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SUMMARY

1. Some physiological properties of tissue fractions from rat brain
homogenates have been examined. Of the three fractions studied (pre-
synaptic nerve terminals, mitochondria and fragmented membranes),
only the nerve terminals (synaptosomes) have the ability to accumulate
42K from physiological salt solutions.

2. The ability to accumulate and retain K is lost if synaptosomes are
exposed to very hypotonic solutions. The K uptake and total K content
is reduced by ouabain and by inhibitors of glycolysis and oxidative
phosphorylation.

3. These results suggest that synaptosomes in physiological saline
accumulate K against a concentration gradient, and may have K diffusion
potentials across their surface membranes. The voltage-sensitive fluores-
cent probe, 3,3'-dipentyl 2,2’-oxacarbocyanine (CC;), was used to test
this possibility.

4. In the squid axon, the fluorescent emission of CCjis directly pro-
portional to membrane potential; depolarization causes an increase in
fluorescence.

5. The fluorescence of synaptosomes (‘synaptosome fluorescence’)
treated with CC; is increased when [K], is increased or [K]; is reduced;
replacement of external Na by Li or choline has little effect on the synapto-
some fluorescence. In quantitative terms, synaptosome fluorescence is
proportional to log ([K],+0-05[Na],). Rb is about as effective as K in
enhancing synaptosome fluorescence; Cs is about 1/4 as effective. The
effect of increased [K], is reversible.

6. The fluorescence data provide corroborative evidence that there is
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normally a large K gradient (K], < [K];) across the synaptosome surface
membrane. The data suggest the [K]; may be in excess of 100 mm.

7. Replacement of Cl~ by methylsulphate did not significantly affect
the relationship between synaptosome fluorescence and [K],, nor did
removal of external Ca.

8. The fluorescence of CC;-treated mitochondria, membrane fragments,
or lysed synaptosomes is unaffected by changes in the K concentration of
the medium.

9. Veratridine and gramicidin D, both of which enhance Na permeability
(Pxa) In some intact tissues, increase synaptosome fluorescence when
added to the standard medium. The increment is greatly reduced or
abolished when external Na is replaced by choline.

10. If synaptosomes are first Na-loaded (by pre-treatment with cyanide
+iodoacetate), and then placed in a choline medium, addition of grami-
cidin D significantly decreases fluorescence. This effect could be explained
if, with [Na], < [Na];, the increase in Py, causes the synaptosomes to
hyperpolarize.

11. The veratridine-induced increase in synaptosome fluorescence was
prevented by 3 x 10-7 M tetrodotoxin, which also blocks the depolarizing
effect of veratridine in intact neurones.

12. The main conclusion is that synaptosomes may retain resting
membrane potentials and the ability to increase Na permeability.

INTRODUCTION

Presynaptic nerve ending (synaptosome) fractions prepared from brain
homogenates (cf. Whittaker, 1965; DeRobertis, 1967) retain many of the
metabolic (Bradford, 1969; Bradford & Thomas, 1969), osmotic (March-
banks, 1967; Keen & White, 1970, 1971) and alkali metal ion transport
(Ling & Abdel-Latif, 1968; Bradford, 1969; Escueta & Appel, 1969;
Blaustein & Wiesmann, 1970) properties of more intact tissue preparations.
These observations suggest that the synaptosome surface membrane may
reseal when the ending is pinched-off during homogenization.

The finding that synaptosomes are much more permeable to K than
to Na (Keen & White, 1971), and can accumulate K (Bradford, 1969;
Escueta & Appel, 1969), may indicate that synaptosomes have a surface
membrane potential which approximates a K diffusion potential as is the
case for most intact neurones. Unfortunately, the small size of the pre-
synaptic endings (about 0-5 gm diameter) precludes direct measurement
of synaptosome membrane potentials by conventional micro-electrode
techniques. Recently, however, certain fluorescent dyes have been found
to accurately indicate membrane potential changes in squid giant axons
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(Dawvila, Salzberg, Cohen & Waggoner, 1973). Dayvila et al. suggested that
these dyes might be useful for the ‘monitoring of membrane potential
in systems where electrodes cannot be used’. The efficacy of this approach
has already been demonstrated in the measurement of membrane poten-
tials in human red blood cells (Hoffman & Laris, 1974).

In the present study, the fluorochrome, 3,3'-dipentyl-2,2’-oxacarbocya-
nine, has been used to estimate membrane potential changes in synapto-
somes as a consequence of altering the external/internal K concentration
ratio ([K]o/[K]i) or the Na/K permeability ratio (Py,/Px). The results
provide further evidence that synaptosomes can accumulate and retain
K, and that their membranes are normally K-selective. Synaptosome
preparations may therefore be particularly suitable for investigating
other aspects of presynaptic terminal physiology.

A preliminary report of some of these findings has been communicated
to the Society for Neuroscience (Goldring & Blaustein, 1973).

METHODS

Solutions. The composition of some representative solutions used in these experi-
ments is shown in Table 1. In many instances, mixtures of these solutions (e.g.
Na + 5K and 137 mM-K saline) were used to obtain intermediate concentrations of
alkali metal ions (see Results). Details regarding the addition of drugs will be given
below. All solutions for these experiments were prepared with de-ionized glass-
distilled water.

Preparation of presynaptic nerve terminals. Synaptosomes were prepared from
whole rat brain by the differential centrifugation and sucrose gradient centrifuga-
tion procedures of Gray & Whittaker (1962). The fraction located at the 0-8-1-2 M
sucrose interface of the sucrose density gradient is not a pure preparation of pre-
synaptic nerve endings, but for simplicity it will be referred to as the ‘synaptosome’
preparation, in conformity with numerous other authors. The purity of the pre-
parations has not been evaluated in the present study; however, the data of Michael-
son & Whittaker (1963) indicate that about 70 9 of the nitrogen recovered from the
region between 0-8 and 1-2 M sucrose is associated with ‘nerve-ending particles’
(see Table 2). In most experiments, the brains from four 150-200 g rats were
homogenized in 0-32 M sucrose; the synaptosome fraction obtained from the 0-8-
1-2 M sucrose interface at the end of the 2 hr sucrose density gradient centrifugation
contained about 65-100 mg protein suspended in a total of 20~22 ml. of approxi-
mately 1 M sucrose solution.

Protein was determined by the method of Lowry, Rosebrough, Farr & Randall
(1951), using bovine serum albumin as a standard.

In several instances (see Results) the material from the 0-32-0-8 M sucrose inter-
face (predominantly membrane fragments) and from the pellet at the bottom of
the sucrose gradient (predominantly free mitochondria) were also examined for
physiological activity. The former could be used directly, but the pellet had to be
re-suspended (in 1-2 M sucrose) before additional procedures could be carried out.
Subsequent treatment of these suspensions was identical to that used for the
synaptosome fraction.

In three early experiments the morphologic characteristics of the particles in
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each of the three sucrose gradient fractions was examined by electron microscopy.
In agreement with the results of Gray & Whittaker (1962), we observed that the 0-32-
0-8 M interface contained mostly membrane fragments and myelin figures; the pellet
contained mitochondria, primarily. Membrane-enclosed particles about 0-5 um in
diameter (the synaptosomes) filled with 500 A vesicles, and usually containing one
or two small mitochondria, were the most frequent particles at the 0-8—-1-2 M inter-
face; similar bodies were also observed in the other two fractions of the gradient,
but they were much less common in these layers.

TaBLE 1. Composition of representative solutions

Choline
Solution* NaCl Na,SO, KCl1 Cl CaCl,
(all in m-moles/litre)t

Na+5K 132 0 5 0 1-2
K-free Na 137 0 0 0 1-2
Ca-free Na+5 K 132 0 5 0 0

137 mm-K saline 0 0 137 0 12
Choline + 5 K 0 0 5 132 1-2
Na + 5 K (10 mm sulphate) 117 10 5 0 0

* Li+ 5K, Rb+5K and Cs+ 5K were similar in composition to the Na+ 5K,
except that all of the Na was replaced by Li, Rb or Cs, respectively.

t+ In addition to the components listed, all solutions contained (in m-mole/l.):
MgCl,, 1-3; NaH,PO,, 1-2; glucose, 10; and tris hydroxymethylaminomethane
base, 20. The solutions were titrated to pH 7-4 (at 30° C) with maleic acid.

