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1 The ability of three putative polyamine antagonists to antagonize behavioural changes induced by
spermine was assessed.

2 Injection of an excitotoxic dose of spermine (100 mg, i.c.v.) in mice results in the development of a
characteristic behavioural pro®le, which has two temporally distinct phases. The early events include
clonic convulsions, and the later, more general excitation, includes tremor and culminates in the
development of a fatal tonic convulsion.

3 Co-administration of arcaine (25 mg, i.c.v.) potentiated the early phase e�ects after spermine
injection, but antagonized the development of spermine-induced tonic convulsions. A larger dose of
arcaine (50 mg, i.c.v.) given alone resulted in the development of spermine-like body tremor and
convulsions. It therefore appears that arcaine is not a pure polyamine antagonist in vivo, but may be a
partial agonist.

4 Similarly, 1,10-diaminodecane appeared to act as a partial agonist in vivo, although it was less potent
than arcaine.

5 In contrast, diethylenetriamine (DET) e�ectively inhibited the development of the early e�ects of
spermine, but was ine�ective against the spermine-induced CNS excitation and tonic convulsions.

6 It is concluded that none of the putative polyamine antagonists tested behaved as e�ective polyamine
antagonists in vivo, although each produced some antagonism.
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Introduction

Injection of spermine (100 mg) directly into the cerebral

ventricles of female Laca mice leads to the development of
CNS excitation and convulsions (Doyle & Shaw, 1996).
Initially, within minutes of injection, the mice are hypothermic,
slightly ataxic and show signs of CNS stimulation in the form

of scratching and face washing. Some mice (*11%) develop
clonic convulsions (Doyle & Shaw, 1996). This stage of
spermine-mediated e�ects generally lasts for approximately

1 h. The mice can then appear normal until about 2 h after
spermine injection, when they begin to develop signs of the
second phase of spermine induced e�ects in the form of body

tremor. This body tremor worsens with time and culminates in
a fatal tonic convulsion, generally within 8 h of injection
(Doyle & Shaw, 1996).

Although the neurotoxic e�ects of spermine have been
known for some time (Anderson et al., 1972), the mechanisms
underlying these events remain to be fully elucidated. Ransom
and Stec (1988) were the ®rst to demonstrate the existence of a

speci®c polyamine binding site. They demonstrated a positive
modulatory site speci®c for polyamines on the N-methyl-D-
aspartate (NMDA) receptor (Ransom & Stec, 1988). This

evidence sparked much interest in the polyamines as potential
therapeutic targets for stroke, epilepsy and neurodegenerative
disease.

It now appears that there may be more than one polyamine
binding site on the NMDA receptor macrocomplex (Sacaan &
Johnson, 1990a; Marvizon & Baudry, 1994) and that the

interaction of the polyamines at the macrocomplex may not
simply be a direct modulation of the opening of the ion channel

as ®rst proposed, but may also involve complex allosteric

interactions between the polyamine, glutamate and glycine sites
on the macrocomplex (Pullan & Powel, 1991; Carter et al.,
1992; Doyle & Shaw, 1996). Evidence has also come to light
which has demonstrated NMDA receptor heterogeneity

(Reynolds & Palmer, 1991), a property which may result from
varying combinations of di�erent NMDA receptor subunits
(Katsuwada et al., 1992). The polyamines appear to act

predominantly on the NR1a/2B subunits (Lynch et al., 1995).
Furthermore, activation of the NMDA receptor macrocomplex
is known to induce polyamine synthesis through stimulation of

ornithine decarboxylase (Kish et al., 1991), thus the polyamines
may play a large role in the vicious cycle of events underlying
NMDA receptor associated neurotoxicity.

