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Abstract-Synaptosomes swell rapidly in isosmotic solutions of glycerol or urea, but the swelling in 
solutions of larger non-electrolytes. such as erythritol, glucose or sucrose is slower. The permeability 
of synaptosomes to non-electrolytes is temperature dependent, and the low activation energies for 
the permeation of urea (13 kcdl/mol) and erythritol (9.5 kcal/mol) indicate that the penetration of non- 
electrolytes into the synaptosomes does not imply complete dehydration of the molecules. 

The relative permeability of synaptosomes to  cations, as  measured by the rate of swelling in isosmotic 
solutions of acetate salts is in the order: NH: > Na' > Lit > K'  > Ca". The ionophores, X-537A 
and nigericin. or valinomycin + FCCP, which promote exchange of cations for H + ,  cause swelling 
of synaptosomes in solutions of potassium salts of acetate or propionate. but not in KCI, whereas 
H t  release is higher in KCI medium. This suggests that the organic anions cross the membrane 
after combining with H +  to form the respective weak acids. The relative permeability to anions is 
in the order: acetate 2 propionate > C1- > SO$- = maleate 2 succinate. 

The energies of activation for the permeability of synaptosomes to potassium acetate in the presence 
of X-537A or gramicidin D are 13 kcal/mol and 7.5 kcal/mol, respectively, which reflects different 
mechanisms of action for the two ionophores in the membranes. 

SYNAPTOSOMES have been used for a wide range of 
neurochemical studies, especially in experimental 
approaches designed to study transport and release 
of neurotransmitters at nerve endings (RAITERI & 
LEVI, 1978: KUHAR, 1973; COTMAN et ul., 1976; OLSEN 
et ul., 1977; CAHILL & MEDZIHRADSKY, 1976; HOLZ, 
1975 ; BRADFORD, 1970, 1975). More recently, the role 
of ions in these phenomena has been recognized, and 
synaptosomes have again been the preferred biologi- 
cal system to study the mechanism of action of Ca2 ', 
Na+,  Li+ and many other cations (DE BELLEROCHE 
& BRADFORD, 1972; OSBORNE et al., 1973; OSBORNE 
& BRADFORD, 1975; BLAUSTEIN, 1974. 1975; BLAUS- 
TEIN & OBORN, 1975; BLAUSTEIN & ECTOR, 1976; 
STEFANINI et al., 1976). Furthermore, it now appears 
that synaptosomes can also be used to study the in- 
tracellular cationic regulation at nerve terminals. 
Thus, recent studies have been reported on the role 
of Na' and other cations on the regulation of intra- 
cellular Ca2' in nerve using synaptosomes as the ex- 
perimental biological system (BLAUSTEIN & ECTOR, 
1976; STEFANINI et al., 1976; SILBERGELD, 1977; 
ICHIDA et a!., 1976). and Ca'+-ATPase and Ca2' 
transport systems found in .synaptic membranes have 
also been implicated in Ca2 ' regulation by nerve cells 

BLAUSTEIN et al., 1978; GODDARD & ROBINSON, 1976; 
VICKERS & DOWDALL, 1976). 

(DUNCAN, 1976; RAHAMIMOFF & A3RAMOVIT2, 1978; 

Abbreviations used. FCCP, p-trifluorometoxycarbonyl- 
cyanide phenylhydrazone; HEPES, N-2-hydroxyethylpi- 
perazone-N'-2-ethanesulfonic acid. 

In spite of this wide utilization of synaptosomes 
to study nerve membrane phenomena, it is surprising 
that little information exists about the passive per- 
meability properties of synaptosomal membranes 
(KEEN & WHITE, 1970, 1971; MARCHBANKS, 1967). 
Thus, the osmotic response of synaptosomes to 
various solutions, which can be utilized as an index 
of simple permeability to ions and non-electrolytes, 
has not been studied to the same extent as for other 
isolated vesicular fractions of secretory systems, such 
as chromaffin granules (PERLMAN, 1976; JOHNSON & 
SCARPA, 1976; PHILLIPS, 1977). The osmotic respome 
of these vesicular fractions can be followed by a 
simple light scattering technique which has been suc- 
cessfully applied in various membrane vesicle systems 
such as liposomes (BLOK et al., 1976; DE GIER rt al., 
1968; ANTUNES-MADEIRA & MADEIRA, 1979; McEL- 
HANEY et al., 1973; DE GIER et al., 1971), mitochon- 
dria (MITCHELL & MOYLE, 1969; BRIERLEY et ul., 
1977), chromaffin granules (JOHNSON & SCARPA, 1976; 
PHILLIPS, 1977; PHILLIPS & ALLISON, 1978; CASEY et 
al., 1976), sarcoplasmic reticulum (KOMETANI & 
KASAI, 1978) and, to some extent, synaptosomes 