Ezxperimental procedures. In order to return the synaptosomes to a more physio-
logical environment, the suspension from the sucrose gradient was diluted with a
total of 12-15 volumes of Ca-free Na+ 5K (Table 1) at 2-3° C, by progressive
addition of small aliquots of the salt solution over a 15 min period. The diluted
suspension was then evenly apportioned into twenty-four or thirty-six centrifuge
tubes, and spun at 9000 g for 5 min at 3° C. The supernatant solution was decanted
and discarded, and the pellet was re-suspended in saline (usually 0-5 or 1-0 ml. of
Na+5 K, but see Results for details regarding individual experiments). The re-
suspended synaptosomes were then ‘pre-incubated’ for 12-15 min at 30° C in order
to permit them to re-accumulate K and extrude Na (see Results), and come to a
steady state. Additional aliquots of solutions were then added to the tubes; for the
42K uptake experiments these solutions contained radioactive tracers (42K and
358). The ionic content of these solutions (see Table 1) was often different from
that of the pre-incubation medium in that, for example, the mixed medium might
have an elevated K concentration. Details of incubation conditions, including the
compositions of the mixed media and the timing of drug additions, will be given
below.

Cation and water content of intact and lysed synaptosomes. In several experiments,
samples of the synaptosome suspension from the sucrose gradient were diluted
with 1-5 volumes of iced distilled water, to bring the sucrose concentration to about
0-4 M. The suspensions were then centrifuged at 20,000 g for 1 hr, at 3° C; the clear
supernatant solutions were decanted and discarded. Some of the pellets were
disrupted by resuspending them in 2 ml. 0-1 9, (v/v) triton X-100; Na, K, Ca, Mg
and protein concentrations were later measured in small aliquots of these suspen-
sions. To determine the ionic content of the osmotically-sensitive compartment,
gsome synaptosome pellets were rapidly resuspended in 1-95 ml. iced distilled water,
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and immediately centrifuged at 20,0009 for 10 min at 3°C. The supernatant
solutions were decanted, and 50 ul. 49, triton X-100 was added; the pellets were
resuspended in 2 ml 0-1 9 triton X-100.

The cation content of these triton X-100-treated samples was determined on a
Perkin—-Elmer Model 303 atomic absorption spectrophotometer; Na and K were
measured by flame emission, with 50 mm-CsCl present to minimize ionization. Ca
and Mg were analysed by atomic absorption, with 70 mm-LaCl; (prepared from
La,0;) present in the Ca samples to reduce flame suppression by phosphate.

Since synaptosomes are impermeable to sulphate (Keen & White, 1970; M. P.
Blaustein, unpublished data), the difference between the total evaporative water
loss and the sulphate space was used to measure the intrasynaptosomal (‘occluded’)
water space. Lysed or intact synaptosome pellets (in tared centrifuge tubes) were
suspended in 1-0 ml. 10 mm sulphate saline containing 0-8 uc 3°SO, per umole of
sulphate, and incubated for 15 min at 30° C. The suspensions were centrifuged at
20,000 g for 5 min, at 3° C, and the supernatant solutions were decanted and saved.
The walls of the centrifuge tubes were carefully wiped dry. The tubes were then
weighed, dried for 24-48 hr in a vacuum desiccator, and re-weighed to determine the
total evaporative water loss from the pellets. The dried pellets were digested in
2:0ml. 1-0 N-NaOH at 60-70° C; 1:0 ml. was then transferred to a scintillation
counting vial. Three drops of 309, hydrogen peroxide (to help decolourize the
sample), 1-5.ml. 0-67 n-HCl and 15 ml. Bray (1960) scintillation cocktail were added
to each vial, and the 3§ counts were determined in a liquid scintillation counter
(Packard Instrument Co.). The specific activity of 35S in the supernatant solutions
was measured by counting small aliquots which had been diluted, as above, with
NaOH, HCI, H,0, and Bray solution. All counts were corrected for quenching.

The protein content of the pellet digests was determined by the Lowry method.

K content of synaptosomes following incubation in salt solutions. The ability of
synaptosomes to accumulate and retain K was tested in a few experiments by
determining the effects of incubation with various drugs or metabolic poisons on the
net K content of the synaptosomes. Immediately following incubation, the synapto-
somes were centrifuged at 3° C for 5 min at 9000 g. The supernatant solution was
decanted and discarded. The pellet (containing about 1-5-2 mg protein) was rinsed
with 3—4 ml. iced-cold 0-32 M sucrose to remove the last few drops of incubation
fluid, and was then suspended in 2 ml. 0-1 9 triton X-100. The K content of these
samples was determined by flame emission spectroscopy.

2K uptake studies. The accumulation of 42K by synaptosomes was determined
by incubating synaptosomes at 30° C in 10 mM sulphate saline (Table 1) containing
2K (1 pefumole K) and 80, (0-8 uc/umole SO,); in some instances (see below)
ouabain or metabolic poisons were added to the medium. Uptake was terminated
after centrifuging the synaptosome suspensions at 9000 g for 3 min at 3° C. The
supernatant solutions were decanted and aliquots were saved for counting. The
pellets were carefully rinsed with 8 ml. iced-cold 0-32 M sucrose to remove the re-
maining superficial ‘extra-synaptosomal’ fluid. They were then suspended in 1-3 ml.
1-0 x-NaOH and digested for 15 min at 60-70° C. A 1-0 ml. aliquot was placed in a
counting vial, and the 42K Cerenkov radiation (Haberer, 1965) was immediately
counted in & liquid scintillation counter. The remainder of the digest was frozen
and saved for protein analysis. Duplicate 50 ul. aliquots of the supernatant solutions
were placed in counting vials; 1-0 ml. 1-0 N-NaOH was added, and the Cerenkov
radiation in these samples was assayed. All counts were corrected for radioactivity
decay and for quenching. About 2 weeks later (i.e. after decay of the #?K), H,0,,
HCI and Bray solution (see above) were added to each vial, and the samples were
recounted in the liquid scintillation counter in order to determine the 380, content.
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The #K/35S ratio in the supernatant solutions was used to correct for ‘extra-
synaptosomal’ 42K trapped in the pellet.

Fluorescent dye studies. A Turner model 111 fluorometer was fitted with a motor
to turn a small magnet just beneath the cuvette. This, in turn, rotated a small
spin-bar in the bottom of the cuvette which kept suspensions well dispersed. The
synaptosome suspension was illuminated with light at 450 nm and fluorescent emis-
sion was measured at 510 nm (Baird-Atomic type B-1 450 nm and 510 nm inter-
ference filters, with 10nm half-widths, were used as the 1° and 2° filters, respectively).
A Bausch and Lomb strip chart recorder was used to display the signal from the
fluorometer.

A 5 ul. aliquot of fluorochrome (1-5 mg/ml. in ethanol) was added (at d in Fig.
4A) to 3-0 ml. of physiological saline in a 1 cm i.d. fluorometer cuvette, and the
‘background’ fluorescent intensity (i.e. due to dye, alone) was measured. The
increment in fluorescence (= ‘synaptosome fluorescence’) upon addition of a 100 ul.
aliquot of ‘pre-incubated’ synaptosomes (4-6 mg protein/ml.) was then recorded
(at s in Fig. 441): addition of 0-6 mg of synaptosome protein approximately
doubled the fluorescent intensity, when compared to dye alone. Synaptosome
fluorescence in standard Na+ 5 K medium (Table 1) was taken as the ‘control’
value, and was compared to synaptosome fluorescence in media containing various
drugs or altered ion concentrations (see Results). In some experiments small ali-
quots (10-100 ul.) of drug or concentrated salt solutions were added to the synapto-
some suspensions after a steady fluorescence had been attained: in other experiments,
synaptosomes were pre-incubated in media which are known to alter intracellular
ion concentrations. The increment (or decrement) in fluorescent intensity was then
taken as a measure of the agent’s action.

o o
C—C=C—C=C
N// \
It T N
Ry Ry

Fig. 1. Structural formula of 3,3’-dialkyl-2,2’-oxacarbocyanine dyes. The
dipentyl analog, CC;, with R, and R, both — (CH,),CH,, was used in all of
the experiments in the present study.

