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The polyamines pultrescine, spermidine and spermine
owe their trivial names to an association with
putrefying matter or seminal fluid. yet they are
ubiquitous in body tissues. Spermidine and sperminc
are to be found in high concentrations in nervous
tissue. Indeed, a basic compound named neuridine
which had been isolated from brain tissue in 1885
was subsequently established to be identical with
spermine. The term polyamine is perhaps something
of a misnomer since it suggests a high molecular
weight compound with multiple amine residues
whereas putrescine is a simple diaminc: H,N(CH,),-
NH, and spermidine and spermine are low molecular
weight bases with three H,N(CH,),NH(CH,),NH,
and four H,N(CH,),NHICH,),NH(CH,},NH, basic
centres, respectively. However the metabolic inter-
relations of these compounds make it desirable that
they should be classified together,

The biological role of polyamines is the subject of
several reviews and monographs [ 1-6] but these are
mainly concerned with peripheral tissues or bacteria
since most research has hitherto concentrated in
those areas. It is now opportune to review the progress
that has been made in the relatively neglected area of
the study of central nervous functions of polyamincs.

SYNTHESIS, DISTRIBUTION AND METABOLISM

It is generally accepted that the main pathway for
polyamine synthesis is the same in the central nervous
system as in peripheral tissues, though the character-
istics of the enzymes concerned may vary from tissue
to tissue. In essence, putrescine is synthesised from
ornithine by ornithine decarboxylase (1.-ornithine
carboxy-lyase, EC 4.1.1.17) and converted to spermi-
dine by a specific synthase (5'-deoxyadenosyl-(5).
3-aminopropyl-(1). methylsulphonium salt: putres-
cine 3-aminopropyl transferase, EC 2.5.1.16) which
utilises decarboxylated S-adenosyl methionine as a
propylamince donor. A spermine synthase (5’-deoxy-
adenosyl<(5'). 3-aminopropyl-(1), methylsulphonium
salt: spermidine 3-aminopropyl transfcrase) converts
spermidine to sperminc using the same donor. All
the enzymes involved in polyamine biosynthesis are
soluble [7].

Ornithine decarboxylase has a half life of only 10- 20
min which is probably related to rapid enzyme
degradation [ 7] but which could also be explained by
dissociation of the loosely bound pyridoxal cofactor
[8] The rat brain enzyme has a higher affinity for
ornithine than the liver enzyme and is only weakly
inhibited by putrescine [9]. Changes in ornithine de-
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carboxylase activity take place during early brain
development, activity being generally increased in
rat brain from the 14th day after conception to the
12th post natal day but showing regional variation.
The greatest activity generally parallels periods of
cell proliferation. The clear post-partum peak of
activity which occurs 4 hr after birth is prevented by
administration of cycloheximide suggesting that de
novo enzyme synthesis is the prime determinant of
activity [10] though more recently a cycloheximide
sensitive inhibitor protein has been detected in thyroid
tissue [ 11]. In adrenal medulla there is evidence that
ornithine decarboxylase activity is regulated by c-
AMP and experiments with glioma and neuro-
blastoma cells have shown that agents such as nor-
adrenaline and prostaglandin E which increase cellular
c AMP content also increase ornithine decarboxylase
activity [ 12]. Brain putrescine content is increased by
the administration of L-DOPA [13].

There is now evidence to indicate that ornithine
decarboxylase activity is a sensitive index of brain
maturation in that the pattern of change in activity in
developing brain is accelerated and compressed by
thyroxine which accelerates maturation, and extended
and depressed by cortisol which slows maturation
[14]. Brain ornithine decarboxylase activity is also
stimulated by growth hormone, prolactin, human
placental lactogen [15] and nerve growth factor [16]
and by insulin. The effect of insulin is unrelated to
hypoglycaemia but may be exerted through an adenyl-
ate cyclase since it is suppressed by lithium [17].
Administration of opiates to newborn rats or to their
mother delayed changes in ornithine decarboxylase
activity [ 18, 19] whereas ethanol administration pro-
duced less dramatic effects which were dependent on
the duration of exposure to ethanol and the time of
withdrawal [20,21]. More recent experiments indi-
cate that removal of rat pups from their mother for
as little as onc hour produces a significant decline in
ornithine decarboxylase activity. Since this decline
was also present in pups allowed access to an anaes-
thetised mother which was able to support suckling,
it was concluded that the decline was related to
deprivation of normal ‘mothering’ behaviour [22, 23].