Taken together, these ®ndings paint a complex picture.
However, mitigation of the role of the polyamines in activating
the NMDA receptor macrocomplex has signi®cant therapeutic
potential. Several compounds have been proposed as poly-

amine antagonists. Non-competitive polyamine antagonists,
such as ifenprodil and eliprodil, do not structurally resemble
the polyamines and appear to bind to a site close to, and

perhaps overlapping the polyamine binding site (Williams et
al., 1991). A second family of putative polyamine antagonists
are structurally similar to the polyamines and diethylenetria-

mine (DET). As receptor binding is subject to structure-
activity relationships, it seems likely that structural analogues
of the polyamines may prove to be e�ective antagonists of the

polyamines.
The aim of this investigation was to evaluate the antagonist

potential of these readily available polyamine analogues in
vivo. The ability of arcaine, 1,10-diaminodecane and DET to

inhibit the development of spermine-induced neurotoxicity was
studied.
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Methods

Female Laca mice (20 ± 25 g) were obtained from the

Bioresources Unit, Trinity College and were housed in groups
of 4 ± 6 under a twelve hour light/dark cycle (07 h 00 min,
19h 00min) with food and water ad libitum.

Spermine-induced behavioural changes

Mice given 100 mg of spermine directly into the left cerebral

ventricle, by use of the method described by Brittain (1966),
displayed a distinct behavioural pro®le of e�ects which could
be divided into two main stages (for full description of e�ects

see Doyle & Shaw, 1996). The ®rst phase of e�ects developed
within minutes after injection and generally lasted for
approximately one hour. Most mice showed scratching of the

upper body and frequent face-washing and some (*11%)
developed clonic convulsions. By about two hours after
injection, the second phase of spermine-induced e�ects began
to develop in the form of body tremor which worsened with

time. The CNS excitation culminated in the onset of tonic
convulsions, which were ultimately fatal and generally occurred
within eight hours of injection.

Assessment pro®le

The methodology used was essentially that described by Doyle
& Shaw (1996). Brie¯y, the mice were studied in a blind fashion
at 10, 20, 30 and 40 min after i.c.v. injection over 2 min periods

for the occurrence of clonic convulsion episodes induced by
spermine.

For assessment of the second phase of spermine-induced
CNS excitation the mice were observed at 30 min intervals over

a period of up to 7.5 h after injection. A simple behavioural
pro®le which scored the development of body tremor, and
subsequent tonic convulsions was used. The scoring system was

as follows: (1) slight tremor; (2) moderate tremor; (3) severe
tremor; (4) tonic convulsion ± survived; (5) fatal tonic
convulsion. The extent of body tremor was assessed by lifting

the mouse by the tail and feeling the degree of tremor. The
scoring system only recognizes three di�erent grades of body
tremor in order to reduce scope for assessment error.

Drugs/dosage

Spermine (100 mg) (Sigma, Dorset, U.K.) was administered as a
hydrochloride salt dissolved in 0.9% sterile saline. Arcaine (10,
25, 50 or 100 mg) (Sigma, Dorset, U.K.), 1,10-diaminodecane
(10, 20, 30, 40 or 50 mg) (Semat (RBI), Herts, U.K.) and DET
(50, 100 or 200 mg) (Fluka, Switzerland) were dissolved in 0.9%
sterile saline. None of these compounds readily cross the blood
brain barrier and they were therefore administered by

intracerebroventricular injection in a ®nal dose volume of
20 ml, either alone or as a co-administered mixture.

Behavioural changes produced by putative antagonists

The behavioural e�ects produced by each of the putative
polyamine antagonists administered alone were observed for a

period of up to seven days following injection. The e�ects
observed are described for each compound in the results section.

Data analysis

The e�ect of the putative polyamine antagonists on the mean
number of clonic convulsions observed over the total

observation time window per animal in the ®rst phase of
spermine-induced e�ects was assessed. Statistical signi®cance
of di�erences between spermine controls and drug treated

groups was calculated by means of a proportionality test
(Multistat, Biosoft, 1988).

The median second phase CNS excitation scores and

interquartile ranges (IQR) of the spermine control group and
test groups were calculated. Results are expressed in graph
form as plots of median CNS excitation scores versus time
(hours). Statistical signi®cance of the di�erence between test

and control subjects was calculated by the Mann ±Whitney U-
test. The e�ect of the drugs on the latency to the development
of tonic convulsions in the second phase was also assessed.

