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Steady-state fluorescence polarization of the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene reported tem-
perature-dependent lipid order in L-a-dimyristoylphosphatidylcholine, egg phosphatidylcholine and synapto-
somal membranes. No change in lipid order was detected after depolarization of synaptosomes by veratridine
(150 pM) even in the presence of 2 mM CaCl,. However, Ca’* reduced the mobility of a second probe,
dansylated dipalmitoylphosphatidylethanolamine, in dispersions of synaptosomal lipids. This effect, which was
seen at a Ca?*/total phospholipid ratio as low as 0.1, may represent an interaction between the cation and
negatively-charged phospholipids. It is suggested that Ca>* promotes a phase separation in synaptosomal
lipids which may be relevant to the process of neurotransmitter release.

Introduction

Although it is accepted that the lipids of mam-

malian cell membranes normally adopt a bilayer'

structure their large variety even in functionally
‘simple’ membranes is superfluous to such a re-
quirement [1]. Also, in important details, many
lipids are unsuited [2] to their putative roles as
specific activators of membrane proteins. More-
over, given an invariant bilayer structure, it is
difficult to envisage the mechanisms of such
dramatic structural rearrangements as cell division
and membrane fusion.

With such considerations in mind, we set out to
investigate the disposition of synaptosomal mem-
brane lipids during the process of neurotransmitter
release and during membrane interaction with
calcium, an event known to be central to evoked
release [3,4]. We adopted the procedure of mea-
suring steady-state polarization in fluorescently
labelled membrane s s, and changes were
sought against a ba\eégrs;‘:l}s{ varying tempera-
ture knowing that similar changes can be initiated
by chemical events [1].
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Materials and Methods

Materials

1,6-Diphenyl-1,3,5-hexatriene (DPH) and
dansylated dipalmitoylphosphatidylethanolamine
(dns-DPPE) were obtained from Molecular Probes
Inc.,, Plano TX, U.S.A. Lyophilised vL-a-di-
myristoylphosphatidylcholine was supplied by the
Sigma Chemical Co., Poole, Dorset, UK. The
other lipids were obtained from Lipid Products,
Nutfield Nurseries, Nutfield, Surrey, UK. and
were of the best available grades. **CaCl,, specific
activity 0.53 GBq per mg calcium, was purchased
from Amersham International, Amersham, Bucks.,
U.K. Veratridine was obtained from Sigma and
Sepharose 4B from Pharmacia, Uppsala, Sweden.
All the other chemicals used were of at least
reagent grade.

Preparation of synaptosomes, synaptosomal lipid ex-
tracts and proteoliposomes

Synaptosomes were prepared from guinea-pig
forebrain [5] and suspended in a modified
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Krebs-Ringer medium (10 mM glucose/132 mM
NaCl/5 mM KCl/1.2 mM NaH,PO,/1.2 mM
MgCl,/20 mM Tris-HCl/+ 2 mM CaCl,/+2
mM EGTA, pH 7.4). Synaptosomal lipids were
extracted into chloroform and methanol [6] with
final partitioning by 0.9% NaCl to yield a chlo-
roform solution containing 5-10 mg phospholipid
per ml. Proteoliposomes (protein 10% w,/w) were
prepared by cholate dialysis of egg phosphati-
dylcholine (egg PC) labelled with diphenyl-
hexatriene as described below and sodium cholate
solubilized synaptic plasma membranes, all
according to the general methods listed in Ref. 7,
but omitting CaCl,.

Preparation of labelled samples

Synaptosomes (10 mg protein per ml of medium)
were labelled with diphenylhexatriene by adding
the probe from a fresh 3 mM solution in tetrahy-
drofuran to a final concentration of 2 uM. Gentle
stirring on ice was continued for 60 min to facili-
tate the incorporation of the probe into synapto-
somal membranes. Lipids in solution in chloro-
form were mixed with diphenylhexatriene in tetra-
hydrofuran (2 nmol diphenylhexatriene per mg
phospholipid) or dns-DPPE in chloroform/
methanol (2:1, v/v) (final dns-DPPE concentra-
tion 1% w/w), dried by a stream of nitrogen and
resuspended in medium (normally 140 mM NaCl/
20 mM Tris-HCl/ + 2 mM CaCl,/pH 7.4, 1 ml
per mg phospholipid). 1 ml aliquots of these sus-
pensions were dispersed by probe sonication (MSE
Scientific Instruments, Crawley, Sussex, U.K.) for
2 X5 min bursts at 1.5 A, cooling the samples
(except DMPC) in ice and water. In some experi-
ments sonication was carried out under N, in
N,-saturated medium. When preparing proteo-
liposomes, egg PC with 1 mol% dns-DPPE was
sonicated for 30 min under N, in a bath sonicator
(Kerry Ultrasonics, Hitchen, Herts., U.K.) filled
with ice and water.