In normal adult brain ornithine decarboxylase
activity is low but it increases after ischaemia [24]
and after convulsions produced by electrical stimula-
tion [25]. Electrical stimulation of snail brain results
in an increase in its putrescine content [26].

Brain S-adenosyl methionine decarboxylase (S-
adenosyl-L-methionine carboxy-lyase EC 4.1.1.50) is
strongly putrescine dependent but probably not
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pyridoxal dependent. Activity in rat brain remains low
until after the 10th post natal day and subsequently
increases [27]. In the monkey. adult values are
reached after one month and thercafler remain
constant [28]. Increased S-adenosyl methionine de-
carboxylase activity. like that of ornithine decarboxy-
lase, has been reported to follow electrical stimulation
or ischaemia [24,25] but the response occurs later
than the ornithine decarboxylase response and may
in part be a response to increased putrescine concen-
tration arising from ornithine decarboxylase activity.
This for example might explain the first component
of the biphasic response seen after electrical stimula-
tion. Like ornithine decarboxylase this enzyme has a
short half fife (20-60 min) but its strong dependence
on putrescine suggests that it might not be rate
limiting. This suggestion is supported by the observa-
tion that, at 18 days, the brain spermidinc and sper-
mine content of dilute lethal mice is normal whereas
the brain S-adcnosyl methionine decarboxylase act-
ivity is only 20 per cent of normal [29]. In addition
there is no correlation between brain spermidine and
spermine content and S-adenosyl methionine de-
carboxylase activity during carly brain development
[30]. However, methyiglyoxal bis (guany! hydrazone)
which is a potent and fairly selective inhibitor of the
enzyme [31] does inhibit spermidine synthesis in rat
brain [32].

Spermidine synthase is a stable enzyme with a much
greater activity than S-adenosyl methionine decar-
boxylase and a specific requirement for putrescine
[33]. Spermine synthase is also stable but its activity
is lower than that of spermidine synthase. It is strongly
inhibited by putrescine and has a specific requirement
for spermidine. The activity of this enzyme is probably
rate limited by the availability of propylamine for
which it has a high affinity. In brain, synthase activity
is clearly separable from decarboxylase activity [ 33].

The polyamines have been detected in the brains
of all species so far examined. During brain develop-
ment the putrescine content directly reflects ornithine
decarboxylase activity. As might be expected from
the reduction in ornithine decarboxylase activity
which takes place before adulthood, putrescine
is present in the brains of most adult mammals and
birds in a concentration of only a few nmoles.' g which
is only 2-3 per cent of the spermidine concentration.
However, in fish brain the putrescine content excceds
that of spermidine or spermine [34]. The low concen-
tration of putrescine in mammalian brain makes
accurate quantitation difficult and estimates vary with
different methodology. Perhaps the most acceptable
estimates are those obtained by mass spectrometry
of the dansyl derivative. These show a wide variation
in the putrescine content of different brain regions
with higher concentrations in the spinal cord,
cercbellum, hypothalamus and cercbral cortex [35].
Values obtained by enzymatic assay. whose speci-
ficity is suspect. are higher and more uniform [36].

During carly brain development in the rat thereis a
reduction in both spermidine and spermine concen-
tration over the first three post natal wecks [307] but
over the next 20 months spermine concentrations
remain constant as do those of spermidine except in
the hypothalamus, corpus striatum and pons-medulla
where increases are reported [ 37]. Since brain weight
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increases rapidly over the first few months of i,
polyamine synthesis must be maintained in order to
sustain these near constant concentrations. In adult
animals brain spermidine concentration shows wide
regional variation. The highest concentrations. ap-
proaching 100 nmoles. g, are to be found in the brain
stem and spinal cord and in regions composed mainiy
of white matter [35.38] whercas amounts in grey
matter arc low. In general, the concentration of
spermidine parallels the white matter content of the
area though higher values thun might be predicied
on this basis have been reported in the colliculi
[38. 39] and in the hypothalamus of the monkey | 397

The spermine content of the brain is in most
species lower than that of spermidine | 38.40] a
finding which concurs with the relative activity of the
respective synthases. The distribution of spermine is
much more uniform than that of spermidine but there
is general agreement that levels in cerehellum are
high and, in the rat. high concentrations arc reported
in the olfactory lobes [35.38]. Some studies have
reported high levels in the cerebral cortex [30.41]
but this is not a consistent finding.

