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COMMENTARY

POLYAMINES IN NEUROTRAUMA

UBIQUITOUS MOLECULES IN SEARCH OF A FUNCTION

GAD M. GILAD* and VARDA H. GILAD

Neuropsychiatry Branch, NIMH Neurosciences Center at Saint Elizabeths, Washington,
DC 20032, U.S.A.

The natural polyamines (PAst)

spermine [NHz-(CHz)3NH(CH2)4NH(CH2)3NH2],
spermidine  [NH,(CH;),NH(CH,);NH,]  and
putrescine [NH,(CH,),NH,;] are low molecular
weight, aliphaticmolecules that are positively charged
at physiological pH values [1]. They are widely
distributed in living organisms, from bacteria to
humans, and can reach very high intracellular
concentrations (in the millimolar range) [1]. Dividing
cellsmake large and rapid changesin PA biosynthesis,
and the depletion of PAs leads to retardation of cell
proliferation and even tocell death [2, 3]. The existing
evidence therefore supports the general notion that
PAs are essential for cell division and growth; alas, in
spiteofalarge volume of research, theirspecificrole(s)
in cellular functions still remains an enigma.
Interestingly, PAs are found in abundance in the aduit
mammalian nervous system [4], where their synthesis
canbegreatlystimulatedinresponse tostressful stimuli
(e.g. glucocorticoid treatment [S] and electrical
stimulation {6,7]) or traumatic injuries (e.g.
mechanical injuries [8~10], neurotoxins 11, 12] and
ischemia [13]). In addition, pharmacological studies
have shown that exogenous PAs interact directly with
the nervous system to aiter its functions [4]. The
possibility that PAs are involved in neuronal function
during the response to trauma has triggered a recent
spurt of research. This commentary emphasizes the
unique features of PA metabolisminthe adult nervous
system, highlights their proposed functions in cellular
defense mechanisms, andsuggestsnew perspectivesto
stimulate future pharmacologicalresearch.

Uniquealterations in brain polyamine metabolismafter
trauma

A rapid, but short-lasting, increase in PA
metabolism is the hallmark of cells responding to
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various traumatic stimuli. This indicates that the
“polyamine response” can be induced by several
different converging signaling pathways [1-3]. The
inherent transient characteristic of the polyamine
response is due to stringent control mechanisms of
both biosynthetic and degradative enzymes [1, 14],
as illustrated in Fig. 1. In general, the two rate-
limiting enzymes in the biosynthetic pathway,
ornithine decarboxylase (ODC) and S-adenosyl-
methionine decarboxylase (SAM-DC), which are
characterized by extremely short half-lives (15—
20 min) {1, 2], are induced in parallel, and lead to a
sequential increase in all PAs. The rapid PA
degradation is due to the induction of spermidine/
spermine N'-acetyltransferase (SSAT) which cata-
lyzes the formation of N!l-acetylated PAs, the
preferred substrates for oxidation by the consti-
tutively expressed amine oxidases [14]. The coupling
of the synthesizing and degradative pathways
results in the reutilization of PAs (Fig. 1); this
interconversion cycle has been demonstrated in the
adult mammalian brain [14].

Peripheral nervous system. In peripheral neurons,
nerve injuries elicit a full-fledged polyamine response
where the amounts of all PAs are transiently elevated
[10, 15]. Inhibition of PA biosynthesis results in
selective death of the injured neurons, while intact
neurons remain unaffected [16]. This indicates that
the polyamine response is an essential part of the
neuronal survival program after neurotrauma [16].
This assumption is supported by the finding that
polyamine synthesis is increased in peripheral
sympathetic neurons after treatment with nerve
growth factor (NGF) [17], the survival factor of
sympathetic neurons [18].