We present here the results of experiments in which 
we studied the effect of temperature on the passive 
permeability of synaptosome fractions isolated from 
sheep brain cortex to various electrolytes and non- 
electrolytes. Furthermore, by utilizing selective iono- 
phores and measuring the H +  fluxes coupled to the 
fluxes of other cations, we were able to measure the 
net proton production during ionic fluxes. 

(KEEN & WHITE, 1970, 1971; MARCHBANKS, 1967). 
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MATERlALS AND METHODS 

Preparation of synaptosomes. Synaptosomes were iso- 
lated from sheep brain cortex according to the method 
described by HAJOS (1975), with some modifications. Brain 
cortex (50 g) was homogenized in 9 vol of 0.3 M-sucrose 
by using a Potter-Elvehjem homogenizer. The homogenate 
was centrifuged at  15009 for 10 min and the resulting 
supernatants were centrifuged at 90009 for 20min. The 
pellets were combined and dispersed in 50 ml of 0.3 M-SUC- 

rose. Samples of 81111 of this suspension were carefully 
layered into each of six tubes containing 30 ml of 0.8 M-SUC- 
rose and were centrifuged at 90008 for 30 min in an Inter- 
national B-20 refrigerated centrifuge with an 8 x 45 ml fix- 
ed-angle rotor. The particle fraction dispersed in the 
0.8 M-sucrose solution (synaptosomal fraction) was col- 
lected and adjusted gradually with cold distilled water to 
0.4 M-sucrose. This suspension of synaptosomes was centri- 
fuged at 20,OOOg for 30 min, and the pellet was washed 
and suspended in 0.3 1 M-sucrose buffered with 20 mM- 
HEPES Tris (pH 7.2) at a protein concentration of 
20 mg/ml as determined by the biuret method described 
by LAYNE (1957). 

We preferred this method of fractionation to the classical 
method of GRAY & WHITTAKER (1962) because the present 
method compares favorably with the latter in terms of pur- 
i ty of the synaptosomal fraction (HAJOS. 1975). In our 
hands the two methods gave synaptosomal preparations 
which behaved similarly with respect to their osmotic re- 
sponse. 

Pernieahility .f synuptosornes as  measured hy swelling. 
Experiments were performed in a thermostated cuvette of 
a Bausch & Lomb Spectronic 20 connected to a Vitatron 
recorder. The turbidity of the synaptosomal suspensions 
was measured at  440nm, and continuous stirring of the 
suspensions permitted recording of the instantaneous 
changes in turbidity which occurred upon the addition of 
various substances to  the medium. 

Permeability to non-electrolytes was determined by fol- 
lowing the initial swelling rates of synaptosomes when 
placed in 0.33 OSM solutions of various permeants (urea, 
glycerol, erythritol, glucose or sucrose), buffered with 
I mM-HEPES-Tris (pH 7.2), in a volume of 3 ml, and con- 
taining a final protein concentration of 0.16mg/ml. The 
results of a typical experiment are shown in Fig. 1. The 
slopes of the tangents at the initial part of the curves 
(dashed line) are taken as the initial swelling rates of synap- 
tosomes, which are assumed to be proportional to the per- 
meability constant for the permeants (DE GIER et ul., 1968). 

Permeability to electrolytes was measured in isosmotic 
solutions (0.33 OSM) of various salts containing 1 mM- 
HEPES neutralized with Tris base to pH 7.2 and 
0.167 mg/ml of synaptosomal protein. The various iono- 
phores were prepared in absolute ethanol and the volumes 
added never exceeded 10~1 .  This volume of absolute eth- 
anol had no effect on the parameters measured. 