Very little information is available concerning the
degradation of spermidinc and spermine. One reason
for this is that the process is very slow. In rat brain
spermidine formed from putrescine has a half-life of
several days and degradation of spermine is not
detectable over a two week period [42, 43]. Itis usually
assumed that polvamines are metabolised by an
oxidative process since putreanine |44 45| and
spermic acid [46] are both present in brain. These
are, respectively, the carboxylic acids which would be
produced by oxidative deamination of the amino-
propyvl residue of spermidine or of both residues of
spermine. The corresponding aldehvdes would be
unstable [47]. Oxidase activity has been demon-
strated in chick embryo brain [ 48] and incorporation
of label from spermidine into putreanine has been
detected in rat brain [49] and in cultured mouse
neuroblastoma cells [50] but the enzyme itsell has
not yet been isolated from brain. It is now becoming
clear that interconversion of polvamines can also
take place. Putrescine can be formed from spermidine
[50] and the conversion of spermine to spermidine
has been reported in rabbit brain [51] and in retina
[52]. These same conversions can be curried out hy
the very active oxidasc found in ruminant serum and
result in the formation of the cvtotoxic aldehvde
acrolein [53] as a degradation product of the amino-
propyl residue. Clearly. there is a requirement for
further study of these pathways and for characterisa-
tion of the brain oxidative cnzyme.

It should be mentioned that putrescine is also
converted to gamma-aminobutyric acid {54 56].

RELATIONSHIPS WITH NUCLEIC ACIDS AND
STRUCTURAL ELEMENTS OF BRAIN CELLS

Interactions between polyamines and nucleic acids
were reported carly in the history of polyamine
research and have occupied the attention of many
workers ever since. The initial observations of binding
with and stabilisation of nucleic acids have been
extended 1o reveal possible roles for polyamines in
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nucleic acid and protein synthesis. Thus, in peripheral
tissues or bacteria spermidine has been shown to be
required for optimal activity of DNA replicase,
DNA-dependent RNA polymerase and t RNA methyl
transferase, to overcome inhibition of ribonuclease
by Poly A or Poly G and to stabilise ribosomes.
Inhibition of ornithine decarboxylase in hepatoma
cells stopped cell proliferation and the incorporation
of thymidine into DNA and addition of putrescine.
spermidine or spermine restored cell replication. In
chick embryo brain, spermidine and spermine ac-
celerated the incorporation of formate into both
DNA and RNA and led to the formation of poly-
ribosome aggregates [48]. Intracisternal injection of
putrescine into rats accelerates uridine incorporation
into RNA [57], and spermidine and spermine in-
creased valine incorporation into a microsomal
fraction of rat cortex [58]. Many observations have
confirmed that polyamine synthesis is accelerated in
rapidly dividing tissues and it is now clear that blood
polyamine levels can be used as markers of cancer
and other proliferative disorders.

In view of this impressive body of evidence it is not
surprising that many attempts have been made to
correlate changes in brain polyamine content during
development to change in DNA or RNA content. In
studies of developing fish [34] or rat [59] brain there
was a good correlation between spermine and DNA
content and between spermidine and RNA content.
It has also been suggested that in rat cerebellum there
is a similur developmental pattern of change in poly-
amines and nucleic acids, especially DNA, whereas
in cerebral cortex spermidine correlates with DNA
and spermine with RNA [30] though this latter
correlation was rather poor. A more detailed study
of the regional distribution of polyamines in relation
to that of nucleic acids again suggested a correlation
of spermidine with RNA except in the medulla.
spinal cord and peripheral nerve and a correlation of
spermine with DNA, though the spermine: DNA ratio
in the brain stem, cerebellum and cord was only half
that in diencephalic and telencephalic structures [35].
It must be said that these latter “correlations’ are far
from convincing and a study of several bird and mam-
malian species subsequently failed to reveal any simple
relationship between polyamines and nucleic acids
[40]. To expect to find a simple numerical relation-
ship between polyamines and nucleic acids in a
heterogeneous organ like the brain is, on reflection,
perhaps fatuous.