Central nervous system (CNS). In contrast to the
periphery, the polyamine response to neurotrauma
in the CNS is incomplete, resulting in increased
levels of only putrescine; spermidine and spermine
either do not change or may be transiently reduced
[7.13]. This anomaly is probably the result of a
selective increase in ODC, while SAM-DC activity
remains practically unchanged [6,19], or even
decreases [8]. In the adult brain, SAM-DC is a
constitutively expressed enzyme of relatively high
activity [20], while ODC remains inducible as in the
developmental stage. This indicates an altered
genomic regulation of PA metabolism in mature
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Fig. 1. Biochemical reactions in the control of polyamine metabolism. Clockwise, the biosynthetic
pathway starts by putrescine formation (from ornithine) and continues with the sequential synthesis of
spermidine and spermine, while the catabolic pathway results in the sequential reformation of spermidine
and putrescine from spermine. The encircled polyamines and enzymes indicate their possible separate
compartmentalization in the cell. N'-Acetylase: spermidine/spermine N'-acetyltransferase.

neurons. Still, it is surprising that elevated
intracellular levels of putrescine, the natural activator
of SAM-DC [21], do not lead to SAM-DC activation
and to the sequential enhancement of PA synthesis
after CNS trauma. Mature neurons are highly
specialized, terminally differentiated cells with
unique structural features that reflect sophisticated
intracellular compartmentalization. A plausible
explanation, therefore, is that differential intra-
cellular compartmentalization of components in the
PA metabolic pathway may restrict their accessibility
to each other (see Fig. 1). In this manner, the
interconversion cycle may become uncoupled at a
critical point between putrescine formation and its
conversion into spermidine. Another unique feature
is the persistent elevation in putrescine, which may
last for as long as 4 days [13], despite the fact that
the increase in ODC activity is transient and
subsides within 24 hr after the insult [6, 8, 10, 13].
Sequestration of putrescine in an isolated cellular
compartment, rendering it unavailable for the
metabolizing enzymes, may explain its long-term
accumulation.

* Gilad GM, Gilad VH, Casero RA Jr and Globus MY-
T, Polyamines in ischemia. Extracellular levels in rat brain
and increased accumulation in gerbil brain slices.
Neurotrauma Soc Abstr, St. Louis, MO, 1990.

Interestingly, treatment with S-adenosyl-L-meth-
ionine (SAM) can protect neurons in the brain from
cell death after ischemia [22,23]. Besides being a
general methyl donor [24, 25], SAM, of course, is
also the source of the propylamine group for PA
biosynthesis following its decarboxylation by SAM-
DC (Fig. 1) [21, 26]. Therefore, in accordance with
the theory of differential compartmentalization, if
availability of SAM is a limiting factor, its increased
availability, after treatment with exogenous SAM,
may lead to the increased production of spermidine
and spermine. Increased production of the PAs
is postulated to play a role in cellular defense
mechanisms.

Like ODC, SSAT is a short-lived protein {27] that
is rapidly induced in the brain by stressful stimuli
[28,29]. This supports the notion that increased
spermine and spermidine degradation, and the
resultant re-conversion into putrescine (Fig. 1) may
also contribute to the long-lasting increase in brain
putrescine, and to a transient reduction in spermidine
and spermine which may be observed after trauma
13,*].

It is conceivable that failure to initiate a complete
polyamine response after trauma, and the resulting
long-lasting, focal elevation of putrescine may
become harmful [13]. Recent studies showed that
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treatment with a-difluoromethylornithine (DFMO),
a specific ODC inhibitor, is neuroprotective against
the neurotoxic effects of the glutamic acid agonist
N-methyl-D-aspartate (NMDA) [12, 30]. In contrast,
DFMO treatment cannot protect against neuronal
damage after global {31] or focal* models of cerebral
ischemia (stroke), whereas treatment with PAs can
[31]. It is possible, therefore, that in drug-induced
neurotoxicity DFMO may exert neuroprotective
effects via mechanisms not related to polyamine
metabolism.

A complete response with a transient increase in
all PAs is therefore postulated to be crucial for
overcoming cellular insults, and for survival. In other
words, induction of the polyamine response after
trauma is assumed to represent the attempt of
injured neurons to initiate a protective program.

Uptake of extracellular PAs. It has been
demonstrated in various systems that when an
increased demand for PAs arises, not only does the
biosynthetic capacity increase, but also the ability to
take up extracellular PAs is greatly enhanced [32].
This, and the fact that extracellular PA levels are
normally extremely low [33], are the rational for the
use of exogenous PAs in an attempt to enhance
survival and rescue neurons from degeneration after
trauma. It has been observed that when exogenous
PAs are given immediately and for a limited time
(days) after the trauma, they can rescue peripheral
and central neurons from various types of injuries,
including axonal injuries, neurotoxins and ischemia
[31, 34, 35]. Furthermore, it has been established
that putrescine is an essential additive for neuron
survival in defined growth media [36]. Thus, if after
trauma, neurons are incapable of mounting a
complete polyamine response, or are unable to
synthesize sufficient amounts of PAs, they would
benefit from the availability of extracellular PAs via
the induced uptake system. These PAs would then
behave as newly synthesized PAs and play their
assumed part in cellular defense mechanisms.

