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Abstract-Effects of ruthenium red (RuR) on adenylates, plasma membrane potential (AW,) and 
cytosolic free calcium concentration ([Ca*‘],) in cortical synaptosomes from guinea-pig were investigated. 
Ten micromoles of RuR did not affect either energy levels as indicated by ATP/ADP ratio or the basal 
AY,. The resting [Ca*‘lc in the presence of RuR was unchanged, but above 5 PM it inhibited by more 
than 50% of the voltage-activated increase in [Ca*+], by K+-depolarization. In another experiment the 
potencies of 10 PM RuR and 100 pM verapamil to inhibit high K+-induced increase in [Ca*‘], were 
compared. It was found that either produced 59% inhibition and this inhibition was not potentiated by 
the substances together (65% inhibition). The extent of depolarisation of AYp by high external K+ was 
independent of the presence of RuR. RuR blocked only 20% of the increase in [Ca’+], by veratridine 
treatment, indicating that Ca*+ accumulation into synaptosomal cytoplasm by veratridine involves some 
additional mechanisms other than depolarisation of A*,,. The mechanism of inhibition of evoked release 
of neurotransmitters by RuR is discussed. 

Ruthenium red (RuR), a hexavalent cationic dye, 
has been observed to exert numerous effects both 
intracellularly and extracellularly in preparations 
from nervous system. It has been observed to inhibit 
at micromolar concentration the evoked release of 
labelled acetylcholine from myenteric-plexus [l] and 
release of endogenous transmitter from either the 
presynaptic terminals of neuromuscular junctions 
[2,3] or neuronal synapses [4]. RuR blocks as well 
the release of accumulated [3H]-y-aminobutyrate 
from nerve terminals isolated from cerebral cortices 
[5]. However, the mechanism by which this inhibition 
occurs is not fully understood. 

The neurotransmitter release mechanism that is 
activated upon depolarization of synaptosomal 
plasma membrane is dependent on the presence of 
Ca2+ [6]. Apart from Ca2+-dependency the same 
pathway requires the presence of ATP [7,8]. We 
have previously reported that the release of endogen- 
ous transmitter glutamate from metabolically 
inhibited nerve terminals is effectively blocked in the 
absence of chemical energy [8]. It has been suggested 
that RuR has properties of a Ca2+ entry blocker in 
synaptosomes [5]. In addition, the RuR at micro- 
molar concentrations has been observed to reduce 
the activity of pyruvate dehydrogenase complex of 
synaptosomes [9] and thus can be expected to disturb 
synaptosomal bioenergetics. 

The aim of the present study was to investigate 
the effects of RuR on the synaptosomal energy levels 
(judged from ATP and ADP and cytosolic free 
Ca2+ concentration 2 ([Ca ‘lc) after K+- 
depolarization. These two play an ultimate role in 
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the transmitter release from synaptosomes [l- 
5,7,8]. The results show that RuR does not primarily 
affect synaptosomal ATP concentrations but it 
blocks the voltage-dependent increase in [Ca2+], as 
effectively as verapamil. 

MATERIALS AND METHODS 

Reagents. s6RbC1 was from Amersham Inter- 
national (Bucks, U.K.). RuR (Sigma R-2751) was 
obtained from Sigma (Poole, Dorset, U.K.) and was 
purified according to the method of Luft [lo]. The 
purified dye consisted of 90% RuR as indicated 
by the absorbance at 532 nm [lo]. Ficoll was from 
Pharmacia (Uppsala, Sweden) and was dialyzed 
exhaustively prior to use. Fura-2/AM was purchased 
from Molecular Probes Inc. (Junction City, OR). 
ATP-Monitoring Kit was obtained from Wallac Inc. 
(Turku, Finland). All other reagents were at least of 
analytical grade. 