Results

Animals treated with low doses of arcaine alone (10 and 25 mg,
i.c.v.) appeared normal in every respect up to four days after
injection. However, mice which received 50 mg of arcaine

appeared slightly hyperactive for several hours and within 24 h
approximately half of the mice tested developed an abnormal
gait with high carriage which lasted for two to three days. Mice

which received the highest dose of arcaine tested (100 mg) were
hyperactive, ataxic, hyperexcitable and some vocalized for
several hours after dosing. Within two to four hours after

arcaine administration approximately half of the mice at this
dose level developed face-washing and head-scratching
behaviour and experienced non-fatal clonic and extensor tonic

convulsions. These convulsions began to ease approximately
6 h after injection but within 24 h the mice then developed
behavioural signs of neurotoxicity in the form of tip-toe
walking, which progressed within two to three days to front or

hind limb paralysis and eventually a moribund state. This
paralysis resembled the e�ects observed after administration of
the polyamine, spermidine (Doyle & Shaw, 1994). The mice

were killed immediately when they reached the quadriplegic
stage to avoid unnecessary su�ering.

In the presence of spermine, arcaine signi®cantly poten-

tiated the mean number of clonic episodes per animal in
response to spermine at all three doses tested (10, 25, 50 mg,
i.c.v.) (Table 1). The development of the second phase of
spermine-induced e�ects in the form of body tremor and tonic

convulsions was signi®cantly potentiated by 10 mg of arcaine

Table 1 The e�ect of arcaine, 1,10-diaminodecane and
DET on the development of clonic convulsions in spermine-
treated mice

Mean number
of clonic

Drug treatment n episodes per animal

Spermine control (Spm)
Spm+Arcaine 10 mg, i.c.v.
Spm+Arcaine 25 mg, i.c.v.
Spm+Arcaine 50 mg, i.c.v.
Spm+1,10-diaminodecane
10 mg, i.c.v.

Spm+1,10-diaminodecane
20 mg, i.c.v.

Spm+1,10-diaminodecane
30 mg, i.c.v.

Spm+1,10-diaminodecane
40 mg, i.c.v.

Spm+DET 100 mg, i.c.v.

35
23
34
19
12

12

12

12

18

0.80+0.45
2.43+0.93**
4.76+0.77**
3.32+1.31**
3.08+1.62**

10.08+1.23**

4.00+1.24**

5.17+0.80**

0**

Data shown are means+s.e.mean. **P<0.01; proportion-
ality test (MultiStat, Biosoft, 1988).
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(Figure 1). Conversely, higher doses of arcaine (25 and 50 mg)
signi®cantly reduced the development of the behavioural
changes seen in this phase (25 mg dose e�ect shown in Figure

1).
Low doses of 1,10-diaminodecane (10 and 20 mg, i.c.v.)

administered alone induced no behavioural changes and test

animals appeared normal in every respect up to four days after
injection. A larger dose of 30 mg caused a longer lasting
sedation than saline treatment, and the development of slight
body tremor which lasted for approximately 2 h, after which

time the animals appeared normal. However, within 24 h of
injection the mice developed high carriage and tip-toe walking
which resembled that seen in spermidine- or arcaine-treated

mice (see above). However, in the case of 1,10-diaminodecane
treated animals, the behavioural signs of neurotoxicity did not
worsen with time. Higher doses of 1,10-diaminodecane of 40

and 50 mg i.c.v. caused similar e�ects to those observed with
the 30 mg dose, although the severity of the e�ects increased
dose-dependently. With the highest dose tested (50 mg), signs
of CNS stimulation lasted for approximately two hours and

were characterized by slight body tremor and wild-running.
Some mice developed clonic and forelimb extensor tonic
convulsions which were generally non-fatal. Within 24 h the

mice developed high carriage and tiptoe walking behaviour
and some mice developed the early stages of front or hind limb
paralysis. These e�ects did not worsen with time and the mice

generally recovered fully within a period of seven days.
When co-administered with spermine, all doses of 1,10-

diaminodecane tested (10, 20, 30, 40 mg, i.c.v.) signi®cantly

potentiated the mean number of clonic episodes observed per
animal (Table 1). 1,10-Diaminodecane (10 and 20 mg, i.c.v.)
was largely ine�ective against the development of body tremor

and tonic convulsions (data not shown), but a larger dose of
30 mg, i.c.v. caused a signi®cant reduction in the development
of the second phase e�ects at some time points (Figure 2).

