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SUMMARY

MarTHEWS, E. K. & NORDMANN, J. J. (1976) The synaptic vesicle: calcium ion
binding to the vesicle membrane and its modification by drug action. Mol. Phar-
macol., 12, 778-788.

The ionogenic nature of the synaptic vesicle surface and its calcium adsorption
characteristics have been investigated by microelectrophoretic measurements on vesi-
cles isolated from the guinea pig cerebral cortex. The electrophoretic mobility of
synaptic vesicles determined in 0.16 M KCl was —1.31 um sec™! cm V™!, corresponding
to a surface { potential of —18.2 mV and surface charge density of 5451 esu cm™2.
Whereas the monovalent cation species of the suspending medium had little effect
upon the electrokinetic properties of synaptic vesicles, addition of Ca?*, 1-10 mm,
markedly decreased the surface charge. From the monomolecular adsorption isotherm
the number of Ca?* binding sites was found to be 4.17 x 10'2 cm~2, with an electro-
chemical free energy of calcium ion adsorption, AG (,:+, of —5.00 kcal mole!, increas-
ing to —5.64 kcal mole~! at low (0.02) ionic strength. Adenine and pyridine nucleotides
(1 mM) were without effect on synaptic vesicle mobility. In contrast, the neuroactive
agents trifluoperazine, benzyl alcohol, and amylobarbitone decreased the surface
charge of the synaptic vesicle per se, irrespective of any effect on Ca?* binding. These
results are discussed in relation to the ionogenic properties of the synaptic vesicle
surface and the molecular mechanism of drug action on the neurotransmitter release
process.

INTRODUCTION

Normal synaptic transmission in both
the central and peripheral nervous sys-
tems depends upon a precisely controlled
release of neurotransmitter from the pre-
synaptic nerve terminal. Calcium ions
are indispensable for the liberation of
neurotransmitter evoked by a nerve ac-
tion potential (1, 2) and appear to play a
key role in facilitating the access and
adhesion of synaptic vesicles to the termi-
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nal membrane for exocytosis (2-4). Var-
ious hypotheses have been proposed to
account for the critical role of ionic cal-
cium in the stimulus-secretion coupling
mechanisms for hormone or neurotrans-
mitter release (5-7), but only recently has
consideration been given more explicitly
to molecular modification of the physical
forces which govern granule- or vesicle-
membrane interaction (5, 7-9). Expressed
in thermodynamic terms, this involves a
decrease, e.g., by Ca?*, of the interfacial
potential energy barrier arising from the
interplay of electrostatic (i.e., coulombic)
and London-van der Waals attractive
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forces of vesicle and plasma membrane at
close approach (5, 10, 11).

Many central depressant drugs, as well
as local anesthetic agents, are now be-
lieved to exert a major action at nerve
terminals by inhibition of the impulse-
coupled, calcium-dependent release (i.e.,
evoked release) of neurotransmitter (12-
16). Yet, paradoxically, these and other
neuroleptic drugs at the same time mark-
edly increase the spontaneous release of
transmitter (17, 18). A differential effect
of neuroactive agents on the surface
charge of synaptic vesicle and presynaptic
terminal membrane could account for
both, apparently opposing, actions, but
little is known either of the ionogenic na-
ture of the two interacting membrane
surfaces (9) or of the electrodynamic ef-
fects of Ca?* upon them.

It was to determine the characteristics
of Ca?** binding to the synaptic vesicle
surface, and its stoichiometry, that the
experiments reported here were carried
out, utilizing the technique of particle mi-
croelectrophoresis for an electrokinetic
analysis of ion adsorption (8, 19). As an
integral part of this study, the effects of a
variety of neuroactive agents upon the
electrokinetic properties of synaptic vesi-
cles were investigated in an endeavor to
resolve the mechanism of action of these
agents on the neurotransmitter release
process.

Synaptic vesicles isolated from guinea
pig brain cerebral cortex were used in this
study; the detection and mobility meas-
urement of individual vesicles in the elec-
trophoretic force field was greatly facili-
tated by incident illumination with a 2.5-
mW helium-neon laser.