Putative polyamine functions in cellular defense
mechanisms

The strong electrostatic interactions between
positively charged PAs, and negatively charged
macromolecules (DNA, RNA and proteins) and
membrane constituents ( phospholipids and proteins)
may be the basis for most of the actions ascribed to
PAs [1,33]. Thus, numerous biochemical effects
were described when PAs were added to various
experimental preparations [1,2,33], but the rel-
evance of these effects to the actual function of PAs
in the living cell is hard to ascertain [3,33].
Nevertheless, several of the actions ascribed to PAs
may assume importance for cell survival after trauma,
and suggest that PAs may serve as endogenous
neuroprotective agents.

* Bernasconi ‘R, Sauer D, Martin P, Allegrini P,
Amacker H and Fagg G, Lack of relationship between
polyamine levels and infarct volume in the brain: Effects
of CGP 40116 and difluoromethylornithine (DFMO). Focus
on Epilepsy, Satellite Symposium of the 3rd IBRO World
Congress of Neuroscience, St. Adile, Quebec, Canada,
Abstr Vol: 9, 1991.

Regulation of the cellular ionic environment. PAs
can be considered natural organic cations. Acidosis
is a typical consequence of brain injury and is
probably the result of the cumulative effects of hypo-
osmotic conditions (edema), massive loss of
potassium ions, and lactic acid accumulation [37].
Post-traumatic increase in PA concentrations would
therefore serve to counteract loss of potassium and
to prevent acid stress. This defense mechanism has
been suggested to occur in plants [38] and,
evolutionarily, may be very old.

Regulation of signal pathways. Nonspecific elec-
trostatic interactions of PAs with cellular membranes
are probably the basis for their interference with ion
fluxes [1, 33]. Recent studies, however, indicate the
existence of specific membrane PA binding sites in
the CNS [39, 40]. Furthermore, PAs were implicated
in the specific modulation of the NMDA receptor—
ionophore complex and its associated second
messenger pathways [41-44], which may be involved
in the post-trauma neurotoxic effects of the excitatory
neurotransmitter glutamic acid [45]. The agonist
(i.e. glutamate and glycine)-activated state of the
NMDA receptor—ion channel complex permits Ca?*
influx and increased cGMP concentrations in neurons
{43,44]. In the activated mode, spermidine and
spermine can enhance ligand binding at low
concentrations, but this effect is diminished at higher
concentrations [42]. In contrast, putrescine exerts
only an inhibitory effect [42]. Modulation of the
NMDA receptor would therefore be dependent on
the availability and concentration of the specific
polyamine. The unique alterations in brain PA
metabolism (i.e. persistent elevations in putrescine
and only minor changes in spermidine and spermine)
therefore suggest that PAs would probably exert an
antagonistic effect on the NMDA receptor after
trauma. This issue is at present controversial
[13, 31, 42-44].

Interestingly, putrescine metabolism can lead to
the formation of y-aminobutyric acid (GABA) (Fig.
1), an inhibitory neurotransmitter which may
counteract the post-trauma neurotoxic effects of
excessive stimulation by excitatory amino acids [46].

Several agents offering protection against neuronal
cell death after ischemic insults have been found
to be potent inhibitors of (Ca?*/phospholipid-
dependent) protein kinase C [47-50]. The PAs are
not only potent inhibitors of protein kinase C [see
Ref. 33 for review], but may also act indirectly to
inactivate this enzyme by binding strongly to and
inhibiting the hydrolysis of phosphatidylinositol
[33, 51]. In this way, PAs may inhibit the formation
of diacylglycerol and inositol phosphates and, in
turn, prevent Ca’* mobilization [52]. Thus, the
depletion of free Ca® and diacylglycerol would
leave protein kinase C inactivated.

