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The role of polyamines in the regulation of free intrasynaptosomal Ca2+, [Ca2+], was studied. After preincubation of rat brain syn
aptosomes with 5 mM difluormethylornithine (DFMO), an irreversible inhibitor of ornithine decarboxylase, the K+-induced increase 
of [Ca2+]i was 33% less than that in non-treated synaptosomes. Putrescine (l mM) added together with DFMO negated the effect of 
DFMO suggesting that abnormally low polyamine concentrations were the reason for the diminished K+ -response. Putrescine alone 
did not alter the K+-response to [Ca2+l. Instead putrescine (0.5 mM) caused a rapid ( <10 s) transient increase in [Ca2+l but did not 
simultaneously increase 45Ca2+ uptake into polarized synaptosomes. Neither spermidine nor spermine (0.5 mM) significantly altered 
[Ca2+],. The results suggest that polyamines play a role in the regulation of free intrasynaptosomal Ca2+. 

INTRODUCTION 

High concentrations of the biological polyamines, 
putrescine. spermine and spermidine have generally 
been associated with tissue proliferation. Their func
tion is unclear but has been thought to involve genet
ic depression by interaction with chromatin12 . Re
cently, putrescine has been implicated in rapid cel
lular responses to endocrine stimuli 13

-
15

. The effects 
that may be mediated by this diamine include activa
tion of amino acid, glucose and calcium transport sys
tems. 

Recently, evidence for the possibility of a new reg
ulatory role for polyamines in neural tissue has been 
presented. The activity of ornithine decarboxylase 
(ODC), a rate limiting enzyme in the biosynthesis of 
polyamines, has been reported to increase rapidly in 
synaptosomes upon K+-induced depolarization10

. 

Subsequently, polyamine levels increased and these 
changes were prevented by the presence of difluoro
methylornithine (DFMO), an irreversible inhibitor 
of ODC18 . DFMO also suppressed 45Ca2+ uptake 
into synaptosomes and decreased K+ -stimulated re-

lease of (3H]y-aminobutyric acid ([3H]GABA) 10 and 
[3H]D-aspartate3 from synaptosomes. The inhibitory 
effect of DFMO was nullified by the concurrent pres
ence of added putrescine. These data suggested that 
polyamines could modulate levels of free intrasynap
tosomal [Ca2+]i and the present work was undertak
en to study this possibility. 

MATERIALS AND METHODS 

Experimental 
Measurement of free intrasynaptosomal ca2+. Syn

aptosomes were prepared from the forebrain of adult 
male rats (270-330 g, Fischer strain) by a modifica
tion6 of the procedure of Gray and Whittaker7 which 
allowed a rapid isolation of relatively pure synapto
somes. Isolated synaptosomes were then suspended 
at a concentration of 0.15 gEq/ml in 25 mM HEPES 
buffer, pH 7.4 containing (in mM), NaCl 125, KC! 5, 
NaH2P04 1.2, MgC12 1.2, NaHC03 5, CaC12 1.0 and 
glucose 6. To each 1-ml aliquot of this was added 10 
µ1 of 5 mM acetoxymethyl ester of quin-2 (ref. 21) 
(quin-2/AM) or 5 µ1 of the parallel ester of fura-2 
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(fura-2/AM)8, in dimethylsulfoxide (DMSO). Con
trol samples contained DMSO alone. Samples were 
incubated at 37 °C for 45 min (fura-2) or 60 min 
( quin-2). Synaptosomes were sedimented (5 min, 
9000 g) and resuspended in HEPES buffer at 0 °C 
(0.03 gEq tissue/ml). For each assay 0.5-ml aliquots 
of the suspension were rapidly centrifuged (30 s, 
13,000 g) in a microcentrifuge and synaptosomes re
suspended in 2.0 ml of the original buffer, but with 
the omission of NaHC03 and NaH2P04, in order to 
prevent precipitation of calcium salts during calibra
tion of the fluorescence. These samples (0.0075 
gEq/ml, about 150 /tg protein) were then placed in a 
fluorometer (Aminco SPF-500) jacketed at 37 °C in 
cuvettes containing a small magnet to allow stirring 
to occur immediately prior to assay. Quin-2-loaded 
synaptosomes were used in experiments to study ef
fects of polyamines on resting [Ca2+li because very 
rapid changes in [Ca2+]i could more easily be 
recorded at one wave length. Excitation was at 337 
nm (2 nm bandwidth) and emission was recorded at 
500 nm (15 nm bandwidth). After a 10 min preincu
bation, various polyamines were added in 40 µI 
amounts, to a final concentration of 5 x 10-4 M. 
Emitted fluorescence F was read continuously for 5 
min when MnC12 was added at a final concentration 
of 5 /tM to correct for any extracellular quin-2 (ref. 
11) followed by EGTA, at a final concentration of 5 
mM, in sufficient Tris buffer to raise the pH above 
8.3, and 0.1 % sodium dodecyl sulfate (or Triton X-
100 in the case of studies involving spermine), in or
der to obtain fluorescence in the absence of ionic cal
cium (Fmin). Addition of CaC12 to a final concentra
tion of 6 mM allowed determination of maximal fluo
rescence (FmaJ after saturating all quin-2 present. 
Corrections were made to allow for sedimentation of 
synaptosomes and for their autofluorescence in the 
absence of quin-2. Calculations of intrasynaptosomal 
ionic calcium were made using 115 nM as the Kd of 
the quin-2 calcium complex21 • and the equation 