Fluorescence measurements

An Aminco-Bowman spectrophotofluorimeter
was equipped with polarizing filters (Kodak
‘Polar Filter’, Kodak Ltd., London, U.K.) conven-
tionally orientated and fitted in the machine’s
moveable slit holders. With some further modifica-
tions up to four cuvettes could be accommodated

simultaneously and heated or cooled, allowing ap-
propriate controls to be included in each experi-
ment.

Fluorescence intensities with vertical polariza-
tion and a vertical or horizontal analyser, /, or I,
respectively, yield

Fluorescence polarization, P = (1” -1.)/( L+1,) 1)
Fluorescence anisotropy, r= (I, =1, ) /(I +21 ) 2)
Total fluorescence intensity, F = I, +21 (3)

A grating correction factor [8] was applied to
the fluorescence measurements and the depolariz-
ing effect of sample scatter was almost entirely
avoided by using horizontal cell slits {9] and by
keeping sample absorbances at a level where
successive dilutions showed that P remained con-
stant (usually an absorbance of about 0.1 at the
excitation wavelengths used).

Other measurements

Protein was assayed by a modification of the
method of Lowry et al. [10], further modified by
the addition of 1% SDS to the copper-tartrate-
carbonate reagent for estimations on lipid extracts.
Bovine serum albumin was used for standards.
Phospholipid phosphorous was estimated [11] after
perchloric acid digestion and converted to phos-
pholipid on the assumption that the
phospholipid : phosphorous ratio is approximately
25:1 w/w. “*Ca?* association with lipid disper-
sions was measured by liquid scintillation spec-
trometry and the calcium content of lipid extracts
was measured by atomic absorption spectrometry
after drying and dispersion in double-distilled de-
ionised water.

Lipid peroxidation was assessed by a version of
the thiobarbituric acid colour reaction [12] ex-
pressing the results in absorbance units [13].
Calibration by measuring lipid oxygen consump-
tion in an oxygen electrode (Yellow Springs In-
strument Co., Yellow Springs, OH, U.S.A.) prior
to the assay indicated that each unit per mg phos-
pholipid corresponded to up to 2% (per)oxidation.
(This figure is a maximum, as not all the O,
consumed necessarily goes towards lipid peroxida-
tion.)



Temperatures were measured with a Digitron
No1754 probe thermometer (Digitron Instruments
Ltd., Hertford, Herts., U.K.) and each reading is
accurate to +0.2%.

Results

Characterization of lipid preparations

Following the application of 1 ml of sonicated
synaptosomal lipid extract containing 1 mg of
phospholipid (i.e. approx. 1 pmol) to a 1.5 X 30
cm Sepharose 4B column a single peak of ultra-
violet absorbing material was obtained, at the void
volume. When sonication was carried out in the
presence of 2 mM **CaCl, (specific activity 370
kBq per pmol Ca?*) up to 0.2 pmol of calcium
became associated with the lipid thus eluted.
Transmission electron microscopy of negatively-
stained [14] preparations on formvar-coated grids
showed appearances consistent with multilamellar
liposomes up to 1 um in diameter. Proteoliposome
preparations contained unilamellar liposomes
30-50 nm in diameter.

Lipid peroxidation during the period of sonica-
tion was measured in synaptosomal lipid extracts
in media with or without added CaCl, and with or
without N, purging and sonication under N,. A
mean of 3 units of peroxidation occurred per mg
of phospholipid but there was no significant dif-
ference between samples with or without added
CaCl, (paired t-test, 0.5>p>0.1, n=3) or in-
deed between samples prepared with or without
N, (paired t-test, 0.5>p>0.1, n=23). Conse-
quently samples were not sonicated under N, as a
routine.

Hydrophobic proteins co-extracted with lipids
from synaptosomes amounted to 27 + 5 pg per mg
phospholipid (mean + S.D., n=4) and the Ca’*
content of the lipid extracts was 17 + 2 nmol per
mg phospholipid (mean + S.D., n = 4).

