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n-Alcohols, when added in increasing concentrations, had an unusual triphasic effect on the uptake of choline and of
y-aminobutyric acid by isolated synaptosomes. There was slight inhibition of these uptakes at low n-alcohot toncenn'a-

tions, followed by a sharp peak of uptake enhancement, and ther: greater inhibiti The lcohol

blished zz-alcohol

required for these effects were propaiiionsl to p

/ buffer p coefficients, with the

peaks of uptake enlnamement occurring at 60 oM n-propannl 20 mM n-butanel and 7.5 mM n-pentanol. Synaptosomal

as from

phonium, was not affected by n-alcohols in the

of the cation |*H|tetraphenylphos-

used in this study. snggestmg that nelther the inhibitory

or enhancing effects of these n-alcohols were to changes in trans p ion

‘The inhibiting and enhancing effects of could be reproduced in inations of y-ami ic acid uptake
by isolated ic plasma b that the observed effects are due to a dlrect action of the n-alcohols
on the ! plasma b These effects may be attributable to a change in membrane binding of these

alcohols from the membrane core to the membrane surface as alcohol concentration is increased.

Introduction

GABA and choline, a biosynthetic precursor of
acetylcholine, are both taken up by isolated synaptic
terminals (synaptosomes) via sodium gradient-depen-
dent processes with characteristics suggesting active,
carrier-mediated systems [1-4]. Such membrane-bound
proteins are thought to be sensitive to the degree of
disorder (or ‘fluidity’) of the surrounding lipid bilayer
[5,6], which in turn is sensitive to alterations in mem-
brane lipid composition [7,8] and to certain exogenous
drugs [9]).

Short chain r-alcohols have long been known for
their anesthetic actions in vivo, for their lipid solubility
in vitro, and for the close correlation between these
activities (see Refs. 10 and 11). Recent evidence indi-
cates that the actions of n-alcohols on biological mem-
branes are selective for certain lipid domains. Ethanol,

A tati GABA, v ic acid; SPM, synaptic plasma
brane; TPP*, tetrap jum ion.
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for instance, has been shown to selectively disorder the
outer (exofacial) ieaflet of synaptic plasma membranes
[12). and to selectively disorder deeper portions of the
SPM bilayer [13-16] while lesser changes or even an
ordering effect is seen at the membrane surface [16).
Ethanol, #-propanol and n-butano! have been shown to
partition preferentially into the interior of synthetic
phospholipid bilayers at low alcohol concentrations and
to preferentially bind to the bilayer surface at higher
alcohol concentrations [17]. an effect which may be due
to cooperative binding of alcohol to the membrane
surface [18]. These effects of short chain n-alcohols
differ from the effects of some other ‘membrane fluidiz-
ing’ pulations. Depletion of choll 1 from
erythrocytes, for instance, appears to preferentially af-
fect the inner {(cy 1) plasma leaflet
{19.20).

We have previously reported the effects of two differ-
ent synaptic membrane perturbations on synaptosomal
uptakes of GABA and of choline: depletion of synaptic
membrane cholesterol using a lipid transfer protein [21],
and partition of ethanol into the synaptic membrane
[22). The effects of these manipulations on synaplo-
somal uptake p are quite dif! Pro;
cholesterol depletion is accompanied by a progressive




98

and reversible decrease in synaptosomal GABA uptake,
w}'ule choline uptake is unaffected [21]. In contrast,

ing ethanol i (50-400 mM) are
accompanied by progressive and reversible decreases in
synaptosomal choline uptake, while GABA uptake is
unaffected {22]. In this paper we report the effects of
n-propanol, n-butanol and n-pentanol on the uptakes of
GABA and choline by synaptosomes, and on the uptake
of GABA by SPM. These results are qualitatively differ-
ent both from those obtained with ethanol and from

those obtained with chol 1 depleti
Materials and Methods
Materials

*HJGABA, ["*Ccholine, [*HJTPP*, [*C]methanol
J

pelleted (10000 X g for 20 min in a Beckman JA17
rotor) and resuspended in buffered Krebs medium con-
taining 0.2 M sucrose (‘buffered Krebs‘sucmse’) and
used for fi I studies i ly. For preserva-
tion of synap 1 function, a sucrose

of 0.2 M was found to be optimal in the buffered Krebs
medium (North, P., unpublished observ:-tions).