Production oJ H +  und Ca2+ uptake. The production of 
H + by synaptosomes was measured in experiments con- 
ducted under conditions identical to those used for 
measuring the swelling, except that higher protein concen- 
trations were utilized (0.33 mg/ml). The production of H i  
was followed continuously using a radiometer combined 
electrode, type G K  2321C, connected to  a radiometer pH 
meter, Model P H M  64, and a Perkin-Elmer recorder, 
Model 56. The system was calibrated at the end of each 
experiment with freshly titrated NaOH. 
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FIG. 1. Swelling of synaptosomes in solutions of non-elec- 
trolytes. Synaptosome preparations (0.133 mg/ml) were in- 
cubated in isosmotic solutions (0.33 OSM) of erythritol 
(Ery.), glucose (Gluc.), urea and glycerol (Gly.) buffered 
with 1 mM-HEPES-Tris at pH 7.2. The swelling was fol- 
lowed at  25°C by the decrease in absorbance of the suspen- 
sion measured at 440 nm. Additions of 16 pM-X-537A are 
indicated by the arrows. The dashed line at the bottom 
of the figure shows the absorbance of a synaptosomal sus- 

pension ruptured in water. 

Analyses of Ca” were performed by atomic absorption 
spectrophotometry after filtration of the membrane suspen- 
sions through ‘Millipore’ filters, as  described previously 
(CARVALHO & CARVALHO, 1977). 

Reagents. The ionophore X-537A was supplied by Dr. 
JULIUS BERGER, Hoffman-La Roche Inc., Nutley, NJ 071 10, 
U.S.A. and A23187 was supplied by Dr. ROBERT L. 
HAMILL, The Lilly Research Laboratories, Eli Lilly and 
Company, Indianapolis, IN 46206, U S A .  Gramicidin D 
was obtained from Sigma. All other reagents were of ana- 
lytical grade. 

RESULTS 

Permeability of synaptosomes to non-electrolytes 
Preliminary experiments performed in o u r  labora- 

to ry  showed tha t  synaptosomes behave as ideal os- 
mometers  when placed in KCI solutions whose con- 
centrations are in  the  range of 100-500 mosM. Similar 
observations have been reported previously for synap- 
tosomes (KEEN & WHITE, 1970) and for liposomes 
(BANGHAM et al., 1967). Thus, the  permeability charac- 
teristics of the synaptosomal  membranes can be  fol- 
lowed by measuring the  osmotic  swelling of a synap- 
tosomal  suspension in isosmotic solutions (330 mOSM) 
of the various permeants. 
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FIG. 2. Temperature dependence of the permeability of synaptosomes to urea and erythritol. A. Initial 
swelling rates of synaptosomes in isosmotic solutions of urea and erythritol. Other experimental condi- 
tions are as described in Fig. 1. B. Arrhenius plots of the data shown in part A and the calculated 

activitation energies for the permeation of urea and erythritol. 

The results shown in Fig. 2 represent the tempera- 
ture dependence of the permeability of synaptosomes 
to the non-electrolytes urea and erythritol. The results 
in Fig. 2A show the swelling rates of synaptosomes 
calculated as d(l/A)/dt (DE GIER et al., 1971) as a 
function of temperature. It is observed that in the 
range of temperatures studied, the permeability of 
synaptosomes to urea is always much higher than the 
permeability to erythritol, which probably reflects the 
relatively small molecular size of the urea molecule. 
Figure 2B shows Arrhenius plots of the data pre- 
sented in Fig. 2A. The activation energies for the per- 
meation process, calculated from the slope of the 
lines, are 9.5 kcal/mol for erythritol and 13.0 kcal/mol 
for urea. These values are much lower than those 
obtained previously for the permeation of non-elec- 
trolytes through lipid bilayers (DE GIER et a/., 1971) 
in which the values of the energies of activation calcu- 
lated were close to those expected for the complete 
dehydration of the permeants during the permeation 
process. 

Permeability of synaptosomes to cations 

The results shown in Fig. 3 represent the rate of 
swelling of synaptosomes in isosmotic solutions of 
acetate salts. A rapid and extensive swelling of synap- 
tosomes occurred in ammonium acetate, as reported 
previously (KEEN & WHITE, 1970, 1971). For the other 
acetate salts, however, there was only a limited swell- 
ing of synaptosomes, which reflects significant appar- 
ent differences in the permeability of the synapto- 
somes to the cations, since the anion, acetate, was 
the same in all cases. Careful comparison of the rates 
of swelling just before adding X-537A showed that 
the permeability of the synaptosomes to the different 
cations was: NH; > Naf > Li' > K +  > Ca". 
However, when X-537A was added to the medium, 
there was a rapid swelling of synaptosomes. The effect 