At constant fluorochrome concentration, synaptosome fluorescence in both
control and test media was directly proportional to synaptosome protein concen-
tration. Consequently, for most experiments synaptosome fluorescence will be
expressed in ‘fluorescence units’ per mg protein, where one fluorescence unit is
defined as 1:0 zA of current output from the fluorometer photomultiplier.

A series of 3,3’-dialkyl-2,2’-oxacarbocyanine dyes (see Fig. 1), generously provided
by Dr Alan S.Waggoner, was tested in these experiments. The dipentyl (CC;)
and dihexyl (CC,q) fluorochromes were found to give the largest external K-depend-
ent fluorescence changes (presumably correlated with membrane potential; see
below) when tested on rat brain synaptosomes. Furthermore, since CC; gave the
most stable fluorescence, this dye was used for all the experiments to be reported
below.

If the fluorochromes are to be used as indicators of membrane potential (V}),
it is particularly important to know the relationship between ¥V, and fluorescence.
Although the molecular mechanisms responsible for the voltage-sensitive fluores-
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cence changes are not completely understood (but see Sims, Wang, Waggoner &
Hoffman, 1974), empirical observations in the squid giant axon (Fig. 2, and see
Cohen, Salzberg, Davila, Ross, Landowne, Waggoner & Wang, 1974) show that the
fluorescence of CC; changes linearly with voltage when the membrane is depolarized
or hyperpolarized by as much as 100 mV from the resting potential; depolarization
causes an increase in fluorescence. This linearity suggests that the dye, CC;, may
indeed be a useful membrane potential indicator.

5 + Fluorescence change
Al
i (Ir.sweep ’105)
(]
- : : -4
—100 —50 ‘ksﬁn +50 +100
1 oot tigl A membrane
[- potentia potential (mV)
. -
54

Fig. 2. Fluorescence of CC;-treated squid axon graphed as a function of
the membrane potential. The axon was incubated for 10 min in a 1:8 dilu-
tion (with sea water) of a saturated solution of CC; in sea water. The dye
solution was then washed out with nitrogen-flushed sea water for 30 min. The
axon was then voltage-clamped at its resting potential, and 2 msec hyper-
polarizing and depolarizing voltage steps were applied. Incident light was
480 + 15 nm; emission of wave-lengths longer than 515 nm was measured.
For each voltage-clamp step, the fluorescence during multiple sweeps was
summed on a computer-of-average-transients. The value plotted on the
ordinate is the change in fluorescent intensity (AI) after 2 msec of
depolarization or hyperpolarization, divided by the product of the resting
fluorescence (I,) and the number of sweeps. Temp. 13° C; axon diam.: 610
pm (unpublished experiment of L. B. Cohen, H.V.Davila and B. M.
Salzberg, reproduced with their permission. For additional information
cf. Davila et al. 1973).
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RESULTS
2K uptake and K content of synaptosomes

Data from several laboratories (Marchbanks, 1967; Bradford, 1969;
Escueta & Appel, 1969) have established that synaptosomes can accumu-
late and retain K in an osmotically sensitive compartment. The K is
presumably taken up via the Na-K exchange pump which is present in
most animal cell membranes (cf. Baker ef al. 1969), since the accumulation
of K is ouabain-sensitive and is dependent upon intact metabolic path-
ways (Bradford, 1969; Escueta & Appel, 1969). These findings have been
confirmed in our laboratory (M.P. Blaustein, unpublished data). In
addition, in order to ascertain that the particles from brain homogenates
which accumulate K are not simply contaminants of the synaptosome
preparation, particles from all three layers of the sucrose density gradient
(see Methods) have been tested for their ability to accumulate 42K in the
absence and presence of ouabain. The results indicate that the ouabain-
sensitive fraction of the 42K accumulation is associated primarily with the
synaptosome fraction of the sucrose gradient (Table 2 and Fig. 3).

The synaptosome fraction from the sucrose gradient contains about 5
times as much K as Na (Table 3). When exposed to very hypotonic solu-
tions, most of the Na and K (Marchbanks, 1967), but only a small fraction
of the synaptosome Ca and Mg, is released from the particulate material
(Table 3). These findings are consistent with the idea that the alkali
metal ions are contained primarily in an osmotically sensitive compart-
ment of the synaptosomes (Marchbanks, 1967), while a major fraction of
the alkaline earth cations, especially Ca, may be stored within intracellular
components such as mitochondria (cf. Tower, 1968) which are relatively
insensitive to osmotic shock (Tedischi & Harris, 1955; Malamed &
Rechnagel, 1959).

The data in Table 3 also indicate that the occluded water space (in-
accessible to ¥50,) is reduced by about 60 %, when the synaptosomes are
subjected to osmotic shock. From these data, the concentration of K
in the osmotically sensitive compartment may be estimated by dividing
the amount of K lost (243 ymole/g protein; Table 3, column 4, line 3) by
the decrement in occluded water space (2-43 ml./g protein). This calcula-
tion suggests that the K concentration in the osmotically sensitive cyto-
plasmic compartment of synaptosomes may be as high as 100 mm.

The experimental results presented in Table 4 indicate that K uptake
by synaptosomes requires an intact surface membrane, since the 42K
accumulation is markedly reduced, and the ouabain sensitivity is abolished
following exposure to very hypotonic media. Further evidence that the
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K is accumulated in an osmotically sensitive compartment is provided
by the observation (Table 4) that previously accumulated 42K is lost
much more rapidly from synaptosomes washed in hypotonic media
(‘post-lysed’) than from synaptosomes washed in isotonic (Na + 5K) media
(‘ post-washed’).

Comparison of the steady-state values for K accumulation from Na +
5K (114 + 8 umole K/g protein, mean + s.E. of data from four experiments
— cf. Tables 2 and 4) with the net K content determined by flame analysis
of synaptosomes incubated under identical conditions (193 +8 ymole/g
protein: six experiments) suggests that not all of the synaptosome K is
exchangeable. However, the magnitude of the ouabain-sensitive or
metabolically dependent (i.e. reduced with 2 mmM-CN +2 mm-JAA) K

5 [__] Membrane fragments
[T 1 Mitochondria
Synaptosomes
(calculated from Michaelson & Whittaker, 1963)
4
B Ouabain-sensitive 2K uptake

Fey
=
g 3
v
=
v
v
&
v
Z
ERRES
& m

| I

D H
0L = e L

0-32 0-8
Sucrose gradient fraction (M)

Fig. 3. Relative distribution in the sucrose gradient, of particles exhibiting
ouabain-sensitive 42K uptake (data from Table 2). Relative distributions of
membrane fragments, synaptosomes and mitochondria were calculated
(see Table 2) from Fig. 2 of Michaelson & Whittaker (1963). The 0-32
fraction refers to the 0-32-0-8 M sucrose interface, the 0-8 fraction, to the
0-8-1-2 M interface, and the 1-2 fraction, to the pellet (below the 1-2 M
sucrose layer).
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content determined by flame analysis (59 + 7 umole K/g protein; five
experiments) is virtually identical to the value obtained from #2K uptake
experiments (60 + 5 gmole K/g protein; four experiments). Thus the oua-
bain-sensitive and metabolically dependent fractions of the synaptosome
K may be identical, and are likely associated with the activity of the Na
pump (cf. Baker et al. 1969).

TABLE 4. K accumulation by synaptosomes

42K accumulation

Conditions* Totalt Ouabain-sensitive % Decrease
(#moles K/[g protein)

Na+5K 1154410 —_ —_
Na + 5 K + ouabain 43-7+1-0 717 62
Na+5 K, pre-lysed§ 12:1+1-0 — —
Na + 5 K + ouabain, pre-lysed§ 13-:0+0-2 (+0-9) 0
Na + 5 K, post-washed** 43-9+0-6 — —
Na + 5 K + ouabain, post- )

washed ** 13-0+1-1 30-9 70
Na+5 K, post-lysed** 11-6+0-3 — —
Na + 5 K + ouabain, post-lysed** 47403 6-9 58

* Incubations with 42K and 2SO, lasted 10 min, at 30° C.