METHODS

Synaptic vesicle isolation. Synaptic ves-
icles were obtained from guinea pig cere-
bral cortex using a modification of the
preparative method of Barker, Dowdall,
and Whittaker (20). Guinea pigs of either
sex, weighing 250-400 g, were fasted for
14 hr. Following decapitation and re-
moval of the superior and inferior collic-
uli, the cerebral cortex was homogenized
in buffered sucrose, 0.32 M (containing
Tris-HCI, 5 mmM, pH 7.4), to give a 10% (w/
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v) homogenate. The method of synaptic
vesicle isolation differed from the proce-
dure described by Barker et al. (20) in
that pellet P, derived from supernatant S,
was suspended in water and recentri-
fuged at 17,000 x g for 20 min. The result-
ant supernatant was combined with pel-
let P; obtained after -centrifugation
(100,000 x g for 20 min in buffered su-
crose, 0.32 M) of supernatant fraction S,.
The pooled samples were then placed on a
discontinuous sucrose gradient and cen-
trifuged for 2 hr. At the end of that time,
fraction D containing synaptic vesicles
was isolated, dispersed in buffered su-
crose, 0.32 M, and recentrifuged at 100,000
x g for a further 60 min. The pellet ob-
tained was then resuspended in 1-2 ml of
buffered sucrose, 0.32 M, and maintained
at 4° until required for electrophoresis or
electron microscopy. As a check of effec-
tive separation, dispersions of the various
gradient fractions were routinely moni-
tored with a Zeiss UPL stereomicroscope,
x 800, under dark-field illumination.

In some experiments mitochondria and
synaptosomes were isolated, layers C plus
I and B or H of Barker et al. (20) corre-
sponding to the mitochondrial and the
crude, or disrupted, synaptosomal frac-
tions of the gradient. Each was suspended
in buffered sucrose, 0.32 M, and centri-
fuged at 100,000 x g for 60 min. The pel-
lets were then either dispersed in
buffered sucrose, 0.32 M, for electrophore-
sis, or fixed with 5% glutaraldehyde (see
below) for electron microscopy.

Microelectrophoresis. The electroki-
netic properties of the synaptic vesicles
were studied in a microelectrophoretic
unit utilizing a thin-walled cylindrical
glass cell (mark II, Rank Brothers, Bot-
tisham, Cambs., U. K.) as previously de-
scribed (8, 19). All measurements of parti-
cle electrophoretic velocity were made at
the upper, “stationary” level of the cell. A
coherent light source was found essential
in the present experiments for accurate
mobility measurements of synaptic vesi-
cles, which are at the lower limit of detec-
tion in white light. The collimated output
of a Metrologic 2.5-mW laser (helium-
neon, 6328 A) was therefore used for inci-
dent (dark-field) illumination of the elec-
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trophoretic cell. A heat filter interposed
between the laser light source and the
electrophoretic cell prevented tempera-
ture variation and local convective distor-
tion of the stationary level of the electro-
phoretic field; the electrophoretic cell was
itself immersed in a thermostated water
bath maintained at 25° + 0.1°.

Electrophoretic studies were carried
out routinely in 0.16 M KCl. When diva-
lent cations were added to the medium
the KCl concentration was correspond-
ingly decreased in order to maintain con-
stant ionic strength. In the studies at low
ionic strength sorbitol was used as a sub-
stituent to maintain constant osmolarity.
The pH of the medium was adjusted to 7.0
with 0.16 M KOH or 0.16 M HC] immedi-
ately before addition of the sample disper-
sion (i.e., synaptic vesicles, mitochon-
dria, or synaptosomes). For the experi-
ments in which neuroactive and other
agents were used, the synaptic vesicles
were dispersed in the electrophoretic me-
dium (at 25° or 37°) containing the added
agent and incubated for 20 min before
measurement of vesicle electrophoretic
mobility. All electrophoretic measure-
ments were made at 25° + 0.1° with an
applied potential of 40 V. Mean mobilities
(+ standard errors) were determined for
20 readings, with forward and reverse po-
larity to minimize electrode polarization
and convective effects. Washing the syn-
aptic vesicle preparations in 0.16 M KCl
prior to experiment did not change their
electrophoretic mobility.