of X-537A on the swelling was most prominent in 
the cases of K+ and N a +  acetate, which may indicate 
that this ionophore preferentially exchanges K +  or 
Na+ for H +  across the synaptosomal membrane. 
Since the anion was acetate in all cases, any differ- 
ences in swelling were due to the cation. 
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FIG. 3. Swelling of synaptosomes in solutions of various 
acetate salts. The swelling of synaptosomes, (0.133 mg/ml) 
was followed in isosmotic solutions (0.33 OSM) of Ca2+, 
Li', Na+, Na+, K +  and ammonium acetates, buffered 
with I mM-HEPES-Tris at pH 7.2. At  the points indicated 
by the arrows, 16p~-X-537A was added and the changes 
in absorbance were followed as in Fig. 1. The dashed line 
at the bottom of the figure shows the absorbance of a 

synaptosomal suspension ruptured in water. 
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Permeahility of synaptosomes to anions 
Figure 4 shows swelling of synaptosomes in potas- 

sium salts of various anions. Since the same cation 
was present in all cases any differences in swelling 
were due to the anions. Evaluation of the data indi- 
cates that the order of permeability of synaptosomes 
to anions, as indicated by the swelling rates was: 
acetate 2: propionate > C1- > SO:- 2: maleate 
2: succinate. 

When valinomycin is added to a synaptosomal sus- 
pension in an isosmotic potassium salt solution, it 
is the anion which will be rate limiting for swelling 
since the K +  will cross the membrane freely provided 
that an anion enters or that another cation leaves 
the synaptosomes in exchange for K'. Since valino- 
mycin alone does not provide an exchange of K +  
for other cations (PRESSMAN, 1976; G~MEZ-PWYOU & 
GOMEZ-LOJERO, 1977), it is concluded that it is the 
anion which is rate limiting. However, if FCCP @-tri- 
fluorometoxycarbonylcyanide phenylhydrazone) or 
an ionophore which promotes a K +  H +  exchange, 
such as nigericin or X-537A, was added we observed 
that swelling occurred, but only in the presence of 
some anions (Fig. 4). The K +  % H +  exchange alone 
was not a sufficient condition for swelling, since it 
did not cause alteration of the osmotic pressure. 
Apparently the H +  which left the synaptosomes neu- 
tralized the charge of some of the anions of weak 
acids (acetate and propionate) so that the uncharged 
species penetrated the membranes. However, maleate 
and succinate did not behave in the same way, since 

no swelling was observed in salts of these anions even 
in the presence of ionophores which promote the 
K +  % H +  exchange (Fig. 4). It is possible that these 
molecules are too large, or that the H +  affinity of 
some of the charged groups of maleate and succinate 
is too low, so that not all the charges in these mol- 
ecules were neutralized. 

Relationship hetween H +  efflux and swelling produced 
by ionophores 

The results shown in Fig. 5 further extended these 
studies to clarify the relation between H +  efflux and 
the swelling caused by the ionophores. As was already 
observed in Figs. 3 and 4 the ionophore X-537A, 
which catalyses the electroneutral K + % H + 

exchange, produced immediate and extensive swelling 
of synaptosomes in K acetate medium, but this effect 
was only slight in KCI medium, as shown in Fig. 5A. 
In order to clarify these observations, the release of 
H +  by synaptosomes was followed in both media, 
and the results reported in Fig. 5B show that addition 
of X-537A to synaptosomes in K acetate medium in- 
duced the release of a smaller amount of H +  (38 nmol 
H+/mg of protein) than it did in KC1 medium, which 
caused a release of 53nmol H+/mg of protein. One 
probable explanation is that the same amount of H' 
was produced in both cases, but in acetate medium 
part of the H +  was buffered by the acetate anions 
to form acetic acid and therefore less H +  was detected 
in this case. 

The results presented in Fig. 5C and SD represent 
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FIG. 4. Effect of ionophores on the swelling of synaptosomes in potassium salts of various anions. 
Synaptosomes (0.4mg of protein) were added to 3 ml of 0.33 OSM solutions of K' salts of various 
anions containing l.orn~-HEPES-Tris at pH 7.2, at 25°C. At the times indicated by the arrows the 
ionophores were added to the medium: A, Valinomycin (Val.), 8.3 pg/ml and FCCP, 0.83 pg/ml; B, 
nigericin (Nig.), 3 pg/ml; C, X-537A, 161~. Other abbreviations utilized are: Ac., acetate; Prop., pro- 