1 Mean of three determinations + S.E.

§ These synaptosomes were equilibrated with Na+5 K and centrifuged in the
usual fashion. The pellets were then resuspended in 2ml. Na+ 5K diluted 1:50
with H,0, and immediately recentrifuged at 15,000 g for 5 min at 3° C. The lysed
pellets were subsequently incubated in media containing 42K + 3580,.

** After incubation (with 42K + 380,), centrifugation and rinsing (see Methods),
these pellets were resuspended in 8 ml. iced, unlabelled 10 mM sulphate saline
(‘ post-washed’ samples) or 8 ml. of a 1:50 dilution of this saline with water (‘post-
lysed’ samples). The suspensions were immediately centrifuged at 15,000 g for
5 min, at 3° C. The supernatant solutions were decanted and discarded, and the
pellets were prepared in the usual fashion for counting.

These data may also provide information about the K concentration in the
osmotically sensitive compartment (2-4 ml.[g protein; see Table 3). Values of about
30 or 50 mM are obtained, depending, respectively, upon whether the ouabain-
sensitive or the total exchangeable K values are taken for the calculation.

These calculated concentrations may be spuriously low estimates if the osmotically
sensitive compartment also contains some non-exchangeable K or if a fraction of the
terminals are very leaky to K but not to sulphate. Moreover, the fraction of the
synaptosome volume presumed to be occupied by K (60 9%; see Table 3) may be an
over-estimate if K is excluded from the many small vesicles (synaptic vesicles) which
occupy a significant fraction of the osmotically sensitive compartment (cf. Gray &
‘Whittaker, 1962; Whittaker, Michaelson & Kirkland, 1964), and which may in
many cases contain quaternary amine transmitters as their main cations.

Despite the uncertainties in the calculation of the intrasynaptosomal
K concentration, the most straightforward explanation of these data is
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that a significant fraction of the synaptosomes have re-sealed surface
membranes and are able to accumulate K against a concentration gradient.
Coupled with the observation that synaptosomes are about 19 times more
permeable to K than to Na (Keen & White, 1971), the presence of a K
concentration gradient suggests that pinched-off nerve terminals may have
resting membrane potentials determined primarily by the K diffusion
potential. In view of its efficacy as an indicator of membrane potential in
the squid axon (see Methods), the fluorochrome, CC;, was used as an
indirect indicator of membrane potential changes in synaptosomes exposed
to a variety of cations and drugs.

Fluorochrome dye studies: evidence that synaptosomes have
membrane potentials

Effects of cations on synaptosome fluorescence. Original records of the
photomultiplier output from a fluorescence experiment are illustrated in
Fig. 4. In panel 4A1, it can be seen that, after the synaptosome fluores-
cence (in standard Na+ 5K) attained a steady level, addition of 50 ul.
1 M-NaCl (at ») had no effect on the fluorescence, while subsequent addi-
tion of an equal volume of 1 M-KCl (at k) significantly increased fluores-
cence. (It is worth reiterating here than an increased fluorescence of
CC; is associated with depolarization in squid axons.) Similar additions
of 1 M-KCI (at k) to suspensions containing mitochondria (from the sucrose
gradient pellet) or fragmented membranes (from the 0-32-0-8 M sucrose
gradient interface) induced only a small increase or no change in the fluores-
cence (Figs. 442 and 443, respectively). When synaptosomes were sub-
jected to osmotic shock by suspension in distilled water (Fig. 444), the
initial fluorescence was much greater than the fluorescence of synapto-
somes suspended in Na+ 5K, and subsequent addition of 50 xl. 1 M-KCl
did not affect the fluorescence.

Since addition of small volumes of concentrated salt solutions alters
tonicity and ionic strength as well as ionic concentrations, this method
was used only in preliminary experiments. Fig. 4C shows a series of records
of synaptosome fluorescence in which the concentrations of Na ([Na],) and
K([K]o) in the medium were varied but the sum of [Na],+[K], remained
137 mm. When synaptosome fluorescence is plotted as a function of log
[K]o, as in Fig. 5, an approximately linear relationship is observed at
high [K]o. The fact that complete replacement of [Na], by choline (e.g.
Figs. 7 and 9) does not increase synaptosome fluorescence indicates that
the increased fluorescence in K-rich media (Figs. 4C and 5) is a conse-
quence of increasing [K], rather than reducing [Na],. It is unlikely that
chloride played a significant role in this effect because a curve identical
to that of Fig. 5 was obtained when nearly all of the external Cl was
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replaced by the impermeant anion (Hutter & Noble, 1960), methylsulphate
(see Fig. 4 B).

Synaptosome
‘flourescence

-
;
)

I N

i
S
g

NHER -
5 49 21 7N 137 mm-K
Fig. 4. For legend see opposite page.

The use of the impermeant anion may help to rule out the possibility that the
fluorescence increase in K-rich media is a consequence of synaptosome swelling
(due to net gain of salt and water). This problem deserves serious consideration
because synaptosomes exposed to K-rich solutions containing a permeable anion are
known to swell and to exhibit an increase in light-scattering (Keen & White, 1970,
1971; Kamino, Inouye & Inouye, 1973). However, it seems unlikely that light-
scattering could account for the observations reported here. In the first place, use
of interference filters with 10 nm half-widths permitted only a negligible fraction of
the scattered incident light to pass the secondary filter. The magnitude of the changes
in light intensity we observed were considerably greater than the changes in inten-
sity reported in the aforementioned light-scattering studies. Furthermore, we were
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unable to detect any changes in light output, as a consequence of change in [K],,
when the fluorochrome was omitted from the medium. Finally, light-scattering at
the emission wave-length could be eliminated as a source of the change in emission
intensity, since the scattering should be identical in all directions.

Other alkali metal ions which are known to depolarize excitable cells
(Shanes, 1958; Sjodin, 1959; Adrian & Slayman, 1966) also increase
synaptosome fluorescence. As shown in Fig. 5, Rb, which is approximately

Legend to Fig. 4

Fig. 4. Original records of fluorometer photomultiplier current output
from three experiments.

A, the effect of increased [KCl], on the fluorescence of synaptosomes (1),
mitochondria (2), fragmented membranes (3) and lysed synaptosomes (4).
In record A1, arrow d indicates the time of addition of 7-5 ugm of CC,
to the fluorometer cuvette containing 3-0 ml. Na+ 5 K. In all of the other
records shown here and in subsequent Figures, the recorder was turned on
after the addition of dye, so that this early portion of each record is omitted.
Synaptosomes (and mitochondria and membrane fragments; see Methods)
for these experiments were pre-incubated in Na + 5 K for 15-30 min at 30° C.
At s in A1 and A4, a 100 xl. aliquot of the pre-incubated synaptosome
suspension (0-58 mg protein/100 xl.) was added to the fluorometer cuvette.
The cuvette contained 3:0 ml. distilled water +fluorochrome in A4. In
A2, 100 ul. of mitochondrial (m) suspension (0-66 mg protein/100 xl.) and in
A3, 50 pl. of fragmented membrane (fm) suspension (0-18 mg protein[50 xl.)
was added to the cuvette containing 3-0 ml. Na + 5 K + fluorochrome. The
increment in fluorescence due to the addition of synaptosomes, the
‘synaptosome fluorescence’ is labelled in record A1. In some instances,
after the addition of the tissue suspension, as indicated by the arrows
labelled & or n, the K or Na concentration of the medium was increased by
addition of 50 ul. aliquots of 1 M-KCl or 1 M-NaCl, respectively. (Arrows
labelled % in subsequent records refer to similar increments in the external
KCl concentration).

B, effect on synaptosome fluorescence of replacing external chloride by
methylsulphate. In record Bl (and in all subsequent records) the bottom
(unlabelled) arrow indicates the time of addition of pre-incubated synapto-
some suspension (0-44 mg protein/100 xl. in this experiment) to the cuvette.
In B1 the cuvette contained 3-0 ml. Na+ 5 K. The solution in B2 was
similar to Na + 5 K, but with 137 mm chloride replaced by methylsulphate.
The test solutions in B3 and B4 were, respectively, 137 mm-K (chloride)
saline and 137 mM-K (methylsulphate) saline.