Attempts to relate polyamine distribution to that
of protein have been largely unsuccessful. The some-
what tenuous relationship claimed in fish brain
[34] was not substantiated by studies on rat brain
[30, 35].

Polyamines, being cationic, will bind to any acidic
macromolecules including phospholipids. Arguably
the most striking relationship seen in studies of the
distribution of polyamines is that between spermidine
and myelin. Other evidence supports this relation-
ship. Deficiencies of spermidine are seen in the myelin-
deficient quaking or jimpy mutant mice. In quaking
mice the most marked deficiencies of spermidine are
in the hind brain and spinal cord. Deficiencies in the
jimpy mutant are less dramatic and are confined to
the hind brain [60]. In an autoradiographic study of

the distribution of putrescine and its metabolites in
rat spinal nerves and ganglia it was found that the
labelling was largely confined to the myelin sheath
though this was interpreted, almost certainly errone-
ously, as evidence for binding to a nucleic acid com-
ponent [61]. Some binding to nuclei was also detected.
In this study which investigated the three day period
following putrescine administration, the label was
present as spermidine and putrescine not as spermine.
In brain a second [ 62] autoradiographic investigation
indicated that myelin rich structures were labelled to a
smaller extent than grey matter but since this study
occupied a 28 day period following the administra-
tion of putrescine the label was probably present
mainly in spermidine and spermine.

Sucrose density gradient centrifugation reveals
binding of added spermidine or spermine to several
subfractions of brain tissue but in particular to the
nuclear fraction and also to myelin and synaptosomal
components of the crude mitochondrial fraction. In
fractionated rat hypothalamus [63] binding of sper-
midine to the nuclear fraction was substantial,
accounting for some 60 per cent of the added spermi-
dine. However, in guinea pig cortex only some
20 per cent of added spermidine or spermine was
present in the nuclear fraction, the majority being
present in the crude mitochondrial fraction. Sub-
fractionation of the endogenous amine content of the
crude mitochondrial fraction revealed substantial
binding to both myelin and synaptosomes [64].
Experiments using mouse cerebral hemispheres car-
ried out in our laboratories are to a large measure in
agreement with this finding, An interesting observa-
tion made in guinea pig cortex [64] was that, in a
sodium diatrizoate gradient with a balanced ionic
composition, binding to myelin was reduced in com-
parison with that to synaptosomes. After hypo-
osmotic shock the polyamines were largely bound to
membrane fragments of the synaptosomes. Whereas
polyamines bound to myelin could be displaced by
the addition of excess polyamine, binding to synapto-
some membrane fragments was resistant to displace-
ment. There was some evidence for binding of sper-
mine to synaptic vesicles and spermine or spermidine
have been shown to inhibit the binding of acetyl-
choline, but not of gamma-aminobutyric acid, to
synaptic vesicles [65].

NEUROPHARMACOLOGICAL PROPERTIES AND
POSSIBLE ROLE IN CENTRAL SYNAPTIC TRANSMISSION

1t has generally been assumed that the polyamines
have little pharmacological activity and indeed, if
their effects on peripheral tissues are considered, this
is so. High doses are required before responses in
isolated tissues are observed and effects on the central
nervous system are only produced by massive doses
[66]. However, entry of spermidine and spermine
into the central nervous system from the periphery
is restricted by a barrier phenomenon [67] and if
this is circumvented by the use of intraventricular
injection much more dramatic responses can be
produced. In mice putrescine had little effect unless
it was given in very high doses, but a few micro-
grammes of spermine or spermidine produced seda-
tion and hypothermia lasting a few hours. Spermine,
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which was more potent than spermidine, also pro-
duced convulsions. These developed over a period of
several hours and the animals became extremely
hyperexcitable so that convulsions were precipitated
by the slightest sound or touch [68]. Similar effects
were produced in rabbits by somewhat larger doses
and in addition a marked tachypnoca was noticed. In
rabbits. spermine or spermidine given by intraventri-
cular injection produce hyperglycaemia probably by
acting on the ventral brain stem [69]. Spermidine is
very much less active than spermine in producing
convulsions. but high doses produce a pathological
syndrome consisting initially of ataxia which appeuars
after 24 br, but eventually developing over several
days into quadriplegia. The animals show anorexia
and adipsia and become moribund after about five
days. This syndrome is produced by a focal encephalo-
malacic lesion located in the ventral medulla and in-
volving pyramidal tract destruction. Lesions are also
scattered superficially down the spinal cord [68]. A
subsequent investigation established that. following
intraventricular injection. spermidine is distributed
by cerebrospinal fluid and accumulates in the lower
brain stem [70], a finding consistent with the locus
of the hyperglvcaemic effect and of the lesions. A
plausible. though unsubstantiated. explanation of the
lesioning. is that metabolism to acrolein might be
responsible. Whether such lesioning bears any rela-
tionship to human discase remains to be established.