pionate; Mal., maleate; suc., succinate. 
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FIG. 5 .  Effect of ionophores on the permeability of synaptosomes. Effect of X-537A ( 1 6 1 ~ )  on the 
swelling (A) and H +  production (B) by synaptosomes measured in 0 . 3 3 0 ~ ~  solutions of KCI or K 
acetate. Effect of A23187 on the swelling, H +  production and Ca2* uptake (shaded bars) by synapto- 
somes measured in 0.33 OSM solutions of KC1 (C) or Ca acetate (D). The media were buffered with 
I mM-HEPES-Tris a t  pH 7.2. Additions to the media were: 16 pM-X-537A or A23187 and 0.2 mM-CaCl,, 
final concentration. Protein concentrations were 0.167 mg/ml in the swelling experiments and 0.33 mg/ml 

in the H +  production or C a 2 +  uptake experiments. 

the effect of A23187 on the permeability of synapto- 
somes to Ca2+.  It was observed that A23187 did 
not induce swelling of synaptosomes in KCI medium 
(Fig. 5C) even though 0.2 mM-CaC1, was subsequently 
added to the medium, but A23187 produced exten- 
sive swelling of synaptosomes in an isosmotic solution 
(0.330s~)  of Ca acetate (Fig. 5D). It was also 
observed that in KCI medium (Fig. 5C), although the 
addition of A23187 does not induce swelling of 
synaptosomes, there was a net Ca2+ uptake of 
22 nmol Ca2+/mg protein when 0.2 mM-Ca2+ was 
added to the medium, and a parallel release of 
36nmol of H+/mg of protein, which gives a ratio of 
exchange of about 1 Ca2+:1.6Hf,  a value which is 
somewhat lower than the theoretical value of 
1 Ca2+:2  H + .  On the other hand, the swelling of 
synaptosomes in Ca acetate medium was accom- 
panied by a production of H+ of about 21 nmol/mg 

of protein (Fig. 5D), which is lower than the produc- 
tion of H +  which occurred in KC1 medium. 

Influence of temperature on the swelling of synapto- 
somes induced by X-537A and gramicidin D in potas- 
sium acetate medium 

Figure 6 shows representative traces of the results 
of experiments in which the permeability of synapto- 
somes to K acetate was studied at various tempera- 
tures. The effects of gramicidin D and X-537A addi- 
tions on the swelling rates are also shown. It was 
found that the rate of swelling of synaptosomes was 
temperature dependent and that the temperature 
effect also was very prominent upon addition of iono- 
phores, especially X-537A, which indicates that the 
mobility of this ionophore through the membrane is 
facilitated by temperature. 
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FIG. 6. Effect of temperature on the swelling of synaptosomes in potassium acetate. Synaptosomes 
(0.1 33 mg/ml) were suspended in 0.33 OSM solutions of K acetate buffered with 1 mM-HEPES-Tris at  
pH 7.2, at the temperatures indicated in the traces. After equilibration with the medium, we added 
8.3 @g/ml of gramicidin D (A) or 16 j i~ -X -537A (B) and measured the changes in absorbance at 440 nm. 

The rates of swelling of synaptosomal preparations 
in K acetate upon addition of either X-537A or gra- 
micidin D were determined, and the results are shown 
in Fig. 7A for the temperature range shown in the 
abcissa. The X-537A induced swelling of synapto- 
somes is highly temperature dependent in the tem- 
perature range of 5-30°C. For higher temperatures, 
the rates of swelling are so high that accurate 
measurements are impossible. 

On the other hand, the gramicidin induced swelling 

of synaptosomes was studied at temperatures of 
5-50"C, and the results show that the rates of swelling 
were much lower than those observed in the presence 
of X-537A, and also were much less temperature 
dependent. Figure 7B shows the energies of activation 
for both processes calculated from the Arrhenius plots 
of the data in Fig. 7A. The energy of activation for 
the gramicidin induced swelling (7.5 kcal/mol) is much 
lower than the values determined for the X-537A in- 
duced swelling (1 3 kcal/mol). 
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FIG. 7. Temperature dependence of the permeability of synaptosomes to K acetate induced by X-537A 
or gramicidin D. Experimental conditions are those referred to in the legend of Fig. 6. A. Swelling 
rates of synaptosomes measured in the presence of gramicidin (8.3 jig/ml) or X-537A (16 p ~ ) ,  at various 
temperatures. B. Arrhenius plots of the data shown in part A and calculation of the activation energies 

for the permeation of K acetate into synaptosomes in the presence of X-537A or gramicidin. 
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DISCUSSION 