Diphenylhexatriene in synaptosomes and lipid dis-
persions

The uncorrected excitation and emission max-
ima for diphenylhexatriene were 360 nm and 430
nm, respectively. Using the treatment developed
by Jahnig [15) and Van Blitterswijk et al. [16)
measurements of steady-state fluorescence anisot-
ropy were divided into a fast decaying dynamic
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component, 7;, and an infinitely-slowly decaying
static or structural component, r,, the latter yield-
ing an average lipid order parameter, Sppy:

r=r+r, (4)
re=Yrp—yr, (5)
w=(1+7)rs_7r0 (6)

172
Sopu= (r/7) /

™
Iy is the limiting fluorescence anisotropy (0.39
from Ref. 15) and vy is the rotational correlation
time of the probe (¢) divided by its fluorescence
lifetime (7). For diphenylhexatriene y is fairly
constant at 0.125 [15].

1TEMP x 1073 (K1 x103)

30 31 32 33 34 35 36
(o] —Tr T T ™ —T 1_0
Ho9
AE = 4.4kcal. mol-1 {os
Jo7
o5l -06
£
Tb5 v
AE = 11.4kcal.moi-1 b
w
]
L:E 40.4 s
a 10k é
£ <
-4 o
-
03 &
0
x
o}
o
150 Tez21.0°C o
AH= 70keal.mol -! -
0.2
-
20— .

" L —
50 40 30 20 10
TEMPERATURE (C)

Fig. 1. Arrhenius plot of lipid order data for DMPC disper-
sions. Diphenylhexatriene-labelled DMPC was sonicated under
N, and Sppy was determined from measurements of fluores-
cence anisotropy during heating (O) and cooling (®) scans as
described in Materials and Methods. Assuming Sppy = 4-
e 4E/RT _In Sppy is plotted against reciprocal temperature
and activation energies (4 E) are determined from the slopes as
indicated.
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Fig. 1 is an Arrhenius plot of lipid order data
obtained for the synthetic phospholipid DMPC
labelled with diphenylhexatriene. The change in
slope at 21.0°C is near the temperature of the
main gel to liquid-crystalline phase transition as
detected by scanning calorimetry (23°C or 23.7°C
quoted in Ref. 1). The enthalpy change calculated
from the difference in slopes of the plot above and
below the break is 7.0 kcal - mol~'. There is some
evidence of an hysteresis effect between heating
and cooling.

Egg PC was examined by heating scans only
and showed no evidence of any discrete phase
change, with AE = 4.2 + 0.7 kcal - mol ™! (mean +
S.D., n=3) at 25°C. The calculated values of 7,
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Fig. 2. Arrhenius plots of lipid order data for synaptosomes.
Synaptosomes were labelled with diphenylehxatriene and tem-
perature-dependent fluorescence anisotropy was measured as
described in Materials and Methods during heating and cooling
scans with 2 mM CaCl, (O and ®, respectively) or with no
added Ca but 2 mM EGTA (a and a, respectively). The slopes
were plotted after linear regression analysis of each group of
observations above and below about 30°C. (r > 0.93 in each
case).

TABLE |

FLUORESCENCE ANISOTROPY AND ORDER PARAM-
ETERS FOR DIPHENYLHEXATRIENE IN EGG PHOS-
PHATIDYLCHOLINE

All dimensionless means+S.D. from four experiments. ry =
limiting fluorescence anisotropy (0.39). r; may vary from zero
towards the limiting value 0.125 7, (i.e. 0.05) in an isotropic
non-viscous medium. r,, may vary from zero towards the
limiting value 7, in an anisotropic, fully-ordered membrane.
Sppu May vary from zero towards a limiting value of unity in
an anisotropic, fully ordered membrane.