Electron microscopy. For ultrastruc-
tural analysis the appropriate gradient
layer was dispersed in buffered sucrose,
0.32 M, and centrifuged at 100,000 x g for
60 min. The pellet obtained was resus-
pended in a buffered glutaraldehyde fixa-
tive (5% glutaraldehyde in 0.15 M phos-
phate solution), and fixation was contin-
ued for 60 min at 4°. The samples were
then centrifuged at 100,000 x g for 60
min, and the pellets obtained were post-
fixed with 1% osmic acid for 60 min, fol-
lowed by dehydration in ethanol, embed-
ding in Epon resin, and sectioning at 750
A with a diamond knife on an LKB ul-
tramicrotome. The sections were placed
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on 200-mesh copper grids, stained with
uranyl acetate and lead citrate, and ex-
amined in a Philips EM 300 electron mi-
croscope.

The diameters of synaptic vesicles, syn-
aptosomes, and mitochondria were calcu-
lated by measuring the profile diameter
(mean axial ratio) with a circular stencil.
It was established that the frequency dis-
tribution of synaptic vesicle profile diam-
eters was monomodal (Fig. 1), indicating
the preparation of a homogeneous vesicle
population. Application of the Giger and
Riedwyl transform (see ref. 21) to the data
illustrated in Fig. 1 yielded a mean true
vesicle diameter of 52 + 2 nm (n = 301).
This may be compared with the mean ex-
ternal diameter of 47 nm (uncorrected for
section dimension and therefore an un-
derestimate) calculated by Whittaker,
Michaelson, and Kirkland (22) for guinea
pig cerebral cortical vesicles.

Theory. In practical electrophoresis the
{ potential of a sphere can be obtained
from the Smoluchowski equation:

_ 6mu
ef(ka)

where { = { potential (millivolts), = =
3.14159, n = bulk viscosity of water
(poise), u = electrophoretic mobility (mi-
crons per second per centimeter per volt),
€ = dielectric constant of water, x = recip-
rocal of the thickness of the ionic double
layer, a = particle radius (centimeters),
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Fic. 1. Relative frequency distribution of profile
diameters of isolated synaptic vesicles
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and f(ka) is a correction factor varying
between 1.0 for small « (i.e., about 0.1)
and 1.5 for large « (i.e., about 1000). For a
particle of 50-nm diameter in an aqueous
medium at 25° this becomes.

{ = 13-2 u millivolts (2)

No corrections are required for ionic re-
laxation and surface conductance effects
provided that the { potential is in the
vicinity of 25 mV. The surface potential
can then be considered equivalent to the {
potential.

The surface charge density of a particle
is related to its electrophoretic mobility
by the Gorrin-Gouy equation:

_ {N kT
20007 "G

~1200 menz vz
Jom (F02) 1]}

where o is the surface charge in electro-
static units per square centimeter and
has the same sign as u, defined above [1
esu = 1/(3 x 10°) coulombs]; N is Avo-
gadro’s number; ¢ is the dielectric con-
stant of water at 25° k is Boltzmann’s
constant; T is the temperature (absolute);
C, is the molar concentration of ions of the
ith species; z; is the charge on the ions of
the ith species with correct sign; 7 is the
viscosity of water at 25° and e is the
charge on the electron in electrostatic
units.

If counter-ions are adsorbed onto a
charged particle surface by a monomolec-
ular process, the subsequent decrease in
surface charge, Ao, can be calculated us-
ing the equations of Stern as described by
Seaman et al. (23). Suitable rearrange-
ment of the original equations yields the
linear form of the (Langmuir) adsorption
isotherm, which for Ca?* as the counter-
ion can be expressed as

1 _ 1, 1  _1
AO’Caz+ 2eNa Ccaz+ 2eNaK

where Aoc,:+ is the decrease in charge
density of a particle in a solution of C
moles per liter of Ca?*; e is the electron
charge in electrostatic units; N, ‘is the

3)

4)
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number of sites available for adsorp-
tion per square centimeter; K = exp.
(AG,2+kT)/55.6, where AGc,: is the
electrochemical free energy of adsorption
of Ca?* in kilocalories per mole and 55.6 is
the mole fraction of water; and 2 and T
have been defined above.

Plotting 1/Aocs:+ against 1/Ccge-
should give a linear regression if the
binding of Ca?* to the particle surface is
governed by the law of mass action. Val-
ues of the number of available Ca?* bind-
ing sites at the particle surface and
A Gca2- can be derived from this regres-
sion (see ref. 17).