Preparations of synaptosomes and incubations. 
Synaptosomes from cerebral cortices of Dunkin- 
Hartley strain guinea-pigs were prepared in a discon- 
tinuous Ficoll gradient according to reference [ 111. 
The incubation medium contained 122 mM NaCl, 
3.1 mM KCl, 0.4 mM KH2P04, 5 mM NaHC03, 
20 mM Na-2-{[Zhydroxy-l,l-bis(hydroxymethyl)- 
ethyl]amino}ethanesulphonate, 1.2 mM MgSO,, 
16pM bovine serum albumin, 10 mM D-glucose, 
pH 7.4 at 37”. CaC12 (1.2 mM) was added after 5 min 
preincubation to allow synaptosomal membranes to 
become polarised [12]. 

Measurements of cytosolic free calcium. The cyto- 
solic free calcium concentration ([Ca2+],) was deter- 
mined using intrasynaptosomally-trapped fura- as 
an indicator essentially as described by Komulainen 
and Bondy [13]. Briefly, synaptosomes (2 mg of 
protein/ml) were incubated in the presence of 5 PM 
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fura-2/AM for 35 min. Synaptosomes loaded with 
fura- were spun in a bench-top centrifuge (Hereaus- 
Christ, Biofuge A) at 10,000 rpm for 2 min and the 
supernatant was carefully discarded. Pellets were 
suspended into Ca 2+-free incubation medium to give 
a protein concentration of 1 mg/ml. Fluorescence of 
intrasynaptosomal fura- was recorded in the exci- 
tation beam of a Hitachi F-4000 fluorometer (Tokyo, 
Japan) scanned from 340 nm to 380 nm with emission 
at 510 nm. For control experiments [Ca2+], was 
determined 15 min after addition of 1.2 mM CaClz. 
In experiments with RuR it was added 9 min after 
addition of Ca2+ and [Ca”lc assayed 6 min later. 
KC1 or veratridine were added in both cases 16 min 
after addition of Ca’+. Values of [Ca*+], were cor- 
rected for extrasynaptosomal fura- by Mn’+ 
quenching according to [14]. 

Plasma membrane potential. Plasma membrane 
potential (AYr) was estimated from the diffusion 
potential of s6Rb+ (6 PM, 0.33 ,rG/ml) according to 
Scott and Nicholls [14] and calculated using the 
Nernst equation. 

Measurement of ATP and ADP. ATP and ADP 
were measured from neutralized perchloric acid (7% 
in 25 mM EDTA) extracts of synaptosomes with 
the luciferin assay as in Ref. 15. Each assay was 
standardised with an internal standard of 80 nM 
ATP. 

RESULTS 

The synaptosomal ATP concentrations in the 
absence and presence of 10 PM RuR were 1.8 2 0.17 
and 1.7 + 0.05 (mean ? SEM, N = 3) nmol/mg pro- 
tein, respectively. ATP/ADP ratios were 8.7 + 0.5 
and 9.7 ? 0.2, accordingly. A drop in synaptosomal 
ATP/ADP ratio has been shown to be a good indi- 
cator of either inhibition of energy metabolism or 
increase in the energy demand [7,8]. Thus the 
unchanged ATP/ADP ratio in the presence of RuR 
indicates that it affected neither synaptosomal energy 
production nor energy consumption. The latter is 
supported by our previous observation that RuR 
does not influence synaptosomal respiration. * 

Fura- has been proven to be a specific and sen- 
sitive indicator of ionized Ca2+ within cells [ 16). The 
fura-2/Ca*+ complex emits light with a maximum of 
505 nm when excited at 340/380 nm [ 171. Thus RuR 
can be expected to quench the fluorescence of intra- 
synaptosomal fura-2, because RuR has an intense 
absorbance at 532 nm (extinction coefficient of 
68 mM_’ cm-’ [15]). The reduction of the intra- 
synaptosomal fura-2/Ca2+ signal intensity using 
emission at 510 nm was, however, similar for exci- 
tation at 340 nm (19.2 * 0.4%, N = 8, +-SEM) and 
at 380 nm (23.2 t 0.3%, N = 8, tSEM). The ratios 
of fura-2/Ca*+ at the saturating Ca2+ concentration 
to fura- in the absence of CaZ+, i.e. R,,,/R,,, 
[12, 161, were the same in the absence and presence 
of 10pM RuR (6.8 * 0.3 and 7.3 * 0.3, N = 12, 
+SEM, respectively) making it possible to calibrate 
the signal and thus to quantify [Ca2+],. 