Temp. (°C) 25 45

Steady-state anisotropy
Dynamic component 7; 0.038+£0.001 0.040+0.001
Static component r,, 0.054+0.003 0.033+0.001
Lipid order parameter Sppy  0.372+0.011  0.291+40.007

r,, and Sppy at 25°C are compared in Table I to
values calculated from data obtained at 45°C.
Synaptosomes were labelled with diphenyl-
hexatriene and typical scans are shown in Fig. 2.
The main finding is the absence of any order
change with veratridine-induced depolarization [17]
even in the presence of 2 mM CaCl,. At 25°C
AE=21+0.3 kcal - mol~! (mean + S.D., n = 3).

dns-DPPE in lipid dispersions

The uncorrected fluorescence excitation and
emission maxima of dns-DPPE in lipid mem-
branes were 360 nm and 430 nm, respectively. In
contrast to diphenylhexatriene this probe is large
and asymmetric, and to interpret fluorescence
poldrization measurements rotation about three
major axes must be considered [18] to derive an
average rate of rotation [19],

B (P’1—1/3)_ -
R‘[(Po“—w) 1] ®

where P, is the limiting polarization of dns-DPPE
(0.37, Ref. 19), and 7 can be obtained for each
measurement from a plot of total fluorescence
intensity against temperature given that 7 is 12.2
ns at 20°C [19]. Fluorescence lifetimes so calcu-
lated varied from 6.8 ns at 55°C to 15.2 ns at
6.5°C.

Fig. 3 is a typical plot of R vs. temperature for
dns-DPPE in synaptosomal lipid extract disper-
sions, the increase in probe mobility accelerating
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Fig. 3. Effect of Ca>* on dns-DPPE mobility in synaptosomal
lipid dispersions. Synaptosomal lipid extracts were labelled
with dns-DPPE cither in the presence (O) or absence (®) of
added CaCl, (2 mM) and R was measured as described in
Materials and Methods as the sample was heated.

somewhat around 25°C. Adding CaCl, (2 mM in
the figure) progressively decreases probe mobility
as the temperature is raised. This effect was never
seen in egg PC dispersions which were always
studied simultaneously as controls with and
without added calcium and was maximal by 1 mM
CaCl, when up to 4 mM CaCl, was included.
CaCl, was reduced to 100 pM, with 2 mM EGTA
in control preparations, and the differences in R at
38°C with and without CaCl, were still significant
(mean difference 0.04 rotations per ns, paired t-test,
0.02>p>0.01, n=23).

Noting that synaptosomal membranes when
compared to whole brain homogenate are rela-
tively deficient in cholesterol but enriched in the
major phospholipids [20] experiments were per-
formed to establish whether any of the latter could
contribute to the effect of calcium on probe mobil-
ity. Lipid dispersions of egg PC with 10 mol% of a
second major phospholipid were labelled with
dns-DPPE as described and the results of several
experiments are summarised in Fig. 4. Of the
binary lipid mixtures examined only those contain-
ing phosphatidylserine or phosphatidylinositol ex-
hibited a reduction in probe mobility with calcium.

The possible involvement in this effect of hy-
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Fig. 4. Effect of Ca?* on dns-DPPE mobility in binary disper-
sions of egg PC and negatively-charged phospholipids. Egg PC
dispersions were labelled with dns-DPPE as described in
Materials and Methods and R was measured as the samples
were heated in the presence or absence of 2 mM CaCl, (®).
Egg PC dispersions with 10 mol% phosphatidylserine were
similarly labelled and R measured on heating with 2 mM
CaCl, (O). Without Ca’* this mixture resembled egg PC
alone. dns-DPPE-labelled binary mixtures of egg PC with 10
mol% of either phosphatidylethanolamine or sphingomyelin
showed no Ca’*-induced change in R but with 10 mol%
phosphatidylinositol 2 mM CaCl, reduced R as in phosphati-
dylserine-containing preparations.

drophobic proteins co-extracted from synapto-
somes together with lipids was assessed using pro-
teoliposomes formed from egg PC and solubilized
synaptic plasma membranes. Although the proteo-
liposomes contained almost four times the protein’
of liposomes formed from synaptosomal lipid ex-
tracts only a barely-measurable calcium-induced
reduction in probe mobility was seen.

Discussion

DPH molecules in association with an ordered
phospholipid bilayer appear to be situated cen-
trally between the fatty acyl chains with their long
axes normal to the plane of the membrane {21]}.
This is quite distinct from the behaviour of the
probe in a medium which is isotropic, i.e. has no
molecular order, so that r of Equation 4 is zero
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and re-arrangement of Equation 5 leads to the
Perrin &quation

r=r/(1+1/¢) )

allowing calculation of microviscosity from ¢ as in
Ref. 22. The evaluation of membrane microviscos-
ity (and its reciprocal fluidity) on the assumption
of isotropy in biological membranes ignores the
overwhelming contribution of membrane order to
fluorescence anisotropy as discussed in Refs. 15
and 16 and illustrated in Table 1. In addition, the
values obtained show a marked dependence on the
reference oil used for calibration [23].