P ion quality was d by t i tion elec-
tron microscopy and by qualitative asscssment of syn-
aptosomal membrane potential using the permeant fiuo-
rescent cation 3,3’-dij 1-2-2’-oxacarb the
latter using a method based on that of Sims et al. [25] as
applied to synaptosomes by Blaustein and Goldring
[26]. By these criteria, isolated synaptosomes were simi-
lar in purity and integrity to previous preparations [21].

[*HJH,O and ["*C]dextran were obtained from New
England Nuclear (Boston, MA). Unlabelled GABA and
choline were obtained from Sigma Chemical Co. (St
Louis, MO). 3,3-Dipentyl-2-2"-oxacarbocyanine was
from Molecular Probes (J City, OR).

Preparation of synaptosomes and synaptic plasma mem-
branes
Synaptosomes were isolated from the forebrains of
Sprague-Dawley rats (Charles River Labs, Wilmington,
MA) essentially by the method of Gray and Whittaker
[23] as modified by Hajos [24]. Briefly, three to five
unanesthetized rats were decapitated and their fore-
brains rapidly excised and placed in 0.32 M sucrose
containing 2.5 mM Hepes (pH 7.4) (‘sucrose-Hepes’),
and homogenized at 0.2 g tissue/ml. Homogenization
was performed in a Potter Elvehjem Teflon-glass homo-
genizer (1 inch inner diameter) using four to six strokes
with a loose-fitting pestle (0.974 inch diameter) followed
by three strokes with a tight-fitting pestle (0.991 inch
diameter). The pestles were driven at 800-900 rpm by a
Dyna-Mix overhead stirrer (Fisher Scientific, Pitts-
burgh, PA). An equal volume of sucrose-Hepes was
added and the homogenate centrifuged at 1000 X g for
10 min in a Sorvall §S-34 rotor. The resulting pellet was
resuspended and recentrifuged and the supernatants
from the two centrifugations were pooled. These were
then centrifuged at 11000 X g for 20 min in the SS-34
rotor and the resulting peilet was washed twice by
pension and recentrifugati The final pellet
(‘washed crude synaptosomal pellet’) was resuspended
in sucrose-Hepes (3-5 ml per g original brain tissue),
layered in 10-15 ml aliquots over 30 ml of 0.8 M
sucrose/2.5 mM Hepes (pH 7.4) and centrifuged for 25
min at 10000 X g in a Beckman 25.2 rotor. The 0.8 M
sucrose layer was diluted slowly (over an hour) with 3
vols of buffered Krebs medium (130 mM NaCl/5 mM
KCl1/1.3 mM MgCl,/1.2 mM sodium phosphate/10
mM glucose/0.5 mM EGTA/10 mM Hepes (pH 7.4))
with periodic swirling. The diluted synaptosomes were

The ic activity of choline acetyltransferase, de-
termined by a radiochemical method [27], was enriched
4-fold (from 1.2 to 4.9 nmol/mg per min) in isolated
synaptosomes in comparison with the crude homo-
genate.

SPMs were p d from p
hypo-osmotic shock in a manner similar to that of
Jones and Matus [28). The washed crude synaptosomal
pellet was incubated in 5 zaM Tris (pH 8.1) for 1 h at
4°C, and then diluted with 48% (wt/wt) sucrose (585
g/1)/5 mM Tris (pH 8.1) to a final sucrose concentra-
tion of 34% wt/wt (390 g/1). 20 ml aliquots of this were
overlaid with 18 ml aliquots of 28.5% (wt/wt) sucrose
(319 g/D/5 mM Tris (pH 8.1) and centrifuged over-
night at 49000 X g (Beckman SW 27 rotor, 19000 rpm).
The plasma b band was collected from the
78.5-34% sucrose interface, diluted 2-fold with cold
water and then recovered by centrifugation at 87000 X g
for 2 h (SW 27, 25500 rpm), forming a pellet with a
white outer rim and a slightly darker center. The onter
rim, consisting of SPMs of greater purity, and the inner
rim, consisting of less pure SPMs, were separated with a
spatula and resuspended in sucrose-Hepes medium at
10-20 mg SPM protein per ml. The purer outer rim
SPMs were used for these studies. If the membranes
were not used immediately, they were stored in liquid
nitrogen.