Regulation of cellular Ca*, Besides interference
with Ca?* fluxes involved in signal transduction, PAs
were found to interact with many of the cellular sites
important in the control of Ca?* homeostatis. Thus,
PAs inhibit Ca?*-transport ATPase and Ca?* efflux
from the endoplasmic reticulum {see Ref. 33 for
review]. They also interact with calmodulin to
prevent Ca?* binding [53] and activate Ca?* uptake
by mitochondria [54, 55]. The latter action would be
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most significant for cellular defense, since under
pathological conditions, accumuiation and seques-
tration of Ca?* by mitochondria are of paramount
importance in protecting the cell against excess free
Ca’* [56]. Moreover, PAs have been shown to
protect isolated mitochondria against damage,
probably by regulating Ca®>* and phosphate uptake
[54,57.

Regulation of lipid peroxidation. The large lipid
content and the high rate of oxidative metabolism
make the nervous system especially vulnerable to
free radical-induced damage [58]. Generation of
excess free radicals after neurotrauma can lead to
accelerated lipid peroxidation and, in turn, to
membrane damage and cell death [59]. Polyamines
were found to prevent lipid peroxidation in the liver
after toxin treatments [60,61], and they may
conceivably exert a similar effect in the nervous
system. This protective action is probably due to
their avid binding to phospholipids [51], and not to
their weak radical-scavenging property [62].

Interaction with nucleic acids. It has long been
known that PAs bind avidly to RNA and DNA and
that they do so in a specific manner [63]. In this
capacity they may conceivably affect the general
fidelity of protein synthesis under adverse conditions,
but their exact function is unclear [1, 63]. Never-
theless, it is interesting to speculate that following
neurotrauma, after which their accumulation in the
cytoplasmic compartment is greatly increased, PAs
are transported into the nucleus where they can alter
genomic transcription and thereby serve to initiate
a defense/survival program (reminiscent of the
function ascribed to immediate early gene products
[64]). In this capacity the PAs are poised to play an
important role as intracellular messengers.

Noteworthy is the fact that in practically all the
effects ascribed to PAs, the order of potency is
increased with the length of the molecule and with
the number of charges (i.e. putrescine < spermidine
< spermine). Furthermore, in certain cases (e.g.
modulation of the NMDA receptor [42]), putrescine
may even exert effects opposite to those of
spermidine and spermine.

Pharmacology of polyamines

Putative target tissues for exogenous PAs. In
addition to direct actions on the injured neurons
themselves, as implied above, it is also possible that
PAs may exert their beneficial neuroprotective
effects indirectly through interactions with other
target cells. In theory, any cell affected by the
traumatic insult that develops an increased demand
for PAs would be a potential target for exogenous
PAs. Such potential targets are glial and endothelial
cells in the injured nervous system, denervated cells,
and, perhaps, even peripheral endocrine cells which
participate in the general reaction of the animal to
the trauma. It is therefore noteworthy that a
polyamine response is indeed induced in the cells of
denervated target tissues after peripheral nerve
injuries [65, 66]. Interaction of PAs with this
potential target may lead to increased neurotrophic
factor production and/or release, thereby enhancing
neuron survival. If PAs were to act in this manner
they could constitute a universal class of trophic
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factors. There is some indication that such an effect
may occur in the peripheral sympathetic system
where PA treatment leads to increased NGF
accumulation in target tissues during development
[67]. Although the cytoprotective effects of neuro-
trophic factors are well described, unfortunately
their mechanisms of action are not yet clarified [18].
As mentioned above, however, NGF can stimulate
PA biosynthesis in sympathetic neurons ([17],
implicating PAs as cellular mediators of NGF action.
Taken together, the above observations suggest that
exogenous PAs can bring about neuroprotection by
acting on several target cells simultaneously.

Pharmacological effects on nervous system
function. In laboratory animals, parenteral adminis-
tration of increasing doses of spermine or spermidine
leads to the depression of spontaneous motor
activity, hypothermia, hypotension, hyperglycemia,
sedation, analgesia, irritability, convulsion and,
finally, death from respiratory arrest [4,33,68].
These effects are all nervous system related.
Furthermore, similar effects can be produced by
intracerebroventricular administration of PAs in the
appropriate dosage [4, 33].

Further evidence for direct effects of PAs
on neurotransmission function comes from their
modulatory effects on neurotransmitter receptors in
intact experimental systems. As mentioned above,
PAs can modulate ligand binding and function of
brain NMDA receptors [41-44], and while PAs do
not alter GABA binding to synaptic vesicles [69],
spermidine appears to modulate GABA receptor-
mediated functions as expressed in Xenopus oocytes
[70]. In addition, it has been suggested that
PAs, specifically putrescine, through Ca?* influx
activation, may play a role not only in transduction
of receptor-mediated signals [71], but also in the
synaptic release of neurotransmitters [72].