RESULTS

The intraneuronal ionic environment is
normally dominated by the concentration
of unassociated and diffusible K+ ions. For
this reason a univalent ionic environment
of 0.16 M KCI (i.e., ionic strength = 0.16)
was chosen for determination of the elec-
trokinetic properties of synaptic vesicles,
since it closely approximates the ionic bulk
phase of neuronal cytoplasm. This is in
contrast to the experiments of Mec-
Laughlin, Case, and Bosmann (9), in
which a low ionic strength medium of
0.0145 m NaCl was employed for synaptic
vesicle mobility measurements with con-
sequential effects on particle charge char-
acteristics (see DISCUSSION). It is clear,
nonetheless, from both the microelectro-
phoretic experiments of McLaughlin et al.
(9) and our own, that isolated synaptic
vesicles possess a high net negative sur-
face charge in comparison with other
membrane surfaces of biological origin.
Thus the electrophoretic mobility of synap-
tic vesicles determined in 0.16 m KCl was
—1.31 + 0.02 um sec™! cm V!, which cor-
responds to a surface { potential of —18.2
mV and surface charge density of 5451 esu
cm~2, The earlier studies of Vos et al. (24),
using a modified moving boundary tech-
nique, and of Ryan et al. (25), employing a
free-flow electrophoretic method, also re-
corded a high value for the net negative
surface charge of synaptic vesicles, but
further comparisons of electrokinetic prop-
erties are probably not justified because of
the variable viscous drag, ionic strength,
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and temperature coefficients inherent in
these methods.

As with the vesicle profile diameter dis-
tribution (Fig. 1), that for electrophoretic
mobility showed a monomodal distribution
(Fig. 2). The conclusion that this repre-
sents data for a homogeneous population
of particles with similar mobilities is
strengthened by the fact that the mean
mobility values determined for the other
particulate fractions were much less (see
ratios in Table 1). In these terms the low
standard errors of the data included in
Table 1 indicate a clear-cut separation of
the vesicle population by the preparative
method we employed.

Changing the monovalent cdtion species
of the suspending medium had little effect
upon the vesicle net negative surface
charge, with mobility values of —1.32 +
0.03 and —1.29 + 0.04 um sec™ cm V™! in
0.16 M NaCl and 0.16 M LiCl, respectively.
In contrast, the addition of Ca?* ions
markedly decreased the surface charge of
synaptic vesicles at comparatively low con-
centrations of added divalent ion, the net
negative charge being progressively de-
creased with increasing Ca’* concentra-
tion. Using the Stern (23) model for the
adsorption of ions to charged surfaces in
aqueous solution, the binding of Ca?** to
the synaptic vesicle surface can be calcu-
lated, assuming that Ca?* adsorption is
governed by the law of mass action (19).

40— - -r +

Frequency
-]
—

':-f“H |

187 w0 s 07 0%
Electrophoretic mobility (um-s™cmV™")
Fi1c. 2. Relative frequency distribution of electro-
phoretic mobility of isolated synaptic vesicles
Experimental details were the same as for Table
1.
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TABLE 1

Electrophoretic mobilities of synaptic vesicles,

mitochondria, and synaptosomes from brain cerebral
cortex

All electrophoretic measurements were made in
0.16 M KCl at 25° with an applied potential of 40 V.
The pH was adjusted to 7.0 with 0.16 M KOH or 0.16
M KCl immediately before addition of the appropri-
ate sample dispersion.

Sample Mobility Ratio
umsec'cm V™!
A. Synaptic vesicles —1.31 + 0.02 A:A,1.00
B. Mitochondria -1.04 = 0.04 B:A,0.79
C. Synaptosomes -0.87 £ 0.02 C:A,0.66
D. Synaptosomes
(disrupted) -0.95 = 0.03 D:A,0.73