The protein content of the preparations was assayed
using a modification [29] of a Folin technique [30].

Measurement of synaptosomal uptake of choline and
GABA

Synaptosomal uptakes of choline and of GABA were
measured by means of an isotopic technique [21] based
on a ion method described by Simon and
Kubhar [31] for [*H]choline. Synaptosomes (0.5 mg syn-
aptosomal protein) were preincubated at 37°C for 10
min in 1 ml of the buffered Krebs-sucrose solution
described above, with or without n-alcohol. Uptake was
started by the addition of [*H|GABA (0.08 pCi) and
["*CJcholine (0.05 nCi) to give final GABA and choline




concentrations of 1 pM. Uptake was lermmaled after 2
min by addition of 4 vols of ice-cold incut
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abled us to calculate the synaptosomal inlemzl volume.

containing unlabelled GABA and choline (1 pM each).
Zero-time blanks were obtained by simultaneous ad-
dition of labelled GABA /choline mixture and of cold.
unlabeleld GABA / choline mixture. Synaptosomes were
collected by centrifugation (20000 X g X 15 min in a
Beckman JA17 rotor); the pellets were twice surface-
rinsed with 5 ml ice-cold NaCl (0.15 M) and thcn
dissolved overnight with Protosol (New Engl

The ial was then cal d using the
Nernst equauon Nonspecific binding of TPP* was
determined by parallel assay using depolarizing media
(130 mM KCI substituted for 130 mM NaCl), and was
subtracted (on a per mg protein basis) prior to calcula-
tion of the membrane potential.

Statistical analysis

Nuclear, Boston, MA) prior to liquid scintillation
counting. Values for total uplake of choline and GABA
were obtained by g the ime blanks from
the timed made in t Krebs-
sucrose. Sodium-independent choline uptake repre-
sented about 20% of total choline uptake, and sodium-
independent GABA uptake represented less than 0.5%
of the total GABA uptake [22].

Measurement of GABA uptake by synaptic plasma mem-
brane vesicles

Sodium gradient-dependent uptake of [*HJGABA by
SPM vesicles was determined at 25°C by the filtration
method of Kanner [32). The vesicles were incubated for
15 min at 37°C in 0.1 M potassium phosphate,/1 mM
MgCl, (pH 7.0) to load the vesicles with potassium
phosphate. This loading is virtually complete within 10
min, as determined by following passive *Rb uptake
[21]. The vesicles were then cooled on ice for 10 min,
centrifuged at 80000 X g for 20 min, and resuspended
in 0.1 M potassium phosphate, 1 mM MgCl, (pH 7.0)
at 2-3 mg SPM protein/mg. These potassium phos-
phate-loaded vesicles were incubated for 1 min at 25°C
in 01 M NaCl/l mM MgCl,/0.15 pM [*HIGABA
(10-15 Ci/mmol). The membranes were collected on
Millipore HAWP 0.45 xm pore-size filters and washed
twice with 4 ml of ice-cold 0.15 M NaCl/0.15 pM
unlabelled GABA, prior to drying and preparation for
liquid scintillation counting. A zero-time blank was
subtracted from the 1 min values.

. of synap ; 5 il

1 b was d by
means of the permeant cation [*HJTPP* using a tech-
nique described by North and Fleischer [21). p

Diffe b values in the presence and ab-
sence of alcohols were compared using Student’s t-test
for paired data.