The resting synaptosomal [Ca2+], in the absence 

* Kauppinen RA, Taipale HT and Komulainen H, sub- 
mitted for publication. 

and presence of 10,uM RuR was 254 & 29 (N = 6, 
-+SEM) and 241 * 22 (N = 6, ?SEM) nM, 
respectively. After K’-depolarization there is an 
initial overshooting in increase in [Ca?+],, which 
stabilizes after 40-60sec [8]. Five minutes after 
addition of 36 mM K+, [Ca2’lc was 365 ? 13 and 
298 t 5 nM (N = 5. t SEM) in the absence and pres- 
ence of 10pM RuR, respectively. Thus RuR 
inhibited 50% of the rise in [Ca2+], (Fig. 1). The 
inhibiting effect of RuR on K+-depolarization-acti- 
vated increase in [Caz+lc showed concentration 
dependence (Fig. 2), with the maximal response 
obtained by 10 PM. Assuming that the effect of RuR 
on the voltage-dependent increase in [Ca*‘], was due 
to optical quenching of intrasynaptosomal fura-2/ 
Ca’+ signal, one would expect to see higher inhi- 
bition at high concentrations of RuR. The effect of 
RuR, however, attained a plateau at some 5pM 
confirming that the optical effect of RuR did not 
significantly interfere with the determination of 
[Ca?+],. 

The rise in [Ca*‘], in the presence of veratridine 
was greater than by K+-depolarization (Fig. 1). This 
finding is consistent with the report by Hansford 
and Castro [9] and with our previous work with rat 
cortical synaptosomes [13]. Ten micromoles of RuR 
inhibited only 20% of the veratridine-induced 
increase in [Ca?+], (Fig. 1) and [Ca2’], was 545 ? 21 
and 479 * 14 (N = 3, ?SEM) in the absence and 
presence of the dye, respectively. 

K+-depolarization collapses AY, and activates 
Ca2+ entry through the voltage-dependent Caz+- 
channel [6, 12,131. Submillimolar concentrations of 
verapamil have been shown to block some 70% of 
the high K+-induced increase in [Ca2+], in rat cortical 
synaptosomes [13]. We compared potencies of ver- 
apamil and RuR in a paired experiment, where 
synaptosomes from the same preparation were used. 
In the control experiment 36mM KC1 increased 
[Ca”], from 240 nM to 348 nM. One hundred micro- 
moles of verapamil and 10 ,uM of RuR blocked the 
increase in [Ca2’], by KCl-depolarization equally 
effectively (59% each). Addition of verapamil 
(100 PM) and RuR (10 PM) in combination did not 
potentiate the inhibition of [Ca2’], increase pro- 
duced by high K+, which was blocked by 65%. This 
might indicate that RuR and verapamil are acting at 
the same locus of Ca*+ entry in nerve terminals. 

The resting AYr from the diffusion potential of 
s6Rb+ is 52 * 3 and 53 rt 3 mV (N = 3) in the absence 
and presence of 10 PM RuR, respectively. RuR does 
not prevent the depolarization of AYr by high K+ 
(Fig. 3). 