Thus a double-reciprocal plot of 1/A ocaz+
against 1/Cc,:+ yielded a linear regres-
sion, characteristic of the Langmuir ad-
sorption isotherm, with a gradient of 3.0
X 107® M esu™! cm~2 and an intercept of
2.498 x 107* esu~! cm~2 (Fig. 3 and Table
2). From these values the number of
available calcium binding sites was calcu-
lated (from Eq. 4) to be 4.17 x 10'2 cm™2,
with an electrochemical free energy of
calcium ion adsorption, A Gcae+, of —5.00
kcal mole™ (Table 2). These values were
obtained at a constant ionic strength of
0.16 M, but since particle electrophoretic
mobility is a function of the bulk ionic
strength of the suspending medium, some
experiments were also carried out at a
lower ionic strength of 0.02 to explore the
sensitivity of Ca?* binding to the vesicle
surface under different electrokinetic con-
ditions, i.e., an increased surface poten-
tial and decreased ionization of surface
ligands. At an ionic strength of 0.02 the
vesicle mobility increased, as expected, to
-1.98 = 0.05 um sec™! cm V~! from —-1.31
+ 0.02 um sec™! cm V!, indicative of a
higher surface potential, i.e., —27.5 mV
as opposed to —18.2 mV. The equilibrium
constant for Ca?* binding also increased,
from 83.3 to 247.2 Mm~!, and the electro-
chemical free energy, A G¢,:+, from —5.00
to —5.64 kcal mole™'. The total number of
negative binding sites, i.e., surface
charge, was apparently decreased at low
ionic strength (Table 2), although the per-
centage of the total negative sites binding
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Fic. 3. Doulfle-reciprocal plot for Ca?* binding to
synaptic vesicle surface

The reciprocal decrease in surface charge caused
by the addition of Ca?* ions (1/Aoc,:) is plotted
against reciprocal Ca?* concentrations. @, ionic
strength = 0.16; O, ionic strength = 0.02. Experi-
mental details were the same as for Table 2.

Ca?* was little changed, i.e., 43% and 45%
at ionic strengths of 0.16 and 0.02, respec-
tively.

It is possible that adenine and pyridine
nucleotides participate in the process of
exocytosis (26). There is also evidence
that synaptic vesicles possess a ouabain-
insensitive, Mg?*-dependent ATPase (27).
However, treatment of synaptic vesicles
with ATP, 1 mM, at either 37° or 25° in the
presence or absence of Mg?*, 1 mmM, had no
significant effect on vesicle electropho-
retic mobility. The pyridine nucleotides
NAD and NADPH were similarly without
detectable effect.

Effect of neuroactive agents. In the se-
ries of psychotropic and local anesthetic
agents tested for their effects on the elec-
trokinetic properties of synaptic vesicles,
several decreased mobility, and hence
surface charge, per se, e.g., amylobarbi-
tone, trifluoperazine, and benzyl alcohol
(Table 3). The exceptions were diphenyl-
hydantoin and benzocaine, which had no
significant effect on mobility. In contrast,
trifluoperazine proved particularly po-
tent, decreasing vesicle mobility mark-
edly at a concentration of 1 uM. In the
light of this action, trifluoperazine was
tested for its ability to modify the vesicle
membrane binding of calcium ions. Fig-
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ure 4 indicates quite clearly that the de-
crease in vesicle mobility induced by tri-
fluoperazine is not independent of that
induced by Ca?* alone, since on increas-
ing the calcium concentration in the pres-
ence of a constant concentration (1 uMm) of
trifluoperazine, the effect of the anes-
thetic agent was progressively annulled.
The distinction between the two effects
was no longer apparent at a concentration
of 10 mM Ca?*. Further analysis by a dou-
ble-reciprocal plot of the data disclosed
that the inhibition of membrane calcium
binding by trifluoperazine was essen-
tially competitive (Fig. 5).

DISCUSSION

In theory, the surface charge of a mem-
brane-bound particle, e.g., secretory
granule or synaptic vesicle, in contact
with a polar medium can arise in several
ways: from dissociation of surface iono-
genic groups, from surface dipole orienta-
tion, and from ion adsorption. The char-

TABLE 2

Calcium ion binding to synaptic vesicle surface

Experimental details were the same as for Table
1, except that when divalent cations were added to
the medium the KCI concentration was correspond-
ingly decreased to maintain a constant ionic
strength (I) of 0.16. In the studies at low ionic
strength (0.02) sorbitol was used as a substituent to
maintain constant osmolarity. The synaptic vesicles
were dispersed in the appropriate Ca?*-containing
medium at 25° for 20 min before measurements of
electrophoretic mobility were begun.

Adsorption charac- I=0.16
teristic

= 0.02

Intercept (esu™!
cm™?)

Gradient (M esu”!
cm™?)

Equilibrium con-
stant (K,,) (M~)

Electrochemical
free energy (kcal
mole')

Total negative
binding sites
(cm™?)

M?** binding sites
(cm™?)

