhibit 
[aH]DMI binding 7. 

DSP4 does not modify the endogenous 
levels of brain adrenaline, striatal DA or 
cortical acetylcboline, GABA, glutamic 
acid, glycine or aspartic acid T M .  It 
slightly depletes DA in the hippocampus 
and the cerebellum but this seems to he 
related to the presence of DA as a precursor 
in noradrenergic neurons. 

Central serotonergic neurons are not 
altered by DSP4 in mice but in rat brain, 
5-HT levels and uptake are reduced by 
appro~dmately 20--30% (Refs 3, 11). This 
effect, greater in adult rats treated at birth 
with DSP4 (Ref. 15) can be prevented by 
pretreating the animals with a specific 5-HT 
uptake blocker such as zimelidine, without 
any interference with the actions of DSP4 
on noradrenergic neurons. 

Applications and future outlook 
2-CEA compounds are rapidly becoming 

important tools for studying different 
aspects of noradrenergic neurons. By using 
these compounds, much knowledge will 
undoubtedly be gained about the nature of 
the molecular mechanisms responsible for 
NA uptake. The availability of these 
molecules which bind irreversibly to the 
NA uptake site, will encourage attempts to 
isolate this entity. 

Several unique properties of 2-CEA 
compounds are proving of importance to 
those interested in lesioning brain norad- 
renergic neurons: their ability easily to 
cross the blood--brain barrier in adult ani- 
mals, their marked selectivity for norad- 
renergic neurons and the lack of obvious 
toxic effects. DSP4 has already demon- 
strated its usefulness in the analysis of the 
involvement of central noradrenergic sys- 
tems in behavioral processes xs. The ability 
to cross both the placenta and the 
blood-brain barrier and its specificity, 
make DSP4 particularly suitable for study- 
ing the ontogenesis of noradrenergic 
neurons. 

The alterations produced by 2-CEA 
compounds on noradrenergic neurons are 
similar, although not identical to those 
characteristic of other neurotoxins, such as 
6-OHDA and 6-OHDOPA, which have a 
different mechanism of action. There are 
even subtle differences between the actions 
of DSP4 and those of xylamine. The analysis 
of these peculiarities will shed further light 
on some aspects of the biology of these 
neurons. 

Apart from the specific applications out- 
lined above, research on these compounds, 
has confirmed the pharmacological poten- 
tial of site-directed alkylating agents for the 
experimental manipulation of neuronal 
function. 
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Intensive study of opioid peptides has yielded fruiq:ul results, including the i~olation 
and characterization of  various peptides, the demonstration of  their spec'udized 
localization and their precursors, and clarification o f  some o f  their pharmacological 
actions. However, the physiological roles o f  these peptides are still hidden, and 
research to elucidate them has just begun. 

The history of opium as a medicine goes 
back thousands of years and 200 years have 
passed since the isolation of morphine, its 
principal, active component. In 1680, 
Sydenham wrote: 'Among the remedies 
which it has pleased Almighty God to give 
to man to relieve his sufferings, none is so 
universal and so efficacious as opium'. 
Numerous related compounds have been 
synthesized but none has yet displaced 
morphine, and Sydenham's words still 
apply. In the last two decades great pro- 
gress has been made towards the identifica- 
tion and quantification of opiate receptors 
and the isolation of endogenous ligands, the 
opioid peptides. 

ldentiFamtion of opiate receptors and 
isolation of endogenous ligands 

The high potency of morphine as an 
analgesic and the strict dependency of its 
action on its chemical structure led to the 
hypothesis that it must have a very 
restricted site of action, i.e. a specific 
receptor must exist for opiates and related 
drugs. Based on the analysis of the stmc- 
tree-activity relationships of various syn- 
thetic compounds, a receptor model for 
morphine was first produced by Beckett 
and Casy in 1954. An attempt to demon- 
strate a binding site for morphine in the 
CNS, using a radioactive ligand, was initi- 
ated at the end of the 1950s. However, at 
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