The synaptosomal preparation utilized in this study 
carries with it a smaller mitochondria1 contamination 
than that of the classical GRAY & WHITTAKER (1962) 
preparation (HAJOS, 1975). Nevertheless, it is impor- 
tant to ascertain that the osmotic effects measured 
are predominantly those caused in synaptosomes. 
Previous reports (KEEN & WHITE, 1970; CARVALHO 
& CARVALHO, 1978) show that synaptosomes are rela- 
tively impermeable to ammonium phosphate, which 
permeates the mitochondria1 membrane (MITCHELL & 
MOYLE, 1969; CARVALHO & CARVALHO, unpublished). 
Our synaptosomal preparations had only a relatively 
small osmotic response in isosmotic ammonium phos- 
phate solutions as compared to that of the mitochon- 
drial fraction isolated from the same homogenate, 
whereas in ammonium acetate solutions synapto- 
somes showed a slightly higher response than that 
of mitochondria. Thus, in a preparation composed 
predominantly of synaptosomes, such as that used in 
this study, the osmotic response is due mainly to 
synaptosomes, since the contaminating mitochondria 
could not account for the large response observed. 
The microsomal and myelin fractions do not respond 
osmotically. 

Therefore, we believe that within the limitation of 
our  experimental approach, the results reported here 
provide some understanding of the passive permeabi- 
lity of synaptosomes to non-electrolyte and electrolyte 
solutes. The results obtained for the permeation of 
non-electrolytes, such as urea and erythritol (Figs. 1 
and 2) into synaptosomes, show that the permeability 
to urea is higher than the permeability to erythritol. 
Since both molecules are electrically neutral, the dif- 
ferences in the penetration rates are probably related 
to the differences in molecular size of the two mol- 
ecules. 

Arrhenius plots for the permeability of synapto- 
somes to urea and erythritol (Fig. 2B) reveal energies 
of activation of 13 kcal/mol for the permeation of 
urea and 9.5 kcal/mol for the permeation of erythritol. 
The value for the energy of activation for erythritol 
is much lower than that measured for the transfer 
of this substance across liposomal membranes which 
are composed exclusively of lipid. For such a system, 
energy of activation of the order of 2&25 kcal have 
been reported (DE GIER et al., 1971). which is in agree- 
ment with the energies that can be expected if com- 
plete dehydration of the erythritol molecule is to 
occur in its transference from the aqueous phase of 
the medium into the hydrophobic phase of the lipid 
membrane. Thus, if we assume that two hydrogen 
bonds with water are formed per hydroxyl group, 
eight hydrogen bonds would have to be broken to 
completely dehydrate erythritol, but the value of five 
is probably more correct because three intramolecular 
hydrogen bonds may form in erythritol. Therefore, 
the enthalpy of dehydration for this molecule should 
be equivalent to the energy of breaking a maximum 

of five hydrogen bonds. Since the energy needed to 
break one hydrogen bond is about 5 kcal/mol, a total 
of about 25 kcal/mol would be necessary, whereas we 
obtain only 9.5 kcal/mol. Thus, in our experiment 
either erythritol crossed the synaptosomal membrane 
partially hydrated or another mechanism was respon- 
sible for facilitating the transfer of erythritol. The 
existence of hydrophylic moieties, or pores, in the 
membrane may permit passage of the molecules with- 
out complete dehydration. 

The rapid swelling of synaptosomes in NH, acetate 
may appear to suggest that the synaptosomal mem- 
brane is permeable to both ammonium and acetate 
ions, but we consider this improbable, since previous 
experiments (CARVALHO & CARVALHO, 1978) and 
the results in Fig. 4A show that the membranes are 
not permeable to acetate in the presence of valino- 
mycin, a carrier for K'. In the case of NH: the mol- 
ecule which crosses the membrane was probably NH, 
which, as a gas, can permeate easily, and the H +  dis- 
sociated from NH: is bound by CH3COO- to form 
acetic acid which could then have crossed the mem- 
brane as an uncharged molecule. Thus, the end result 
would be the penetration of ammonium acetate, 
which would have increased the osmotic pressure in- 
side and caused a net influx of H,O, which causes 
swelling. This interpretation is also supported by the 
fact that synaptosomes did not swell in solutions of 
ammonium salts of strong acids, such as NH4C1 or 
(NH4),S04 (CARVALHO & CARVALHO, 1978). 