Sites binding M?**
(%)

2.498 x 10*  3.99 x 10~*

3.00 x 10*  1.62 x 10~

83.3 247.2

-5.00 -5.64

9.74 x 10"  5.87 x 10

4.17 x 10 2.61 x 10"

42.8 44.5
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TABLE 3
Effect of neuroactive agents on electrophoretic mobility of isolated synaptic vesicles
Experimental details were the same as for Table 1. The synaptic vesicles were dispersed in medium at 37°
containing the added agents and incubated for 20 min before measurements of electrophoretic mobility were

begun.
Drug Concentration No drug + Drug Decrease in
mobility
caused by
drug
M um sec™'em V! %
Diphenylhydantoin 104 1.35 = 0.02 1.34 = 0.05 1
Benzocaine 10~2 1.28 + 0.03 1.25 = 0.02 2
Trifluoperazine 1077 1.24 = 0.03 1.23 = 0.01 1
10-¢ 1.25 = 0.01 1.09 = 0.01 13
10-3 1.28 + 0.02 1.12 + 0.02 13¢
Amylobarbitone 10-3 1.28 + 0.02 1.19 = 0.02 ™
Benzyl alcohol 10-3 1.29 = 0.02 1.09 + 0.02 15¢
ap <0.001.
® p < 0.005.
-4 v v T
4 by
o
¢ 3
Sal z
; i
- 2
| I :
3 ° H
-10 g o ]
§ o '
o 0
_0' 1' i Q
[} 25 50 75 100 J
Cd'"(mM) Ca'*(mM)

F1c. 4. Effect of calcium and trifluoperazine on
electrophoretic mobility of isolated synaptic vesicles
@, no trifluoperazine; O, 1 uM trifluoperazine.
Experimental details were the same as for Table 3.

acteristic changes in synaptic vesicle elec-
trophoretic mobility as a function of pH
(9) and ionic strength (ref. 9 and present
study) specifically exclude a significant
contribution from surface dipole orienta-
tion and ion adsorption and indicate the
major determinant of the vesicle surface
charge to be the ionization of surface li-
gands. From a calculation of surface pK,
values and other evidence, the prototropic
dissociation of non-sialic acid carboxyl
groups of membrane proteins appears
mainly responsible for the high negative
surface charge of secretory granules and

Fi1c. 5. Surface potential of isolated synaptic vesi-
cles: interaction of calcium and trifluoperazine

Double-reciprocal plot of the decrease in surface
potential induced by Ca** in the absence (®) and
presence (O) of 1 uM trifluopreazine. Experimental
details were the same as for Table 3.

synaptic vesicles alike (8, 9, 28, 29). The
ionization of membrane carboxyl groups
will be influenced by the electronegativ-
ity of adjacent atoms (see ref. 8). The
surface pK, is thus a function of site field
strength (30), which will in turn deter-
mine the selectivity pattern for surface
adsorption of positively charged counter-
ions to the synaptic vesicle surface. In
contrast to chromaffin granules (19),
there appeared little difference between
the electrophoretic mobility (and hence
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surface potential and charge) of synaptic
vesicles determined in an aqueous envi-
ronment of LiCl, NaCl, or KCl at con-
stant ionic strength (0.16). This may indi-
cate either that little distinction exists
between the free energy of the univalent
cation-surface ligand interaction and the
free energy of cation hydration (the cat-
ion-H,O interaction precisely counterbal-
ancing in energetic terms the cation-
membrane interaction) or, alternatively,
that little specific binding of univalent
cations to the negatively charged vesicle
membrane occurs. The latter possibility
seems the more likely, since in this situa-
tion the univalent electrolyte concentra-
tion would serve simply to maintain a
constant, compressed double layer, with
ionic radius and hydration playing a rela-
tively minor role. In marked contrast, di-
valent cations at low concentration ex-
erted a major influence on synaptic vesi-
cle mobility, the net negative surface
charge being progressively decreased
with increasing Ca?* concentration.
Although it may be argued that the
equilibrium constant for Ca?* binding is
only “apparent,” in that it contains con-
tributions both from specific adsorption to
anionic ligands of the vesicle surface and
from screening effects in the electrical
double layer, it is likely that the major
contribution is derived from a surface
binding of calcium, because screening ef-
fects are only of major consequence at
much higher surface potentials, e.g.,
above 100 mV (see ref. 31). The double
layer is in any case already highly com-
pressed at an ionic strength of 0.16 by the
presence of univalent K* counter-ions.
An 8-fold decrease in ionic strength to
0.02 increases the vesicle surface poten-
tial, while the number of negative sites
per square centimeter apparently falls
from 9.74 to 5.87 x 10'2. This latter effect
may represent a decrease in surface li-
gand ionization or simply indicate the ex-
istence behind the shear plane of positive
groups, which at normal ionic strength
(0.16) are fully screened but at low ionic
strength (0.02) are revealed as an appar-
ent negative charge density decrease.
Significantly, however, at low ionic
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strength the percentage of total negative
sites binding Ca?* ions remains un-
changed, i.e., in the range 43-45%. On
the other hand, the free energy of Ca?*
binding, which reflects an increased equi-
librium constant, is increased from —5.00
to —5.64 kcal mole~'. These results, taken
together with the finding that multiva-
lent cations show a definite selectivity
pattern for adsorption to secretory gran-
ule membranes (8, 9), make it likely that
calcium ions are effectively bound to the
synaptic vesicle membrane whereas, as
pointed out already, the univalent alkali
metal cations probably are not.