[Ca]i = Kct (F-Fmin) . 
(Fmax-F) 

In other experiments fura-2-loaded synaptosomes 
were used. Fura-2 is better than quin-2 for accurate 
measurement of [Ca2+Ji but rapid 'peak' currents 
cannot be measured without special instrumenta
tion. Excitation for fura-2 samples was at 340 and 380 
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nm (bandwidth 1 nm) and emission at 510 nm (band

width 8 nm). Otherwise the assay and calibration 
were similar as described for quin-2. Twenty µM 
Mn2+ was used to quench the extrasynaptosomal dye 
and Mn2+ -corrected ratios (R) were used for calcula
tion8 of 

[Ca2+]i = Kct (R-Rmin) (Sb2) 
(Rmax-R) (Sf2) 

Kd was taken to be 224 nM8
. 

45Ca2+ uptake was assayed in a synaptosomal sus
pension (0.015 gEq/ml) in the original buffer incu
bated (60 min, 37 °C) as described for dye-loaded syn
aptosomes. After a 12-min preincubation at 37 °C, 
0.1ml,0.7 µCi 45CaC12 in buffer was added to the 0.9-
ml suspension and 10 s later, 25 µI of 25 mM of sever
al polyamine solutions or water (controls) were 
added, incubation being continued for a further 30 s. 
At this time 5 ml cold calcium-free buffer (containing 
l mM EGTA) was added to each sample and this was 
rapidly filtered on glass fiber discs (type A/E Gel
man, Inc.) and washed with 2 x 5 ml of the same buf
fer. Radioactivity accumulated into synaptosomes 
was then determined. 

Statistics 
Results were analyzed using Fisher's least signifi

cant difference test after one-way analysis of vari
ance. 

Chemicals 

Acetoxymethyl ester of quin-2 was obtained from 
Sigma Chemicals (St. Louis, MO) and that of fura-2 
from Molecular Probes (Junction City, OR). 45CaC12 

(55.9 Li/mo!) was obtained from New England Nu
clear (Boston, MA). DFMO was kindly donated by 
Dr. P. McCann, Merrill Research Center, Cincin
nati, OH. All other chemicals were from Sigma 
Chemicals (St. Louis, MO). 

RESULTS 

The resting level of [Ca2+Ji in quin-2-loaded synap
tosomes was 323 ± 29 nM (n = 14) 1 h after dye load
ing. Because the value increases in quin-2-loaded 
synaptosomes with time 16 the mean value of all time 
points (up to 3 h) was higher, 447 ± 21 nM (n = 18, 
Fig. 1). The validity of our procedure was confirmed 
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Fig. 1. Putrescine but not spermidine or spermine transiently 
elevates ionic calcium within synaptosomes. Synaptosomes 
were loaded with quin-2 to a final concentration of around 2.5 
mM. centrifuged down and resuspended in buffer at 37 °C. Af
ter a 10-min equilibration period, various polyamines were rap
idly added. Emitted fluorescence Fwas then read for 5 min be
fore the determination of extrasynaptosomal dye, F mm and F max 

as described. The means of 6 individual determinations ± 
S.E.M. are presented. * P < 0.05 that value differs from un
treated control (Fisher's least significance test after a one-way 
analysis of variance). 

by assay of intracellular calcium in isolated rat hepa
tocytes (gift of Dr. E. Murphy). The value we ob
tained (207 ± 18 nm) (n = 3) was very similar to that 
reported by others using the same probe5

. 

Putrescine but not spermidine or spermine caused 
a significant elevation of [Ca2+1 after 10 s (the ear
liest point we were able to study) and after 30 s. Cal
cium values returned to resting values within 1 min 
(Fig. 1). 

However, 45Ca2+ entry into non-depolarized syn
aptosomes was not altered by any polyamine studied 
during a 30-s incubation (Table I). Putrescine also 
did not alter Ca2+ uptake over basal levels during a 
shorter 15 s incubation (data not shown). However, 
depolarization with 55 mM KC! elevated 45Ca2+ en
try around two-fold (Table I). 