C, the effect of replacing external Na by K on synaptosome fluorescence.
The cuvette contained 3:0 ml. Na+ 5 K (left-hand record), or 137 mm-K
saline (right-hand record), or mixtures of the two to give the K concen-
tration shown below each record. At the time indicated by the unlabelled
arrow in each record, 100 gl. of pre-incubated synaptosome suspension
(0-55 mg protein/100 ul.) was added to the cuvette. At k, in the Na+5K
record, 50 xl. 1 M-KCl was added to the cuvette. Calibrations for 4, B and
C: vertical bar = 20 yA; horizontal bar = 5 min. The temperature in the
cuvette was 34° C.
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as effective as K as a depolarizing agent, increases fluorescence to about
the same extent as does K. About five times as much Cs as K is required
to produce a given level of depolarization in frog skeletal muscle (cf.
Sjodin, 1959); by comparison, as shown in Fig. 5, replacement of 132

- mmoles/liter of Na by an equal amount of Cs gave the same increment in
fluorescence as the replacement of only 25 m-mole/l. of Na by either K
or Rb. Although not illustrated here, complete replacement of Na by Li,
which does not depolarize excitable cells (Shanes, 1958), also had no in-
fluence on synaptosome fluorescence.

oK
A Cs
ORb

Synaptosome fluorescence
(fluorescence units/mg protein)

40L| L1 11111l L1 1 1 11111 |

1. 5 10 50 100
M*], (mM)

Fig. 5. Relationship between external cation concentration and synapto-
some fluorescence. Synaptosomes were pre-incubated in Na+5K for
10-30 min at 30° C. Aliquots (100 xl., containing 0-65 mg protein) were
then added to 3-0 ml. of test saline + dye in the fluorometer cuvette. The
total alkali metal ion concentration in the test solution was always 137 mm.
For the K curve (@), the sum of Na+ XK was 137 mmM, and the K concen-
tration is given on the abscissa; the fluorescence records from which the
curve is plotted were comparable to those of Fig. 2B. For the Rb ([J)
and Cs (A) curves, 5 mM-K was present in all of the test solutions, and
concentrations on the abscissa correspond to the sum of K4+ Rb or K 4 Cs,
respectively. One ‘fluorescence unit’ is equal to an inerement of 1 A in the
output of the fluorometer photomultiplier. The curve through the K and
Rb points was calculated from the equation (see Discussion).

Synaptosome fluorescence = 31-5 log ([K], +[Rb], +0-05 [Na],) + 22.
The lower curve was calculated from the equation:
Syuajtosome fluorescence = 31-5 log ([K], +0-25 [Cs], + 0-:05 [Na],) + 22.

The implication from the foregoing experiments is that synaptosome
fluorescence may be a function of a K diffusion potential (i.e. a function of
log [K]o/[K],). If this is the case, agents which are known to decrease
[K]; should also increase synaptosome fluorescence above control values.
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Accordingly, Fig. 6 illustrates the observation that synaptosomes pre-
incubated in the presence of CN +IAA, or ouabain, or in nominally K-
free media, all exhibited increased fluorescence when compared to synap-
tosomes from the control Na+ 5K medium. The small increment seen
following K-free pre-incubation may indicate that a considerable amount
of K leaked into the medium and was pumped back into the synapto-
somes during the pre-incubation.

Fluorescence units

Treatment per mg protein.
- . A Control 64
.._ R :_ B Ouabain 83
- z C IAACN 9%
\f\ VAN D Kefree 76
!f t? t— E Control 70
AB| ICDEF" F 137K 97

Fig. 6. Effect of metabolic poisons, ouabain and K-free media on synapto-
some fluorescence. Synaptosomes were pre-incubated for 10—-20 min at 30° C
in: Na+5 K (for records 4, E and F), Na+5 K+ 10~2 M ouabain (record
B), Na+5 K+ 2 mm-NaCN + 2 mM-Na iodoacetate (record C) or K-free
Na (for record D). Aliquots of 100 ul. were then transferred to the fluoro-
meter cuvette containing 3-0 ml. Na+5 K (137 mmM-K saline, in the case
of record F)+17-5 ug of CC;, to obtain the fluorescence records shown in
the Figure. The column at the right indicates the increment in photo-
multiplier current output (1 fluorescence unit equals 1 #A) per mg protein
for each of the records shown at the left. Calibrations: vertical bar = 20
#A; horizontal bar = 5 min.

It seemed possible that the fluorescence changes observed in these experiments
could have been the result of a change in membrane surface area or the consequence
of irreversible changes in the synaptosomes caused either by the K-rich media, or
by the fluorochrome itself. Several experiments were made in an effort to eliminate
these possibilities. For example, if K-rich media stimulate Ca uptake and Ca-
dependent transmitter release (Blaustein, 1975) by an exocytic process (e.g.
Heuser & Reese, 1973), the increased synaptosome fluorescence might simply be the
result of the increase in neurilemma surface area (cf. Simms et al. 1974). However,
omission of Ca from the bathing medium, a manoeuvre which greatly inhibits
synaptosome transmitter release (Blaustein, 1975), had no effect on the K-evoked
increase in synaptosome fluorescence.

The effects of exposure to K-rich media were apparently quite reversible.
For example, synaptosomes were exposed to a 70 mM-K (+ 67 mM-Na)
medium for 1-2 min, and then returned to a 7 mM-K environment (by
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diluting the medium with Na + 5K). The fluorescence increment of these
pre-treated terminals, in response to a subsequent increase in [K],, was
indistinguishable from the response of synaptosomes maintained in Na +
5K throughout the pre-treatment period.

The fluorochrome also apparently had no significant deleterious effect on some
other physiological properties of the terminals. In one experiment, the effect of
CC; on net K content was determined. Synaptosomes were incubated in Na+5 K
or in K-free Na + 10—2 M ouabain for 10 min at 30° C. In the absence of dye, the K
content was 194 + 3 gmole/g protein in the absence of ouabain, and 56 + 4 gmole/g
protein with ouabain present; with CC; added to the incubation medium to give a
final concentration of 12 ug[g synaptosome protein, the respective K values (#mole/g
protein), without and with ouabain, were 173 + 7 and 61 + 6 (each value is the mean
of three determinations+s.E.). In another type of experiment, the K-stimulated
45Ca uptake (cf. Blaustein, 1975) also was not significantly affected by CC;.

Effects of gramicidin D and veratridine on synaptosome fluorescence. The
application of agents known to depolarize cells by altering the permeability
of membranes to ions should provide a test for the hypothesis that the
synaptosome membrane is normally relatively K-permeable. Gramicidin
is an ionophore which is known to make biological membranes (e.g.
electroplax; Podleski & Changeaux, 1969), including synaptosome mem-
branes (Keen & White, 1971), indiscriminately permeable to Na and K.
Fig. 741 shows that the addition of 10 xl. of a 3 mg/ml. ethanol solution
of gramicidin D (ethanol, alone, had no effect) markedly increased the
fluorescence of synaptosomes suspended in Na+5K. When choline re-
placed Na in the medium, gramicidin D caused little change or a slight
decrease in fluorescence (Fig. 7.42).

These are the results to be expected if the action of gramicidin D is
due primarily to its increase of Na permeability (cf. Podleski & Changeaux,
1969). In the presence of a large inwardly directed Na concentration
gradient and an outwardly directed K concentration gradient, if both
Py, and Pg (the Na and K permeabilities, respectively) are relatively
large, the membrane potential should lie between the Na and K equilibrium
potentials. In the absence of external Na, increasing Py, should cause
little change in membrane potential, or even slight hyperpolarization
(see Fig. 742), because [Na], > [Na]o.