Of the PA effects on the nervous system, two are
of special interest for neuroprotection. First, since
the development of hyperthermia after transient
brain ischemia was demonstrated to be detrimental
for neuron survival [73], the hypothermic effect of
PAs may be critical for saving neurons from delayed
cell death [31]. Second, the hypotensive effect of
PAs may be beneficial after ischemia in reducing
cerebral blood flow during the initial re-perfusion
period.

In view of their limited transport into the intact
brain [74], the question of whether sufficient amounts
of PAs can reach the brain is an important one. It
should be emphasized, however, that the blood-
brain barrier is interrupted after CNS injuries. After
ischemic insults the blood-brain barrier becomes
compromised quite early and remains so for long
periods [75]. Our findings indicate that polyamine
transport into the brain is increased early after
transient ischemia,* thus allowing administered PAs
an easy access into the CNS.

Indications for drug development. The therapeutic
window for PAs is probably limited to a short

* Gilad GM, Gilad VH, Casero RA Jr and Globus MY-
T, Polyamines in ischemia. Extracellular levels in rat brain
and increased accumulation in gerbil brain slices.
Neurotrauma Soc Abstr, St. Louis, MO, 1990.
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time interval (few days) early after the trauma
[31,34,35,76]. In general, it is advantageous to
avoid lengthy drug treatment to prevent or reduce
unwanted side-effects. One possible cause for toxic
side-effects may be the oxidative deamination of
exogenous PA by extracellular Cu?*-containing
amine oxidases, which results in the formation of
aldehydes, hydroperoxide and ammonia [33], all of
which are highly cytotoxic. Within the cell, however,
these products (Fig. 1) are normally neutralized by
suitable enzymatic processes [14, 33] (but see [77]
and [78] for a hypothetical role of intracellular PAs
in programmed cell death). In the extracellular
compartment, oxidative deamination can be pre-
vented with the enzyme inhibitor aminoguanidine
{33], thus providing a pharmacological means to
overcome toxic side-effects.

The development of PA analogues and derivatives
as neuroprotective agents is justified by the positive
findings in laboratory animals. Further drug
development in this direction can take advantage of
the already available numerous analogues [e.g. Refs.
79 and 80] and conjugated derivatives [e.g. Refs.
81-83] which may prove active and more lypophilic.
In addition, a class of naturally occurring PA-
conjugates, the wasp and spider toxins, was
demonstrated recently to modulate glutamate
receptor binding [84,85], and may indicate an
interesting avenue for drug development [e.g. Refs.
86 and 87 (patent applications)].

Summary

In spite of their abundance, the function of PAs
in the adult nervous system remains enigmatic. It is
postulated that after trauma, the induction of
polyamine metabolism (i.e. the polyamine response),
which is inherently transient, is an integral part of a
protective biochemical program that is essential for
neuronal survival. Several functions ascribed to PAs
may assume importance in cellular defense. Thus,
regulation of the ionic environment, modulation of
signal pathways, control of cellular Ca?* homeostasis,
inhibition of lipid peroxidation, and interaction with
nucleic acids are all putative sites for PA action.
During maturation, the CNS, unlike the peripheral
nervous system, undergoes changes which result in
the expression of an incomplete polyamine response
after trauma. This may be due to an altered
pattern of gene expression, and/or restrictive
compartmentalization of the PAs and their metab-
olizing enzymes. Induction of this partial polyamine
response after injury results in a sustained
accumulation of putrescine, which by itself may be
harmful, without the concomitant increase in
spermidine and spermine. Administration of exo-
genous PAs after trauma exerts a neuroprotective
effect. Exogenous PAs are postulated to gain access
into cells via an induced uptake system after trauma,
and function similarly to newly synthesized PAs.
Besides the injured neurons themselves, tissues
which are connected or associated with these neurons
may be potential targets where PAs could act to
stimulate neurotrophic factor production. Based on
the neuroprotective effects of PAs in laboratory
animals and on their proposed role in mechanisms
of neuronal survival, the development of PA-based

compounds as therapeutic neuroprotective agents
should be pursued.
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