Results

Short-chain n-alcohols (n-propanol, n-butanol and
n-pentanol), when added at increasing concentrations,
showed a curious triphasic effect on synaptosomal up-
take of choline (an 1) These alcohols produce 2
10-15%. inhibition of choline
uptake at low alcohol concemrauons The concentration
range in which this is seen decreases with increasing
alcohol chain-length, ranging from 20-40 mM #-pro-
panol to 3-6 mM n-pentanol. At slightly higher alcohol

ions (60 mM n-propanol, 20 mM r-butanol
7.5 mM n-pentanol) there is an abrupt peak of uptake
activity, at which ~holine uptake may equal or excesd
the control values. At still higher alcohol concentra-
tions, thers is greater (30-40%) inhibition of uptake.
The heighis of the peaks increase with increasing al-
cohol chain-length; they are greatest with 7] penlanol
and llest with 1, and the at
which this uptake-enhancmg effect is seen are propor-
iional to published membrane/buffer partition coeffi-
cients fo: these alcohols (Fig. 2). This suggests that the
effect occurs at a certain, constant intramembranous
concentration of the alcohols, and is amplified by longer
alcohol chain-lengths.

A similar tnphas:c effect of shorl—cham n-alcohols is
seen in determi of I GABA uptake
(Fig. 1). This uptake is alsc mlnbned by these l'ugher-
order n-alcohols, but the degree of inhibition is less
than that seen for choline uptake, and is generally not
statistically significant in our experiments until rather
hi N

somes were preincubated 10 min in a buffered Krebs-
sucrose solution with or without alcohol, as described
above for measurements of choline and GABA uptake.
Then TPP* (0.21 pM) was introduced along with a

of these alcohols are reached. Peaks

of enhanced GABA uptake are seen, however, and at

the same alcohol concentrations that produce peaks of
enhanced choline uptake.

This uptake-enhancing effect of certain n-alcohol

trace quantity (0.04%) of ['*C]methanol (used as an was also d ble in

index of the pellet volume). Following equilibration (10 of GABA uptake by isolated SPMs, following imposi-

min at 37°C), the synaptosomes were pelleted and both tion of a sodium g {Fig. 3). No

the supernatants and pellets were d, allowi inhibition, or only slight, of SPM GABA uptake is seen

calculauon of the relative TPP* concentrations in the at low concentrations of n-propanol and n-butanol,
l spaces. A l‘o]lowed by a peak of activity similar to that seen in

parallel incubation with [PHJH,0 and [**C; en- determi: of | GABA uptake (Fig. 1),
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Fig. 1. Effect of short-chain n-alcohols on syn: ptosomal uptakes of choline and of (GABA. Isolated synaptosomes werc ircubated at 37°C in the
presence of [*H]GABA and ['*Clcholine, 1 #M each, following a 10 min equilibraticn period. Uptake was terminatcd after 2 min by dilution with a
cold, unlabelled GABA /choline mixture, followed by il to collect the The data are shown as pcrcelll of control (zero
alcohol) values. and as means + S.E. for five ions ( seven jons (n-b 1) or three (.
Control (zero alcohol) uptake values for the 2 min incubations were 1914 pmol choline/mg synaptosomal protem and 136 + 24 pmol GABA/mg
protein for n-prop: 1512 pmol choline/mg synaptosomal protein and 135425 pmol GABA /mg synaptosomal
protein for n-butanol experiments, and 15+ 1 pmol choline/mg synaptosomal protein and 124129 pmol GABA /mg synaptosonal protein for
n-pentanol experiments (means + S.E. for five, seven, and three preparations, respectively). (0) Choline uptake, (8) GABA uptake. (*) Difference
from control (zero alcohol) value is statistically significant ( P < 0.05 or better).

and then greater inhibition of GABA uptake at higher 1

ion of the b permeable

alcohol concentrations. This result suggests that the
observed effects of n-alcohols en synaptosomal choline
and GABA uptake are attributable to a direct effect on
the synaptic plasma membrane, rather than to a sec-

TPP* These determinations showed only small and
statistically ignificant changes in poten-
tial over the n-alcohol concentration ranges used in this
study (Flg 4). These results suggest that the effects of

ondary effect resulting from n-alcohol actions elsewt on p 1 uptakes of choline and
within the synaptosome.
Synaptosomal membrane potenual and the effect of
n-alcohols on this p 1, was d from syn-
~ 120 120,
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L
< o c Fig. 3. Effect of short-chain n-alcohols on uptake of GABA by
N s isolated SPMs. SPMs were prepared from isolated synaptosomes
02 05 10 20 40 following hypo-osmotic shock. Uptake of GABA was determined at
Membrone / butf 25°C following imposition of a trans-membrane sodium gradient.