As shown in Fig. 8, gramicidin D increased the fluorescence of synapto-
somes in the standard medium to about the value observed in 137 mM-K
saline; however, gramicidin D had little effect on the fluorescence of
synaptosomes in 137 mM-K saline. Podleski & Changeaux (1969) found
that gramicidin A depolarized electroplax to about 0 mV. If their obser-
vations are applicable to the present study, the data in Fig. 8 may indi-
cate that synaptosome fluorescence in 137 mm-K saline is approximately
equivalent to a synaptosome membrane potential of 0 mV.
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When synaptosomes are depleted of K and loaded with Na, by pre-
treatment with CN +IAA, synaptosome fluorescence should be increased
due to the dissipation of the K gradient (see Figs. 6 and 7.B2). Further-
more, the increment in fluorescent emission (if this reflects a membrane
potential change) due to gramicidin D, should be reduced or abolished,

=]

1 2 1 2 3

Fig. 7. The effect of gramicidin D on synaptosome fluorescence. Synapto-
somes were preincubated in Na+ 5 K (records A1, A2 and B1) or Na+
5K+ 2 mM-Na CN +2 mm-TAA (records B2 and B3) for 15-30 min at
30° C. 100 1. aliquots were then transferred to the fluorometer cuvette con-
taining 7-5 ug CC; in 3-0 ml. Na+ 5 K (records 41, Bl and B2) or choline +
5K (records A2 and B3). Gramicidin D (10 gl. of a 3 mg/ml. solution in
ethanol) was added to each suspension at arrow g. The protein concentra-
tions in the pre-incubation suspensions were: 0-46 mg[100 xl. (records
A1l and A2), 0-50 mgf100 pl. (record B1), and 0-47 mg/100 xl. (records
B2 and B3). A and B are from different experiments. Calibrations:
vertical bar = 20 gA; horizontal bar = 5 min.

since the [Na]o/[Na], gradient is decreased and changes in Py, should
have little effect (Fig. 7 B2). However, if previously poisoned synapto-
somes are suspended in Na-free (choline) media, an outwardly directed Na
concentration gradient (and no K gradient) will be present. In this case, in-
creasing Py, with gramicidin D should cause a significant hyperpolarization
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(cf. Podleski & Changeaux, 1969), which may account for the large
decrease of fluorescence seen in Fig. 7 B3.

Veratridine is also known to depolarize excitable cells (Straub, 1956;
Ulbricht, 1969), but by a different mechanism: it increases conductance
by apparently holding Na channels (of cells with an Na-action potential)
in an open configuration and by blocking inactivation of the Na conduct-
ance (Ohta, Narahashi & Keeler, 1973). When synaptosomes are sus-
pended in Na+ 5K containing 75 um veratridine, synaptosome fluores-
cence is significantly increased, relative to control values; this increase is
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Fig. 8. Effect of gramicidin D on the relationship between synaptosome
fluorescence and log [K],. Synaptosomes were pre-incubated in Na+5 K
for 15-30 min at 30° C. Aliquots of 100 xl. (0-52 mg protein/100 xl.) were
then transferred to the fluorometer cuvette containing 7-5 ug CC; in 3-0
ml. test saline. The test solutions were Na+5 K, 137 mm-K saline, or
mixtures of the two, as indicated by the K concentration on the abscissa.
In some instances (A ), 30 ug gramicidin D was also present in the cuvette.
The lower curve was calculated from the equation:

Synaptosome fluorescence = 55 log ([K],+0-05 [Na] )+ 17
The upper curve was drawn to connect the experimental points. @, Control.

greatly reduced if 3 x 10~7 M tetrodotoxin is also present in the medium
(Fig. 94). Furthermore, the increment in synaptosome fluorescence due
to veratridine is reduced as [Na], is progressively replaced by K or choline;
little or no increment is observed in Na-free media (137 mm-K, Fig. 10,
or choline + 5K, Fig. 9 B). The effect of veratridine on the synaptosome
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fluorescence vs. log [K], curve (Fig. 10) could be accounted for if vera-
tridine increased the Py,/Px ratio about fivefold (see Discussion). These
observations on the veratridine-induced increase in synaptosome fluores-
cence parallel the effects of veratridine on the membrane potential of
excitable cells in which the veratridine-induced depolarization is blocked
by tetrodotoxin and does not occur in the absence of external Na (Ohta
et al. 1973).

Fig. 94, effect of veratridine and tetrodotoxin on synaptosome fluorescence.
Synaptosomes were pre-incubated in Na + 5 K for 15 min at 30° C. Aliquots
of 100 xl. (0-58 mg protein /100 xl.) were then transferred to the fluorometer
cuvette containing 7-5 ug of CC; in 3-:0 ml. Na+5 K (record 1) or Na+
5K+7-5%x10"5M veratridine without (record 2) or with (record 3)
3 x 1077 M tetrodotoxin. In record 1, 50 pl. 1 M-KCl solution was added to
the cuvette at k.

B, effect of choline on veratridine-induced fluorescence increase. Synapto-
somes in all records were pre-incubated in Na + 5 K at 30° C for 15-30 min.
100 pl. aliquots (0-63 mg protein/100 ul.) were transferred to the fluoro-
meter cuvette containing 3-0 ml. Na + 5 K (records 1 and 3) or choline + 5 K
(records 2 and 4). In records 3 and 4, 7-5 x 10~% M veratridine was present
in the medium. At % in records 1 and 2, 50 xl. 1 M-KCl solution was added
to the cuvette. Calibrations: vertical bar = 20 #A; horizontal bar = 5
min.
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Fig. 10. Effect of veratridine and tetrodotoxin on the relationship between
[K], and synaptosome fluorescence. Data are from the same experiment
as that of Fig. 9.4. The procedure was identical to that given in the caption
to Fig. 94, except that the test solutions in the cuvette also included
mixtures of Na + 5 K and 137 mm-K saline: the K concentrations are shown
on the abscissa. The concentration of veratridine in the test solutions
(O, ) was 7-5x 10-5 M; the tetrodotoxin concentration used ([]) was
3x10-7"M. The controls (®) contained neither veratridine nor tetrado-
toxin. The curves were calculated from eqn. (2b) (see Discussion):

Synaptosome fluorescence = 43 log ([K], +a[Na],) + 29

where & has a value of 0-05 for the lower curve, and 0-25 for the upper curve.

DISCUSSION

The synaptosome preparation was first introduced as a means of study-
ing the chemical and morphological characteristics of vertebrate pre-
synaptic nerve endings (DeRobertis, Pellegrino de Iraldi, Rodriguez de
Lores Arnaiz & Salganicoff, 1962; Gray & Whittaker, 1962). However, a
number of recent studies have provided evidence that this preparation
also retains many functional properties usually associated with intact
cells (see the review by Rodriguez de Lores Arnaiz & DeRobertis, 1972).
These observations suggest that during the preparative homogenization
process, the pinched-off presynaptic terminals reseal and retain mito-
chondria, synaptic vesicles, soluble cytoplasmic enzymes, and even small
inorganic ions. The data reported above provide additional evidence of
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functional integrity as indicated by the ability of synaptosomes to accu-
mulate and retain K against a concentration gradient. Taken together
with the evidence that synaptosomes are much more permeable to K
than to Na (Keen & White, 1971), these observations indicate that
synaptosomes may have resting membrane potentials which approximate
the K diffusion potential, as is the case in most resting nerve cells. When
the voltage-sensitive fluorochrome, CC;, was added to synaptosome
suspensions, the fluorescent intensity changes which resulted from the
addition of depolarizing agents and/or changes in ion concentrations were
consistent with this hypothesis.

As noted in the Methods section (see Fig. 2), there is evidence that, at least for
squid axons, the fluorescence of CCj is directly proportional to membrane potential
(Vo). It may therefore be of interest to consider some of the synaptosome fluores-
cence data in terms of the constant field equation (Goldman, 1943 ; Hodgkin & Katz,
1949):

RT_. PB[K],+ Bg[Na]
Vi = 2:3 —log -T2 1
x = 29°F 8 B IK] + BulNel @
or, with & = P, [Fy:
RT . [K],+a[Na]
Vy = 2:8 —log ——=—".
* =TT 8 K olNa),

Assuming that synaptosome fluorescence is proportional to ¥y, the analogous

expression for fluorescence is:

(1a)

[K], +a[Na],

Synaptosome fluorescence = A4 log [m ,
i i

(2)
where A4 is a scaling factor which may, in part, be a function of the fluorochrome
concentration (at constant protein concentration) and, in part, a function of the
number of ‘intact’ synaptosomes per mg total protein in the suspension. B is the
synaptosome fluorescence when the log term is zero.