The neuropharmacological actions of spermidine
and especially of spermine raise the possibility that
these substances may modulate or even mediate cen-
tral synaptic transmission. Possible evidence of a
modulator role is provided by the observation that
polvamines may activate or inhibit cholinesterase
[71] but doses of spermine or spermidine sufficient
to produce central cffects were without effect on
brain acetylcholine content [72] or on that of nor-
adrenaline, dopamine, 5-hydroxytryptamine or
gamma-aminobutyric acid.

Putrescine, spermidine and spermine perfused in
concentrations up to 10 *M had no effect on the
spontaneous activity of the isolated nerve ring of the
snail but gammau-aminobutyric acid was also inactive
[26]. More recent experiments carried out on rat and
cat brain stem neurones have shown that polyamines
can influence neuronal firing. In these experiments
[ 73] depression was the commonest response. occur-
ring in some 35 per cent of neurones tested. but this
was usually rapid in onset and was always terminated
rapidly. Excitation which occurred half as often,
developed more slowly but outlasted the period of
application and in some neurones firing reached three
to five times control levels. Responses to spermine
and spermidine were always the same on any onc
neurone and did not correlate with responses to
noradrenaline or acetylcholine. This suggestes that
responses to polyamines might be unique to these
substances and not mediated through the agency of
other neurohumors. Clearly. further studies are
appropriate.

For many putative transmitters, density gradient
centrifugation has provided uscful information in
support of a neurotransmitter role, but the presence
of muitiple binding sites for polyamines in sub-
fractions of brain tissue makes it certain that sccon-
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dary redistribution will oceur during processing and
therefore accurate interpretation of the results is im-
possible. The observation that binding is influenced
by the ionic composition of the medium also compli-
cates the issuc. Unfortunately the subcellular localisa-
tion of the synthetic enzymes is also of little help
because these are all soluble. Though most of the orni-
thine decarboxylase activity and all of the S-adenosyl
methionine decarboxylase activity present in the
crude mitochondrial fraction is present in the svn-
aptosomal subfraction [27] this represents only a
part of the total activity.

There is strong evidence o suggest that polyamines
arc associated with glia in that large increases in brain
polyamine content oceur in astrocytoma tissue [67]
and the increases in scrapie { 74] have been attributed
to astrocyvte hypertrophy. In chick brain spermidine
concentration peaked both during gliogenesis and
during neuroblast formation [56]. Autoradiographic
studies have associated polyamines with both glial
[61] and neuronal [62] clements. Some further studics
involving ¢lectron microscope autoradiography would
help to clarify the position.

TRANSPORT

Some years ago it was suggested that polyamines
could be transferred from one brain region to another
[43] and this was substantiated by our more recent
study [ 70] which concluded that polyamines injected
into the cerebral ventricles are taken up by many
brain regions and subsequently released and redistri-
buted to other regions by transport in cercbrospinal
fluid. Although cerebrospinal fluid polyamine content
is increased in acute lvmphoblastic leukemia | 75]
normal levels are very fow in comparison with tissue
concentrations. Recent work using ventriculo-cis-
ternal perfusion indicates that spermidine and sper-
mine can be cleared from cerebrospinal fluid by an
active transport system located in the choroid plexus
[76]. This system had a high affinity for both spermi-
dine (K, 21 M) and spermine (K, 24 p¢M) and
spermidine clearance was reduced by spermine and
vice versa suggesting that a common  carrier is
operating,