Secretory granule and synaptic vesicle
membranes contain, characteristically, a
predominance of Mg?*-ATPase or Ca2*-
ATPase activity relative to any (Na* +
K*)-ATPase (27, 32). Thus it has been
proposed that the Mg?*-ATPase partici-
pates in the structural change of synaptic
vesicles (33) and chromaffin granules (34)
associated with transmitter release. How-
ever, it is equally possible that an ATP-
ase activated by divalent cations is of im-
portance for mediating either active up-
take of the neurotransmitter or transport
of the divalent cation into the vesicle to
decrease its local ionized cytoplasmic con-
centration, without necessarily provok-
ing a major change in membrane struc-
ture, because ATP caused no change in
the electrokinetic properties of the synap-
tic vesicle membrane whether in the pres-
ence or absence of Ca?* or Mg?*, at 37° or
25°. These results suggest that neither
cofactor absence (Mg?*) nor a tempera-
ture-sensitive membrane phase transi-
tion is of limiting importance in these
experiments and indicate quite clearly
that if ATPase activation or phosphoryla-
tion of vesicle membrane components oc-
curs, it does so without appreciable modi-
fication of membrane charge characteris-
tics at the electrokinetic surface of shear.
Any change in transmitter release in re-
sponse to ATPase activation, as recently
proposed (26), is therefore more likely at-
tributable to an effect involving primarily
the plasma, rather than the vesicle, mem-
brane.

According to the vesicle hypothesis of
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transmitter release of Katz (2) as modi-
fied by Blioch et al. (7), both the synaptic
vesicle surface and the inner surface of
the prejunctional cell membrane bear net
negative charges. In consequence an elec-
trostatic repulsive force exists between
the vesicle and cell membrane, which, if
it outweighs the London-van der Waals
attractive forces, generates a potential
energy barrier to membrane adhesion (7).
The influx of Ca?* during the action po-
tential (1, 2) may be instrumental in di-
minishing this barrier, promoting adhe-
sion and thence fusion of the plasma-vesi-
cle membrane and transmitter exocyto-
sis. Although such a mechanism may re-
quire further modification to account
more precisely for the energetic influence
of surface complementarity and site speci-
ficity on the adhesion process, the calcu-
lation? of Table 4 and our results on cal-
cium binding to the synaptic vesicle mem-
brane are nonetheless consistent with an
electrodynamic role for Ca?* ions in the
evoked release of neurotransmitter (10,
11).

An additional mechanism should be
considered in the context of our experi-
ments with neuroactive agents, namely,
that an increase in spontaneous transmit-
ter release is the outcome of a decrease in
the energy barrier but, unlike the evoked
release, by a Ca?*-independent mecha-
nism (18). It is improbable that these
agents, even if highly surface-active, can
cause a significant change in the total
attractive force between vesicle and cell
membrane, since the van der Waals
forces arise primarily from the integra-
tion of small component molecular forces
over a large surface area, and only come
into play at close approach. The two most
likely mechanisms are thus a decrease in
the electrostatic repulsive force (i.e., sur-
face charge) reducing the potential en-
ergy barrier to adhesion, or an increased

? These calculations also indicate that in the crit-
ical region of the synaptic vesicle surface presented
to the neuronal cell membrane the total number of
Ca?* binding sites available for promoting adhesion
is limited, i.e., = 3, unless significant site clustering
or relative spatial displacement of the membrane
surfaces occurs upon interaction.
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TABLE 4
Topography of anionic and Ca** binding sites at
surface of a synaptic vesicle

Values, derived from the surface charge density,
of the total number of electronegative charges dis-
tributed over the surface of a synaptic vesicle (mean
diameter, 52 nm); the average area surrounding
each point charge and the mean separation distance
between the anionic sites have been calculated for
equal spacing on a two-dimensional lattice in hexag-
onal array.