According to eqn (2), with little change in the normal Py, : P ratio (about 0-05:1),
a significant decrease of [K], should increase synaptosome fluorescence —as was
observed after treatment with CN +IAA, ouabain, or K-free media (Fig. 6).

For conditions in which the internal cation concentrations remain constant,
eqn. (2) reduces to:

Synaptosome fluorescence = A4 log ([K],+a[Na],) + B’, (2a)
where B’ = B—A log ([K],+a[Na],).

The chloride terms have been omitted from the foregoing equations and will be
disregarded in the subsequent discussion. The main reason for employing this
simplification is that in our experience (see Results), complete replacement of Cl
by the presumably impermeant methylsulfate ion did not significantly alter the
relationship between fluorescence and log [K], (cf. Fig. 4). This may indicate that
the FPy:F, permeability ratio for the synaptosomes in these experiments was
somewhat higher than that calculated by Keen & White (1971), 1:0-6.

The curves for synaptosome fluorescence versus log [K], in Figs. 5, 8 and 10
have been calculated from eqn. (2a). In these and four other experiments, the
equation provided a good fit when « varied between 0-03 and 0-05, which suggests
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that P; ~ 20 Py,. This value is very close to the result obtained by Keen & White
(1971) with light-scattering methods: Py = 19 P,.

Equations analogous to (2a) can be used to determine the relative perme-
abilities of other cations (cf. Hille, 1972):

Synaptosome fluorescence = 4 log ([K], + «[Na], +a'[M*],) + B’ (2b)

where M+ is any other cation, and a’ is the permeability ratio, Py: Py . This expres- -
sion has been used to evaluate the relative permeabilities of Rb and Cs. The results
(Fig. 5) suggest that Py ~ Py, ~ 4F, for synaptosomes, values which are reason-
ably close to those of other excitable membranes (cf. Shanes, 1958; Sjodin, 1959;
Adrian & Slayman, 1966).

The effects of gramicidin D and veratridine may also be evaluated in terms of
eqn. (2a). Both of these agents should increase «, and this may explain why they
greatly increase synaptosome fluorescence when added to Na + 5 K, but not to Na-
free media.

Eqgn. (2) may be useful in helping to explain the effects of altered [Na], and [Na],
on the response to gramicidin D. As already noted, with the normal cation gradient
present ([K], < [K]; and [Na], > [Na],), a large increase in « should cause a depolari-
" zation and a concomitant increase in synaptosome fluorescence (Fig. 741 and
7B1); but a small hyperpolarization should result if Na, is replaced by the rela-
tively impermeant cation, choline (Fig. 74 2). However, when the cation gradients
are reduced ([K], < [K]; and [Na], > [Na];), as a consequence of cyanide-IAA
poisoning, the increment in synaptosome fluorescence, due to the gramicidin-
induced increase in a should be reduced (Fig. 7 B2) or abolished (depending upon
how close the cation concentration ratios, [K] /[K], and [Na],/[Na];,, are to unity).
If, under these circumstances ([Na]; > [KJ];), external Na is replaced by choline,
an increase in a should result in a decrease of fluorescence (Fig. 74 3).

Although the foregoing considerations do not provide absolute values for the
synaptosome membrane potentials, sufficient data are available to permit certain
approximations. If it is assumed that the cation concentration ratios, [K],[[K], and
[Na],/[Na]; fall approximately to a value of 1 when synaptosomes are pre-incubated
with cyanide +iodoacetate or with ouabain, the fluorescence of these synaptosomes
should correspond to a membrane potential of about 0 mV. In the four experiments
for which these data are available (e.g., see the CN +IAA record of Fig. 6), the
synaptosome fluorescence of CN +IAA-poisoned synaptosomes corresponds to
[K],’s (on the fluorescence vs. log [K], curves of unpoisoned synaptosomes from the
same experiments) of between 100 and 153 mmM. Somewhat lower values of synapto-
some fluorescence, and therefore, of the extrapolated [K]’s (between 50 and 70 mm,
in three experiments) were obtained with ouabain alone (e.g. see Fig. 6 B). One
possible explanation is that the increase in [K], in the incubation medium (due to
leak from the synaptosomes) may have partially counteracted the action of ouabain.
In one experiment, in which synaptosomes were pre-incubated with ouabain in
K-free Na, the synaptosome fluorescence of these synaptosomes corresponded to a
[K], of 100 myM on the fluorescence versus log [K], curve for unpoisoned synapto-
somes.

Additional support for the validity of this approximation to 0 mV comes from
the experiments of Podleski & Changeaux (1969), who observed that gramicidin A
(which apparently acts in a manner similar to gramicidin D) depolarizes electroplax
to approximately 0 mV. As seen in Fig. 8, gramicidin D increases synaptosome
fluorescence to about the value obtained when [K], is 130-140 mmM, perhaps indica-
ting that this value of synaptosome fluorescence corresponds to & membrane potential
of 0 mV.
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Assuming that in K-rich media both Na terms (Pg,[Na], and Bg[Na]) in equa-
tion 1 are sufficiently small and can be ignored, the [K]; of the unpoisoned synapto-
somes in the aforementioned experiments should also be about 100-150 mm. As
noted earlier (p. 596), net K concentration data also indicate that [K], may be of the
order of 100 mM. These [K]; values may then be inserted into eqn. (1) to determine
the synaptosome ‘resting potential’. By ignoring the small F,[Na]; term, and by
using a value of 0-05 for the Py, /Py ratio (cf. Figs. 5, 8 and 10, and Keen & White,
1971) and a value of 25 mV for RT[F, potentials of about —55 to —60 mV are
obtained for synaptosomes in Na + 5 K. These calculated potentials are surprisingly
close to the resting potentials of mammalian central neurons measured with micro-
electrodes (e.g. Phillips, 1956; Li, 1959).

The data described in the present communication indicate that synap-
tosomes may be a very useful preparation for studying some of the physio-
logical and pharmacological properties of vertebrate presynaptic nerve
endings — properties which cannot presently be examined in more stand-
ard preparations by currently available techniques. One example of this
utility stems from the observation that veratridine (which specifically
affects Na conductance inactivation) increases synaptosome fluorescence
(i.e. presumably depolarizes synaptosomes) and that this effect is blocked
by tetrodotoxin. This suggests that the nerve terminal membrane con-
tains Na channels and that action potentials conducted down nerve
fibres may propagate directly into the terminals (cf. Katz & Miledi,
1965), rather than depolarizing the terminals by electrotonic spread from
adjacent membrane. Further examples of how the synaptosome prepara-
tion may be used to obtain information about the physiology of presynap-
tic terminals will be described in the subsequent articles (Blaustein,
1975; Blaustein & Oborn, 1975).

We thank Mrs Carol Jean Oborn for technical assistance with the net K and
42K uptake experiments, Dr A. 8. Waggoner for generous supplies of fluorochromes
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axon. Dr N. Daw provided assistance with some of the optical problems, and Dr
C. M. Rovainen read the manuscript and made many helpful suggestions. The
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REFERENCES

Aprian, R. H. & Svayman, C.L. (1966). Membrane potential and conductance
during transport of sodium, potassium and rubidium in frog muscle. J. Physiol.
184, 970-1014.

BAKER, P. F., BrausTEIN, M. P., KEYNES, R. D., MANIL, M., SHAW, T. I. & STEIN-
HARDT, R. A. (1969). The ouabain-sensitive fluxes of sodium and potassium in
squid giant axons. J. Physiol. 200, 459-496.

BrausTEIN, M. P. (1975). Effects of potassium, veratridine and scorpion venom
on calcium accumulation and transmitter release by nerve terminals in wvitro.
J. Physiol. 247, 617-655.