The permeability to  anions as reflected by the rate 
of swelling of synaptosomes when they are made per- 
meable to the cation in the medium by ionophores 
is revealing in that the effects of two types of iono- 
phores could be discerned : valinomycin which 
allowed K+ to cross the membrane and X-537A, 
A23187 and nigericin which induced the exzhange 
of various cations for H +  across the membrane 
(PRESSMAN, 1976; GOMEZ-PUYOU & GOMEZ-LOJERO, 
1977). The results in the two cases are different 
(Fig. 4), and the swelling rate is a reflection of the 
permeability to anions only in the case of the inor- 
ganic anions studied (Cl- and SO:-), or in the case 
in which valinomycin is present. When X-537A (or 
A23187) was present and the salt in the medium had 
an organic dissociable anion (acetate, propionate, suc- 
cionate and maleate), the H +  which exchanged for 
the external cation caused the formation of the corre- 
sponding acid which, being neutral, apparently 
crossed the membrane easily. This conclusion is sup- 
ported by the fact that valinomycin alone did not 
cause swelling of synaptosomes in K acetate or pro- 
pionate, but swelling readily occurred when FCCP 
was added in addition to valinomycin (Fig. 4A). 

The addition of X-537A to synaptosomes in K acet- 
ate medium caused extensive swelling, but only a 
limited H + production (38 nmol/mg protein), whereas 
in KCI medium there was no swelling, but a higher 
H +  production (53 nmol/mg protein). These results 
are compatible with the idea that part of the H+ 



316 C. A. M. CARVALHO and A. P. CARVALHO 

liberated by the addition of X-537A was buffered by 
the external acetate to  form acetic acid which could 
permeate the membrane and induce swelling, whereas 
CI- did not enter the membrane in the charged form 
nor could it bind H + .  Therefore, in KC1 medium, 
all H t  liberated by X-537A addition was detected 
in the medium. 

A swelling response was also induced by the 
specific Ca2+ ionophore A23187 when it was added 
to synaptosomes suspended in calcium acetate 
medium (Fig. 5D). The ratio of Ca2+ e H f  exchange 
induced by A23187 in KCI medium, upon addition 
of 0.2 mM-CaCI,, was 1.0 Ca2+ :1.6 H '. Similar results 
were previously obtained for chromaffin granules 
(JOHNSON & SCARPA, 1976). The amount of Ca2+ 
which penetrated under these conditions was not suf- 
ficient to induce osmotic changes, probably because 
it was present in a low concentration as compared 
to the concentration of KCI of the medium. 

In the study of the effect of temperature on the 
permeability of synaptosomes induced by X-537A and 
gramicidin D ionophores, we observed that both 
ionophores increased the permeability to cations. 
However, X-537A carries the ions (Na+, K + ,  H', 
Ca2 +, etc.) across the membrane, whereas gramicidin 
D forms channels which allow the ions to permeate 
the membrane (PRESSMAN, 1976; BAMBERG & LAUGER, 
1974, 1977), and we would expect the two mechanisms 
for increasing the permeability of the membrane to 
differ in their responses to temperature. The results 
obtained show that the energy of activation for the 
gramicidin D induced swelling (7.5 kcal/mol) was 
much lower than the energy of activation of the 
X-537A induced swelling (1 3 kcal/mol). The high sen- 
sitivity to temperature of the X-537A mechanism is 
probably correlated with the mobility of the iono- 
phore. as a carrier, in the lipid portion of the mem- 
brane. On the other hand, the lower sensitivity to 
temperature of the gramicidin D induced swelling 
probably indicates that the gramicidin channels which 
were formed at the various temperatures were less 
affected by the temperature than the mobility of the 
complexes formed between the ions and X-537A. 

The synaptosomal membranes behave similarly to 
other natural membranes in their permeability 
properties and in their response to ionophores 
(GOMEZ-PUYOU & GOMEZ-LOJERO, 1977). They are 
relatively impermeable to ions and large neutral mol- 
ecules and, in situ, the passive permeability to ions 
of these membranes is altered either by an action 
potential or by a chemical mediator. The important 
question which remains to be resolved is how such 
alteration in permeability occurs and how, in the pre- 
synaptic membrane, it leads to secretion of neuro- 
transmitters. We are utilizing synaptosomal prep- 
arations to study these phenomena. 
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