Total an- Ca**
ionic binding
sites sites

No. of sites 828 354
Area of site (nm?) 10.26 24.00
Separation between sites

(nm) 3.44 5.26
No. of sites on a polar cap

0.18 nm thick® 1-4° 1-3¢

¢ The number of ionic sites present on a vesicular
polar cap 0.18 nm thick and available for binding to
the inner aspect of the cell membrane, i.e., to an
essentially planar surface, assuming a Ca®* ionic
crystal radius of 0.09 nm.

® Minimum to maximum.

probability of fusion following adhesion.
It is therefore of particular relevance that
trifluoperazine, benzyl alcohol, and amy-
lobarbitone all decreased the electropho-
retic mobility, and hence the surface
charge, of the synaptic vesicle surface,
irrespective of any effect on calcium bind-
ing. Furthermore, the effect on vesicle
mobility is, like that on spontaneous
transmitter release (18), unrelated sim-
ply to the charge carried by the anesthetic
agent, since at pH 7.0 these agents are
cationic, neutral, and anionic, respec-
tively. It has been suggested that the in-
crease in spontaneous transmitter release
is correlated with the ability of certain
(neutral) anesthetics, e.g., ethanol and
benzyl alcohol, to increase the membrane
binding of calcium (35). Yet other agents,
including the phenothiazines, e.g., chlor-
promazine, which displace Ca?** from
membranes (36, 37) also increase sponta-
neous transmitter release (13). Our find-
ing of a high potency for trifluoperazine
in both decreasing vesicle mobility per se
and altering surface calcium binding
characteristics may be accounted for by
the exceptionally high membrane/solvent
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partition coefficient (e.g., 1600-1700) of
the phenothiazine type compounds (38).
This provides an explanation for the in-
fluence of trifluoperazine on the vesicle
surface charge and divalent cation-sur-
face ligand interaction, in that membrane
expansion by insertion of anesthetic mol-
ecules may induce a structural perturba-
tion of the vesicle membrane and so alter
the stoichiometric number and availabil-
ity of ionogenic ligands for Ca?* binding.
Alternatively, a change in membrane mo-
lecular environment may reduce the site
field strength and hence the affinity of
the binding sites for divalent cations;
while raising the envirgnmental Ca?*
concentration may progressively annul
these effects by displacing the neuroleptic
agent from the vesicle membrane, as from
the synaptosomal membrane (see refs. 37,
39). Whatever the precise molecular basis
for these actions of trifluoperazine, our
results have established that neuroactive
agents can decrease the net negative
charge on synaptic vesicles independently
of the charge carried by the drug and
independently of any effect it may have
on Ca?* binding. Such an effect occurring
in vivo at either the vesicle membrane,
plasma membrane, or both, would, by re-
ducing the energy barrier limiting mem-
brane adhesion,® be sufficient to mark-
edly increase the probability of quantal,
i.e., spontaneous, transmitter release at
the intact synapse. The membrane fluidi-
zation inherent in the action of anesthetic
and neuroleptic agents may at the same
time severely diminish activation of the
time- and voltage-dependent channels for
Na* and Ca?* influx through the neu-
ronal membrane and so prevent the
evoked, i.e., synchronized, release of
transmitter normally induced by the ac-
tion potential. Further experiments are
obviously required to probe in greater
depth the mechanism of drug action on
the molecular interplay of vesicle mem-

3 For example, it may be calculated from Fig. 2 of
ref. 11 that, for particles of 50-nm diameter, a 15%
decrease in surface potential (and hence surface
charge) of cell and vesicle membrane will approxi-
mate to a 40% decrease in the potential energy bar-
rier between them at close approach.
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brane-plasma membrane adhesion and
its important sequel, membrane fusion.
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