In mousce cerebral hemispheres a low  affinity
uptake system for spermidine which was sensitive to
temperature and metabolic inhibitors and inhibited
by spermince has been desceribed | 77 ). A similar uptake
system for spermine was also present. though at low
medium concentrations this was insensitive Lo tem-
perature or metabolic inhibitors and uptake at these
concentrations could well be explained by binding to
cellular components. At low concentrations it was
also impossible to detect a temperature sensitive
component of uptake into synaptosomes [64]. In
recent, as yet unpublished. experiments using rat
cortex slices, we have characterised a temperature
sensitive uptlake system with a similar affinity for
spermidine 1o that found in mouse hemisphere slices.
Extremely high affinity temperature insensitive com-
ponent, probably related to binding. were also present.
If polyamines were involved in central synaptic trans-
mission an uptake system would probably be neces-
sary for removal of released polyamines since enzymic
destruction, being so slow. could not possibly be in-
volved.
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Axonal transport may also play a part in the distri-
bution of polyamines. In goldfish optic nerve spermine
is extensively transported in the intact nerve but
transport decreases in early nerve regencration. Con-
versley, spermidine is transported more slowly than
spermine in intact nerve but transport increascs
during regeneration and putrescine is transported
only in regenerating nerve [78]. This evidence sug-
gests that spermine is the most likely candidate for a
role in neurotransmission whereas putrescine and
possibly spermidine might be more important in
growth. Pharmacological data supports this in that
spermine is the most. and putrescine the least. active
of the three substances.

There is some indirect evidence which suggests
that polvamines may be released from cerebral cortex
tissue in that it has been shown that the spermidine and
spermine content of rhesus monkey motor cortex can
be decreased by electrical stimulation [39]. Putrescine
content was unaffected. Whereas a subsequent study
using guinea-pigs failed to confirm this observation
or to detect a reduction in cortical polyamine content
{or for that matter gamma-aminobutyric acid con-
tent) following topical application of solutions rich
in potassium, experiments recently undertaken in our
laboratories using rabbits have detected a 10 per cent
reduction in cortical spermidine and spermine con-
tent following a five minute period of stimulation.
Following a more subtle stimulus, supramaximal
stimulation of the median nerve of the fore limb, a
small but statistically insignificant reduction in the
spermine content of the contralateral cortex was
produced. whereas spermidine content was un-
changed. These experiments are, to say the least,
equivocal, but they do provide encouragement for
further study. Clearly the more direct approach of
measuring the released amine, rather than the amount
remaining in the tissue, is required and such studies
are being actively pursued in these laboratories at
present with promising results.

BEHAV IOURAL STUDIES

Although polyamines in bruain are not labile their
concentrations may be changed over a period of
several weeks and such changes may parallel be-
havioural change in the animal. Thus, Japanese in-
vestigators have claimed that in mice made aggressive
by isolation, there is an increase in brain spermidine
content which parallels the development of aggres-
sion. This response does not occur in non-aggressive
isolated mice [79]. Return of aggressive isolated mice
to grouped housing, which renders them non-
aggressive, reversed the increase in spermidine con-
tent [80]. A small increase in brain spermine con-
tent was reported in isolated aggressive mice but
much larger increases were produced in animals made
aggressive by electro-shock [79]. The same group
have also reported regional changes in rat brain
polyamine content following bilateral destruction of
the olfactory bulbs [81]. Confirmation by other
groups of these findings is awaited.

CONCLUSION

Despite their long history. the attention given to
polyamines is meagre in comparison with that lavished

on comparable substances present in the brain. With
the present level of specialisation in neuroscience it
is all too easy to disregard developments which are
not directly related to one’s own restricted sphere of
interest. The objective of the present commentary has
been to draw attention to these fascinating substances
and to point out areas in which the application of
freely available techniques should provide answers
to important questions.

It is far too carly to draw any firm conclusions
about the rdle of these substances in central nervous
function but a rble in brain growth during early
development, or following injury, seems likely. This
role might be mediated by interactions with nucleic
acids. Such a function docs not preclude other réles
for polyamines in the nervous system,and spermine
is perhaps the most likely candidate for a modulator
or transmitter function. It is the conviction of the
author that further study of these amines is well
worthwhile and his hope that this article will help 1o
provide the necessary stimulus.
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