partition coetticient (moi/mol)
Fig. 2. Double-logarithmic plot of n-alcohol membrane/buffer parti-
tion coeffivients versus the alcohol concentrations producing enhance-
ment of synaptosomal choline and GABA uptake. Partition coeffi-
cients are from Seeman [47]) and the uptake-enhancing alcohol con-
centrations are from Fig. 1. C; = n-propanol, C, = n-butanol, Cs = n-
pentanol. Extrapolation of these data predicts enhancement of syn-
aptosomal choline and GABA uptake at 200 mM ethanol (C,, arrow).

The SPMs were incuvated for 1 min in the presence of [*HJGABA
(0.15 M) and then the solution was filtered. The data are shown as
percent of control (zero alcokol) values, and as means £ S.E. for three

( 1) or five 1). Con-
trol (zero alcohol) uptake values were 23.7+0.9 pmol GABA/(mg
protein) per min for n-propanol experiments and 375 pmol
GABA /(mg protein) per min for n-butanol experiments (means + S.E.

for three and five deierminations, respectively).
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potential was estimated, using the Nernst equation. from

synaptosmal accumulation of the permeant cation, [ *Htetraphenylphosphonivm. The values are shown as means + S.E. for seven determinations,

GABA are not attributable to n-alcohol effects on syn-
p 1 ionic gradi (see Di ion).

Discussion

We describe an unusual triphasic effect of short-chain

Icohols, added at i i on syn-
aptosomal uptakes of cholme and of GABA, and on
SPM uptake of GABA (Figs. 1 and 3). Uptake inhibi-
tion at low and high n-alcohol concentrations is inter-
rupted by sharp peaks of uptake enhancement at inter-
mediate n-alcohol concentrations. We are not aware of
any previously described triphasic effects of alcohols on
membrane transport processes, although an analogous
pattern has been described for the effects of charged
anesthetics on Na /K*-ATPase activity in plasma

of cul d. d mouse

dence and i affinity for choline [35.36). Under the
experimental conditions used here, approx. 80% of the
measured choline uptake activity is attributable to a
high-affinity, sodium-dependent component, while the
remaining 20% is attributable to a low-affinity. sodium-
independent component [22]. Synaptosomal uptake of
GABA, in addition to its depend: on the p of
a tr b sodium di is known to de-
crease with KCl-induced depolarization of synapto-
somes [37,38), as is synaptosomal high-affinity choline
uptake [31,39).

To assess the possibility of an n-alcohol effect on
trans-membrane ion gradients, we estimated synapto-
somal membrane potential from synaptosomal accumu-
lation of the membrane-permeable cation, TPP*. This
was not significantly affected by n-alcohols over the

[33].

The uptake-enhancing n-alcohol coacentrations are
proportional to published membrane,/
coefficients for these n-alcohols (Fig. 2). Exlrapolatlc.x
of these data to ethanol predicts an uptak

uffer pa. “tior -

ranges used in these studies (Fig. 4)
] membrane ial and synap

uplakes of cholire and of GABA can be related quanti-
tatively using literature values. Simon and Kuhar [31),
for instance, have reported that raising the ex-

Q.

effect of 200 mM ethanol (Flg, 2). Since the uptake-en-
hancing effect is smaller with shorter cham-leng(h (th
1), one might expect this predicted uptak

tra: p P ium chloride from
10 10 20 mM results in a 33% drop in sodium-depen-
dent, high-a‘finity choline uptake by rat hippocampal

effect of 200 mM elhanol to be small In fact, de-
terminations of ethanol effects on synaptosomal up-
takes of choline and of GABA do show a slight (but
statistically nonsignificant) enhancing effect on GABA
uptake at this concentration, and show a plateau of
inhibition of choline uptake between 50 and 200 mM
ethanol {22].