DISCUSSION 

In this paper we show that RuR acts as an effective 
blocker of the voltage-activated increase in [Ca”], 
in the cortical synaptosomes of the guinea-pig. In 
perfused heart, RuR has been shown to cause effects 
similar to blockers of slow Ca*+ inward current [18]. 
The Ca’+-channel of nerve terminals is relatively 
insensitive to verapamil-type Ca2+-entry blockers as 
indicated by the four orders of magnitude higher 
concentration of verapamil required to show an 
effect in synaptosomes [13] compared to heart [18]. 
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Fig. 1. Increase in [Ca’+], by KCl-depolarization and veratridine treatment in the absence and presence 
of RuR. [Ca2’lc was determined as described in text. 10 @vl RuR was added to experiment depicted 
with dotted histograms 5 min after 1.2 mM CaC12. 36 mM KC1 or 75 yM veratridine were added 15 min 
after 1.2 mM CaC12. Histograms are representative of means of 3-5 independent experiments, SEM 
indicated by bars. Statistical difference relative to experiments free of RuR, (i) P < 0.05, Student’s t- 

test. 

lb 

Ruthenium Red (FM) 

Fig. 2. Concentration dependency of inhibition of increase in [Ca*+], by RuR in KCI-depolarized 
synaptosomes. [Ca*+], was determined as described in text. 0, 1,2,5,10 or 20 PM RuR was added 5 min 
after 1.2 mM CaCl,. 36 mM KC1 was added 10 min later and [Caz’]c redetermined after 5 min. Inhibition 

of increase in [Ca2+], is compared to the experiment with 0 external RuR. 
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Fig. 3. Synaptosomal plasma membrane potential after KCl-depolarization. AYP was measured as 
described in text. Synaptosomes were incubated either in the absence (0) or presence (+) of 10 @M 
RuR for 34 min before addition of 36 mM KC1 (KCl). Each symbot is a mean of three independent 

experiments, SD indicated by a bar. 

On a molar basis RuR is at least as potent a blocker 
of the synaptosomal voltage-dependent Ca2+ channel 
as is verapamit 1131. 

RuR had much less effect on veratridine-induced 
increase in [Ca2’ic. Veratridine opens the voltage- 
dependent and tetrodotoxin-sensitive Na+-channel 
thus allowing continuous influx of Na+ and drop of 
AY, [19]. Simultaneously, it has been shown to 
increase synaptosomal energy consumption and 
decrease ATP/ADP ratio [7]. It has been suggested 
that Ca2+ entry into synaptosomes during exposure 
to veratridine is not only due to opening of the 
voltage-dependent Cazf-channel but might also be 
coupled to influx of Na+ [19]. We have reported 
previously that RuR acts on tetrodotoxin-sensitive 
Na+-permeability of synaptosomes [ZO]. Thus the 
larger increase in [Ca2’lc by veratridine and the 
less potent effect of RuR on this increase can be 
understood as an involvement of tetrodotoxin-insen- 
sitive ionic permeability of the synaptosomal plasma 
membrane together with a drop of synaptosomal 
ATP/ADP ratio. 

We have previously reported that RuR can also 

inhibit the increased Na+-permeability which is acti- 
vated upon omission of external divalent cations in 
isolated nerve terminals 1201. In the soma of snail 
neurons, RuR has been observed to prolong opening 
of the Na+-channel at nanomolar concentrations and 
in the micromolar range can inhibit the Ca*’ inward 
current [21]. According to the present results, RuR 
does not increase synaptosomal energy demand 
which suggests that it does not increase plasma mem- 
brane NaC permeability which it has been shown to 
do in snail neurons. This is further supported by our 
previous work, where RuR was able to substitute for 
divalent cations in preventing influx of Na+ into 
synaptosomes [20]. RuR, which bears six positive 
charges, is by no means specific in affecting either 
Ca*+ or Na+ influx in neurons and nerve terminals. 

RuR prevents the evoked release of transmitter 
from presynaptic terminals of various sources [l--5). 
It has been suggested that the effects of RuR might 
be due to block of Ca*+ entry [5]. Another expla- 
nation has been that RuR might elevate resting 
[Ca2’lc by inhibiting the Ca*+ uniporter of mito- 
chondria [6]. The prolonged elevation of [Ca’+], has 
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been suggested to desensitise the release mechanism 
of transmitters [ 1,2]. According to our results block 
of the voltage-dependent increase in [Ca2+lc should 
be considered as a reason for inhibition of the trans- 
mitter release from nerve terminals. 
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