Administration of 50 mg of DET to mice did not cause the
development of any behavioural e�ects. Mice which received
100 mg were sedated and ataxic immediately after injection and
showed short-lived signs of CNS stimulation in the form of

wild jumping. A higher dose of 200 mg produced similar initial
e�ects to the 100 mg dose, but mice also developed high
carriage and tip-toe walking within 24 h of injection, which

they recovered from within two to three days.
Unlike arcaine and 1,10-diaminodecane, DET caused a

statistically signi®cant reduction in the mean number of clonic

convulsions per animal (Table 1) when co-administered with
spermine. Conversely, injection of 100 mg of DET potentiated
the development of spermine-induced body tremor and tonic
convulsions (Figure 3).

As DET completely inhibited the development of the ®rst
phase of spermine-induced e�ects and actually potentiated the
second phase of spermine e�ects at a dose of 100 mg, it was
decided that it was not necessary to test the inhibitory potential
of higher doses against the development of spermine-induced
CNS excitation and convulsions, particularly as DET itself

causes the development of polyamine-like behavioural e�ects.

Discussion

Arcaine, 1,10-diaminodecane and DET, which resemble the
polyamines structurally, have been proposed as polyamine

antagonists through the results of binding studies, although
con¯icting ®ndings have shed doubt on a pure competitive
antagonism of polyamine e�ects by any of these compounds.

Arcaine is a naturally occurring structural analogue of the
polyamines. It produces a rightward shift of the increase in
[3H]-dizocilpine binding produced by spermidine (Reynolds,

1990a; Sacaan & Johnson, 1990b), which suggests that it may
be a competitive antagonist at a polyamine binding site on the
NMDA receptor macrocomplex. However, other evidence has
suggested that arcaine may not be a pure competitive

antagonist of the polyamines. Arcaine has been suggested to

Figure 1 The e�ect of administration of arcaine 10 mg, i.c.v. (n=23),
or arcaine 25 mg, i.c.v. (n=25), on median CNS excitation score after
injection of 100 mg of spermine i.c.v. (n=36). *P50.05; {P50.01,
Mann ±Whitney U-test.

Figure 3 The e�ect of the administration of diethylenetriamine
100 mg, i.c.v. (n=18), on median CNS excitation score after injection
of 100 mg of spermine i.c.v. (n=36). *P50.05; {P50.01, Mann ±
Whitney U-test.

Figure 2 The e�ect of the administration of 1,10-diaminodecane
30 mg, i.c.v. (n=12) on median CNS excitation score after injection
of 100 mg of spermine i.c.v. (n=36), *P50.05; {P50.01, Mann ±
Whitney U-test.
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be an inverse agonist (Reynolds, 1990b) of the polyamine site,
or to act in a non-competitive, allosteric fashion (Sacaan &
Johnson, 1990c; Maciver et al., 1991).

Similarly, 1,10-diaminodecane reduces [3H]-MK801 binding
in cultured hippocampal neurones, both in the presence and
absence of polyamines and has been proposed to be an inverse

agonist at the polyamine binding site (Williams et al., 1990;
1992). However, con¯icting evidence has suggested that 1,10-
diaminodecane may mediate its e�ects by blocking the open
NMDA receptor channel directly (Donevan et al., 1992; Rock

& MacDonald, 1992; Subramaniam et al., 1992).
DET has also been proposed to be a polyamine antagonist.

It was shown to inhibit the increase of [3H]-MK801 binding

produced by spermine in rat brain membranes and to have no
e�ect in the absence of polyamines (Williams et al., 1989),
which would satisfy the criteria of a competitive antagonist.