One possible mechanism for these results is an al-
cohol effect on t ionic gradi with
consequent secondary effects on the sodium gradient-
dependent uptakes of GABA and of choline. Synapto-
somal uptake of GABA is dependent on the presence of

sodium dient [34], with a negligi-
ble dium-ind 4,22]. In
uptake of cholme by synaptosomal preparations con-
sists of two components which differ in sodi

synap The extr p | sodium con-
centration was conslam at 126 mM in these experi-
ments. A and
sodium concemrauons of 140 mM and 10 mM, respec-
llvely [40] one can use the Goldnng equation [41] to

ials of —65
and —49 mV for 10 and 20 mM extrasynaptosomal
potassium, respectively, from the data of Simon and
Kuhar [31]. Thus the 33% decrease in choline uptake
they have reported corruponds to an approx. 16 mV
decrease in synap ial. Similar
calculations can be performed for synaplosomal GABA
uptake. These calculations suggest that the effects of
n-alcohols on synaptosomal choline and GABA uptake

which we observe here cannot be attributed to n-alcohol
effects on synap | membrane p 1 or on its
« i ionic g The i ity of the syn-
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aptosomal membrane potential to n-alcohols which we
describe (Fig. 4) is consistent with the observations of
Houck [42] that n-alcohols, in the i used
here, have no effect on the resting membrane potentials
of lobster axons.

The data reponed here suggest that n-aicohols have

which appears to selectively decrease the lipid ordei of
the inner (cytofacial) leaflet of plasma membranes, at
least in erythrocytes [19,20]. Indeed, the biochemical
effects of synaptic mcrabrane cholesterol depletion on
synaptosomal uptake of choline and of GABA are

ively different from the effects of short-chain

at least two dent cffects on 1 mem-
brane transport of choline and GABA. (1) An inhibi-
tory effect, with inhibition of choline uptake 1

n-alcohols on these wuptake processes. North and
Fleischer [21] have l‘ound that decreasing the synapto-
somal chok id ratio results in de-

greater than inhibition of GABA uptake, which is
marufested similarly by homologous aloohols at similar

branous alcohol ons, and (2) a
stimulatory effect, scen only within a narrow inier-
mediate range of i alcohol

creased synaptosomal uptake of GABA, while the up-
take of choline is unaffected, in contrast to the effects
of ethanol [22] and short chain n-alcohols. These quali-
tatively different biochemical results suggest that selec-

tions, which is greater with longer n-alcohol chain-
lengths. This second effect sugges*s some change in the
nature of the alcohol-membrane interaction as the al-
cohol concentration is increased.

Evidence for such a qualitative change in
alcohol-membrane interaction as alcohol concentra-
tions are increased is provided by studies of synaptic
membrane lipid order and by stadies of thermotropic
behavior of synth idylcholine bilayers. In
SPMs, low conoenlrauons of ethanol have greater dis-
ordering (‘fluidizing’) efiects in the membrane core than
near the membrane surface, as measured by electron-
spin resonance probes [13] and fluorescent probes
[14,15]. At ethanol concentrations above 200 mM, in
contrast, these probes report effects at the membrane

surface of ptic and erythrocyte plasma b
(14,43). Nuclear it P py has
also been used to ptic plasma b

order in the presence and absence of ethanol. These
studies show a disordering effect of ethanol on terminal
acyl methyl group protons in the membrane interior,
and an ordering effect on choline headgroup protons at
the membrane surface [16]. Thermotropic studies of
ethanol, 1 and n-butanol effects on h
bilayers suggest that these alcohols, at low concentra-
tions, partition into fluid-phase lipid, and that they bind
specifically tc sites on the bilayer surface at high al-
cohol concentrations [17,44-46]. This is supporied by
nuclear magnetic resonance studies of deuterated
ethanol binding to synthetic bilayers. These studies
show the partition coefficient for ethanol binding to the
membrane interior to be constant between 35 mM and
3.5 M ethanol, while binding to the membrane surface
is highly cooperative [18], indicating that surface bind-
ing becomes proportionately greater with higher ethanol
concentrations.
ive effects of n-alcohols on different

domains within the SPM may also be important in the
effects of these agents on membrane transport func-
tions. For instance, ethanol has been shown to selec-
tively disorder the outer (exofacial) leaflet of SPMs [12}.
This is in contrast to membrane cholesterol depletion,

tive “fluidi; ’ of b ipid d
may be reflected in different effects on membrane
transport functions.
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