Fig. 1 shows the thermotropic phase behaviour
typical of a single lipid species. The break in the
plot at 21.0°C is near the accepted main transition
temperature 7, [1] and although the enthalpy
change is slightly high at 7.0 kcal - mol~! (cf. 6.3
or 6.6 from the last reference) both this value and
T, are within the expected errors from our data
[24]. Further values can be calculated from the
results of Refs. 25 and 15, e.g. AH for DMPC
calculated from the latter is 5.4 kcal - mol~ . The
lack of evidence of a sharp phase transition in egg
PC dispersions reflects the varied lengths and
saturations of the constituent acyl chains, and
although the data for whole synaptosomes (Fig. 2)
are fitted to two straight lines it would be expected
that these membranes would also fail to show a
sharp phase transition. It was noted that AE at
25°C decreased from 4.2 + 0.7 kcal - mol ~! for egg
PC to 2.1+0.3 kcal-mol™! for synaptosomal
membranes (both means + S.D., n = 3).

In synaptosomes there was no evidence that
membrane lipid order (or indeed the dynamic
component r; related to ‘microviscosity’) differed
between depolarized and non-depolarized syn-
aptosomes exposed to 2 mM CaCl, (Fig. 2). If
calcium-dependent neurotransmitter release con-
sists of depolarization-induced exocytosis of the
contents of synaptic vesicles (see for example Ref.
26) possibly involving Ca?" in the transient fusion
of vesicular and pre-terminal synaptic membranes
[27], the lack of any change in membrane structure
as particularly reflected in lipid order is unex-
pected. It remains possible that the probe may
have become distributed within additional syn-
aptosomal membrane systems [28] which could
swamp this change.

The emission properties of dns-DPPE suggest
that in phospholipid bilayer systems the molecule
is orientated in much the same way as the un-
labelled constituents [29]. Given that an average
rotation rate can be calculated [19] its value should
be sensitive to local lipid order and, in particular,
to any phase change. Since calcium has been shown
to promote phase transitions in negatively-charged
phospholipids [2] in some cases in association with
dramatic structural changes [30], the marked abil-
ity of CaCl, to reduce dns-DPPE mobility in
synaptosomal lipids (Fig. 3) may primarily be due
to an interaction of the cation with phosphati-
dylserine and phosphatidylinositol (Fig. 4) leading
if not to a bilayer or hexagonal phase transition at
least to important premelting or (more likely) pre-
freezing, lipid clustering, phenomena [1].

The effect of CaCl, on extracted lipids, maxi-
mal at 1 mM CaCl,, was still apparent in experi-
ments including only 100 nmol CaCl, per mg
phospholipid, i.e. an approximate molar ratio of
Ca?* /total phospholipid of 0.1. Following extrac-
tion this ratio is already almost 0.02 (explaining
the need for EGTA in controls for 100 pM CaCl,)
and in extracts exposed to *°CaCl, during sonica-
tion the ratio may reach 0.2, all the calcium being
tightly bound. It may be concluded that certainly
not more than equimolar quantities of Ca’* are
needed for maximum effect, and probably appre-
ciably less. This is relevant to the interaction of
calcium with charged lipid membranes, as it seems
likelier that the cation binds to specific charged
groups rather than that it simply screens negative
membrane charge [31]. Such an interpretation is
relevant to the high specificity of Ca®* for neuro-
transmitter release. It should be emphasised that
because of the electrical double-layer effect the
concentration of divalent cations at a negatively-
charged membrane surface will be considerably
higher than in the bulk of the medium or in the
cytosol.

In conclusion our data from the use of diphen-
ylhexatriene show no evidence for large-scale
structural order changes in the lipid membranes of
depolarized cortical synaptosomes (which are nec-
essarily unselected with regard to their neurotrans-
mitter systems). Our results with dns-DPPE do
suggest that Ca?* association may cause a phase
separation in synaptosomal lipids mvolving acidic



phospholipid aggregation or transition to a gel-like
phase. It is tempting to speculate that such a
change (perhaps in association with certain mem-
brane proteins) may underlie a channel-forming
mechanism for neurotransmitter release.
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