The mean resting level of [Ca2+l in fura-2-loaded 

TABLE I 

Effects of polyamines on 45 ca2+ uptake by synaptosomes 

Data represent the mean± S.E.M. of 4 separate experiments. 

Addition 

5 x 10-4 M putrescine 
5 x 10-4 M spermine 
5 x 10-4 M spermidine 
5.5 x 10-2 MK+ 

nmol transported! 
40 s/gEq synaptosomes 

157 ± 13 
167 ± 16 
163 ± 13 
175 ± 7 
393 ± 44 

synaptosomes was 345 ± 11 nM (Table II) 3 h after 
dye loading. K+ (55 mM total concentration) in
creased [Ca2+]1 rapidly and the level remained still 
elevated after 5 min (Table II). The K +-stimulated 
increase of [Ca2+]i was 33% less in synaptosomes 
which were preincubated with 5 mM DFMO (Table 
II). Putrescine, added together with DFMO, negated 
the effect of DFMO and returned the K+ -response to 
normal (Table II). Putrescine alone did not signifi
cantly affect the K+ -stimulated increase of [Ca2+l 
but tended to increase the resting Ca2+ level. Five 
mM DFMO did not affect the resting [Ca2+]i in a 15-
min incubation (results not shown). 

DISCUSSION 

The values we found for [Ca2+]i are higher than 
those reported by others2 .19

. This discrepancy was 
not due to synaptosomal damage since we have found 
our preparations to be morphologically normal, pos
sess a satisfactory external membrane potential, not 
to exude significant amounts of dye and to exhibit re
sponses to pharmacological agents, identical to those 
described previously16

. The chelation of dyes and 
consequent quenching of the fluorescent signal, 
caused by other intracellular divalent ions is a signifi
cant factor and may lead to underestimation of true 
[Ca2+]i (refs. 1, 16). 

The present results suggest that polyamines are in-

TABLE II 

Effect of DFMO and putrescine on K+ -stimulated elevation of 
free intrasynaptosomal ca2+ 

Each value is mean ± S.E.M. of 9-14 individual determina
tions. Additions were made 10 min before determination of 
resting [Ca2+],. Fifty mM KC! was then added and increase in 
[CaH]i measured after 5 min. 

Control 
DFM0(5mM) 
DFM0(5mM) + 

putrescine (1 mM) 
Putrescine (1 mM) 

[Ca2+], (nM) 

Resting 

345 ± 11 
341±10 

365 ± 9 
380 ± 9 

Increase 
after 50 mM K+ 

122 ± 5 
82 ± 8* 

125 ± 10** 
133 ± 10 

* P < 0.001 that value differs from corresponding control 
value. 

** P < 0.001 that value differs from increase in the presence of 
DFMOalone. 



valved in the regulation of free intrasynaptosomal 
Ca2+. They do not appear to be important for the 
maintenance of the resting [Ca2+Ji but a certain 
threshold concentration of polyamines may be_ 
needed in synaptosomes in order to gain a maximal 
increase in [Ca2+Ji by a K+ -induced membrane depo
larization. The evidence supporting the concept is: 
(1) DFMO, an irreversible inhibitor of ODC, did not 
affect the resting level of [Ca2+Ji significantly; (2) the 
increase of [Ca2+Ji by high K+ was about 30% lower 
in DFMO-treated synaptosomes than in controls; 
and (3) putrescine, added together with DFMO, was 
able to negate the effect of DFMO. Putrescine raises 
polyamine levels, although ODC remains inhibited 
and DFMO decreases polyamines and prevents acti
vation of ODC by high K+ in synaptosomes at the 
concentrations used10

. 

Decreased [Ca2+ji may result from decreased Ca2+ 
uptake, increased Ca2+ efflux or increased intracellu
lar storage of Ca2+. There is previous evidence that 
K+ -stimulated 45Ca2+ uptake is decreased in DFMO
treated synaptosomes but that 45Ca2+ efflux is de
creased rather than increased10

• Cationic polyamines 
bind avidly to different membranes and may compete 
with Ca2+ binding. However, such binding of polya
mines would be expected also to decrease rather than 
increase Ca2+ binding. 

Putrescine, but not spermidine or spermine, in
duced a rapid transient increase in [Ca2+ji in polar
ized synaptosomes. Moreover, the resting level of 
[Ca2+]i tended to be higher in synaptosomes incu
bated with 1 mM putrescine for a prolonged time 
(Table II). This increase could result from competi
tion in binding between Ca2+ and polyamines. Nerve 
cells are able to accumulate putrescine by a selective 
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