However, in another study it was found that DET increased
[3H]-MK801 binding in rat brain membranes when tested
under basal conditions (Reynolds, 1990b). DET is a very small
cationic molecule and it is unlikely that it would interact solely

with the polyamine receptor site in an in vivo situation, but
would also bind to other negatively charged particles such as
membrane phospholipids.

In the present study, arcaine, 1,10-diaminodecane and DET
produced polyamine-like behavioural e�ects when injected
alone. This suggests that these polyamine analogues have some

agonist-like activity in vivo. In keeping with this, arcaine and
1,10-diaminodecane potentiated the development of the ®rst
phase of spermine-induced e�ects and DET potentiated the

development of the second phase of e�ects, which also suggests
agonist activity. However, these polyamine analogues also
showed some evidence of antagonism. Arcaine and 1,10-
diaminodecane inhibited the development of the second phase

of spermine-induced e�ects and DET inhibited the develop-
ment of clonic convulsions. Despite this antagonist action,
arcaine, 1,10-diaminodecane and DET clearly do not act

purely as competitive antagonists of the polyamines in vivo.
These results also support the previously published

suggestion that the two temporally distinct phases of

spermine-induced e�ects may be mediated by di�erent
pharmacological mechanisms of action (Doyle & Shaw,
1996). In the present study, arcaine and 1,10-diaminodecane
demonstrated a similar pro®le of e�ects, which suggests that

these agents act through the same mechanism. Both arcaine
and 1,10-diaminodecane potentiated the ®rst stage of
spermine-induced e�ects, but inhibited the development of the

second stage e�ects. However, conversely, DET demonstrated

the opposite pro®le of e�ects to the other putative antagonists
tested. DET was e�ective against the development of the ®rst
stage of spermine induced e�ects, but potentiated the second

stage of e�ects. Little is known about the pharmacokinetics of
arcaine, 1,10-diaminodecane and DET, but evidence of their
e�ects several hours after administration suggests that they are

su�ciently persistent. These ®ndings are further in vivo
evidence supporting a heterogeneity of polyamine binding
sites.

The polyamines exert a biphasic bell-shaped e�ect on [3H]-

dizocilpine binding (Ransom & Stec, 1988). At lower doses,
polyamines stimulate dizoclipine binding, but at higher doses
this gives way to the development of an inhibition. Arcaine has

been demonstrated to inhibit the stimulant phase of the curve
selectively but not a�ect the inhibitory phase of e�ects
(Reynolds, 1990a). This suggests that polyamines may have

two binding sites on the NMDA receptor macrocomplex, one
which is arcaine-sensitive and the other arcaine-insensitive.
The present results suggest that the second phase of spermine
induced e�ects may be mediated, at least in part, through an

action at the arcaine-sensitive polyamine binding site on the
NMDA receptor. DET may mediate its actions predominantly
through an action at the arcaine-insensitive polyamine binding

site on the NMDA receptor.
NMDA receptor heterogeneity may explain the incon-

sistencies in ®ndings suggesting antagonist, partial agonist or

inverse agonist activities of polyamine analogues. The
modulatory e�ects of polyamines on NMDA receptor activity
may di�er greatly depending on the subunit composition of the

NMDA macrocomplex. Polyamine receptors with di�erent
properties may result from di�erent combinations of NMDA
receptor subunits, or the in¯uence of the polyamine sites on
NMDA receptor activity may be greatly altered through the

e�ects of variations in the expression of the glutamate and
glycine receptor sites. As mentioned in the Introduction, it is
known that the tonicity of glutamate, glycine and polyamine

receptors can greatly in¯uence the activity of polyamine
antagonists (Pullan & Powel, 1991; Carter et al., 1992; Doyle
& Shaw, 1996).

In conclusion, none of the putative polyamine antagonists
tested behaved as e�ective polyamine antagonists in vivo. The
analogues tested all showed some intrinsic polyamine-like
agonist activity. Nevertheless, the ®nding of some antagonist

activity in these readily available simple molecules suggests
that the development of other polyamine structural
analogues may lead to the discovery of a better polyamine

antagonist.
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