614 M. P. BLAUSTEIN AND J. M. GOLDRING

BrAusTEIN, M. P. & OBORN, C. J. (1975). The influence of sodium on calcium fluxes
in pinched-off nerve terminals in vitro. J. Physiol. 247, 657-686

BraustEIN, M. P. & WiEsMaNN, W. P. (1970). Potassium ions and calcium ion
fluxes in isolated nerve terminals. Drugs and Cholinergic Mechanisms in the
CNS, ed. HEIiLBRONN, E. & WINTER, A., pp. 291-307. Stockholm: Research
Institute of National Defense.

Braprorp, H. F. (1969). Respiration ¢n vitro of synaptosomes from mammalian
cerebral cortex. J. Neurochem. 16, 675-684.

Braprorp, H. F. & THOMAS, A.J. (1969). Metabolism of glucose and glutamate
from mammalian cerebral cortex. J. Neurochem. 16, 1495-1504.

Bray, G. A. (1960). A simple efficient liquid scintillator for counting aqueous
solutions in a liquid scintillation counter. Analyt. Biochem. 1, 279-285.

CoxmeN, L. B., Savzeere, B. M., Daviza, H. V., Ross, W. N., LANDOWNE, D.,
WAGGONER, A. 8. & Wang, C.-H. (1974). Changes in axon fluoroescence during
activity: a search for useful probes. J. Membrane Biol. 19, 1-36.

Davira, H. V., SarzBERG, B. M., CoEEN, L. B. & WAGGONER, A. S. (1973). A large
change in axon fluorescence that provides a promising method for measuring
membrane potential. Nature, New Biol. 241, 159-160.

DeRoBERTIS, E. (1967). Ultrastructure and cytochemistry of the synaptic region.
Science, N.Y. 156, 907-914.

DEROBERTIS, E., PELLEGRINO DE IRALDI, A., RODRIGUEZ DE LORES ARNAIZ, G. &
Saveanicorr, L. (1962). Cholinergic and non-cholinergic endings in rat brain.
I. Isolation and subcellular distribution of acetylcholine and acetylcholinesterase.
J. Neurochem. 9, 23-35.

Escuera, A.V. & ArpEL, S. H. (1969). Biochemical studies of synaptosomes in
vitro. II. Potassium transport. Biochemzistry, N.Y. 8, 725-733.

GorpmaN, D. E. (1943). Potential, impedance and rectification in membranes.
J. gen. Physiol. 27, 37-60.

GOLDRING, J. M. & BrausTEIN, M. P. (1973). Synaptosome membrane potential
changes monitored with a fluorescent probe. Society for Neuroscience Sample
Expanded Abstracts, pp. 14-15. Los Angeles: Brain Information Service.

Gray, E.G. & WHITTAKER, V.P. (1962). The isolation of nerve endings from
brain: an electron-microscopic study of cell fragments derived by homogenization
and centrifugation. J. Anat. 96, 79-88.

HABERER, K. (1965). Measurement of beta activities in aqueous samples utilizing
Cerenkov radiation. Atomwirtschaft 10, 36-43 (Translated by KREYMEYER, A.,
Packard Technical Bulletin 16, 1-14, 1966. Packard Instrument Co: Downers
Grove, Illinois).

HEUSER, J. E. & REEsE, T. S. (1973). Evidence for recycling of synaptic vesicle
membrane during transmitter release at the frog neuromuscular junction. J. cell
Biol. 57, 315-344.

Hmie, B. (1972). The permeability of the sodium channel to metal cations in
myelinated nerve. J. gen. Physiol. 59, 637-658.

HopgriN, A. L. & Katz, B. (1949). The effect of sodium ions on the electrical
activity of the giant axon of the squid. J. Physiol. 108, 37-717.

HorrFman, J. F. & Laris, P. C. (1974). Determination of membrane potentials in
human and Amphiuma red blood cells by means of a fluorescent probe. J. Physiol.
239, 519-552.

HvurreRr, O. F. & NosBLE, D. (1960). The chloride conductance of frog skeletal
muscle. J. Physiol. 151, 89—-102.

Kamivo, K., Inouve, K. & INOUYE, A. (1973). Potassium ion-induced swelling
of nerve-ending particles by light-scattering measurement. Biochim. biophys.
Acta 330, 39-52.



K DIFFUSION POTENTIALS IN SYNAPTOSOMES 615

KaTz, B. & Mizepr, R. (1965). Propagation of electric activity in motor nerve
terminals. Proc. R. Soc. B 161, 453-482.

KEEN, P. & WHiTE, T. D. (1970). A light-scattering technique for the study of the
permeability of rat brain synaptosomes n vitro. J. Neurochem. 17, 565-571.

KEeEN, P. & WHITE, T. D. (1971). The permeability of pinched-off nerve endings to
sodium, potassium and chloride and the effects of gramicidin. J. Neurochem.
18, 1097-1103.

L1, C. L. (1959). Cortical intracellular potentials and their responses to strychnine.
J. Neurophysiol. 22, 436—450.

Ling, C.-M. & ABDEL-LATIF, A. A. (1968). Studies on sodium transport in brain
nerve-ending particles. J. Neurochem. 15, 721-730.

Lowry, O. H., RosEBrouGH, H. J., FARR, A. L. & RanpairL, R. J. (1951). Protein
measurement with the Folin phenol reagent. J. biol. Chem. 193, 265-275.

MALAMED, S. & RECKNAGEL, R. O. (1959). The osmotic behavior of the sucrose-
inaccessible space of mitochondrial pellets from rat liver. J. biol. Chem. 234,
3027-3030.

MarceBANKS, R.M. (1967). The osmotically sensitive potassium and sodium
compartments of synaptosomes. Biochem. J. 104, 148-157.

MicHAELSON, 1. A. & WHITTAKER, V. P. (1963). The subcellular localization of
5-hydroxytryptamine in guinea pig brain. Biochem. Pharmac. 12, 203-211.

OnTA, M., NARAHASHI, T. & KEELER, R. F. (1973). Effects of veratrum alkaloids
on membrane potential and conductance of squid and crayfish giant axons.
J. Pharmac. exp. Ther. 184, 143-154.

PuiLures, C. G. (1956). Intracellular records from Betz cells in cat. Q. JI exp. Physiol.
41, 58-69.

Popreskr, T. & CHANGEAUX, J.P. (1969). Effects associated with permeability
changes caused by gramicidin A in electroplax membrane. Nature, Lond. 221,
541-545.

RODRIGUEZ DE LORES ARNA1Z, G. & DEROBERTIS, E. (1972). Properties of the iso-
lated nerve endings. Curr. Tops. Membr. Transp. 3, 237-272.

SHANES, A. M. (1958). Electrochemical aspects of physiological and pharmacological
action in excitable cells. Part I. The resting cell and its alteration by extrinsic
factors. Pharmac. Rev. 10, 59-164.

Simms, P. J., WaNg, C.-H., WAGGONER, A. S. & HorrMaN, J. F. (1974). The cyanine
dyes as fluorescent probes of membrane potential. Biochemistry, N.Y., 13,
3315-3330.

Ssop1N, R. A. (1959). Rubidium and cesium fluxes in muscle as related to the resting
potential. J. gen. Physiol. 42, 983-1003.

STRAUB, R. (1956). Die Wirkungen von Veratridin und Ionen auf das Ruhepotential
markhaltiger Nervenfasern des Frosches. Helv. physiol. pharmac. Acta 14, 1-28.
TepEscHr, H. & Harris, D. L. (1955). The osmotic behavior and permeability to

non-electrolytes of mitochondria. Biochim. Biophys. Acta 58, 52-617.

Tower, D. B. (1968). Quabain and the distribution of calcium and magnesium in
cerebral tissues ¢n vitro. Expl Brain Res. 6, 273-283.

ULBRICHT, W. (1969). The effect of veratridine on excitable membranes of nerve
and muscle. Ergebn. Physiol. 61, 18-71.

‘WHITTAKER, V. P. (1965). The application of subcellular fractionation techniques
to the study of brain function. Prog. Biophys. molec. Biol. 15, 39-96.

WHITTAKER, V. P., MicHAELSON, I. A, & KIRKLAND, R. J. A. (1964). The separation
of synaptic vesicles from nerve ending particles (‘synaptosomes’). Biochem. J.
90, 293-303.

23 PHY 247



