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Selective Fluidization of Synaptosomal Plasma Membrane
Vesicles by 17p-Estradiol
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Pusan National University, Yangsan 50612, Korea

Estrogens are effective neuroprotectants in vivo and in vitro. To obtain a better insight into the molecular mechanisms
of action of neuroprotection by 17B-estradiol (E2), we examined the differential effects of E2 on the fluidity of synaptosomal

plasma membrane vesicles (SPMV) isolated from rat cerebral cortex. Intramolecular excimerization of 1,3-di(1-pyrenyl)-
propane (Py-3-Py) was used to investigate the effects of E2 on the bulk and annular lateral diffusion of the SPMV. In
addition, we examined the effects of E2 on the rotational diffusion of individual leaflet of SPMV exploiting selective

quenching of outer monolayer 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescence by trinitrophenyl groups. The Forster
distance R, value for the tryptophan-Py-3-Py donor-acceptor pair was 26.9 A. E2 increased the lateral mobility of both
bulk and annular lipids in SPMV in a dose-dependent manner, but a larger effect on bulk lipids was observed. Although
E2 decreased the anisotropy of DPH in SPMV, E2 had a greater fluidizing effect on the outer leaflet compared to the
inner leaflet. These results suggest that E2 selectively fluidizes the more fluid regions within SPMV. It is highly probable
that E2 mostly fluidizes the bulk lipids, away from either annular lipids or lipid rafts, in the outer leaflet of SPMV. This

selective fluidization may be one of the nongenomic mechanisms of neuroprotection by E2.
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INTRODUCTION

Estrogens have shown beneficial effects against a variety
of neuronal insults both in vivo and in vitro. Consistent
observations of potent neuroprotection by estrogens made
this ovarian steroid a prime candidate for protection of a
variety of cell types during chronic neurodegenerative dis-
eases, e.g., Alzheimer's disease and Parkinson's disease, as
well as acute brain cell-compromising conditions, such as
stroke and brain trauma (Brann et al., 2007; McCullough
and Hurn, 2003). Although the major conducted clinical

trials found detrimental effects of estrogen replacement
therapy in postmenopausal women including increased stroke
risk and dementia (Liu and Yang, 2013), estrogens are better
studied for their neuroprotective effects than any other class
of compounds. Most studies on neuroprotection of estrogen
have been initially focused on the classical genomic path-
ways involving the binding of estrogen to the cognate nuclear
estrogen receptors (ER), ER, and ERg (Hall et al., 2001).
There is a growing body of evidence that neuroprotection
of estrogen includes nongenomic actions through binding to
ER,, ERg, or G-protein coupled ER, GPR30/GPER1 in the

plasma membrane or through functioning independently
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from ER (Alexander et al., 2016; Manavathi and Kumar,
2006). The genomic action is generally detectable in hours
to days whereas nongenomic responses of cells occur in
seconds to minutes. Rapid signaling by estrogens has been
widely reported in numerous hormone target cells of the
brain (Raz et al., 2008).

A large, diverse collection of physiological agonists pro-
duces the alterations in membrane fluidity as well as their
specific ligand-receptor interaction. Although a few studies
were performed about the membrane actions of 17(3-estradiol
(E2), conflicting results were reported depending on the
types of membranes and the probe location. E2 increased
(Dicko et al., 1999; Kumar et al., 2011; Tsuda et al., 2001;
Whiting et al., 1995, 2000), decreased (Schwartz et al.,
1996), or did not change (Golden et al., 1999; Shivaji and
Jagannadham, 1992) membrane fluidity. All fluorescence
spectroscopic studies about the effects of E2 on the mem-
brane fluidity were performed using either 1,6-diphenyl-
1,3,5-hexatriene (DPH) or 1-[4~(trimethyammonio)-phenyl]-
6-phenylhexa-1,3,5-triene, both of which reflect the bulk
rotational diffusion of membrane bilayers. Given the struc-
tural complexity of the bilayer lipids, it is prudent to char-
acterize the fluidity of a given membrane in terms of intrin-
sically different modes of motion. The excimer fluorescence
and fluorescence polarization reflect the lateral and rotational
diffusion, respectively, of the fluorophores.

The aims of this research are threefold: (i) to investigate
the effects of E2 on the bulk and annular lateral diffusion
of synaptosomal plasma membrane vesicles (SPMV) isolated
from rat cerebral cortex using intramolecular excimerization
of 1,3-di(1-pyrenyl)propane (Py-3-Py); (ii) to examine the
effects of E2 on the rotational diffusion of individual leaflet
of SPMV exploiting selective quenching of outer leaflet
DPH fluorescence by 2.4,6-trinitrobenzenesulfonic acid
(TNBS); and (iii) to calculate the Forster distance of the
fluorescence resonance energy transfer (FRET) from SPMV
tryptophan to Py-3-Py. E2 increased both the lateral and the
rotational mobility of SPMV, and this fluidizing effect was
selective within SPMV. E2 preferentially increased the lateral
mobility of bulk lipids than annular lipids. In view of rota-
tional mobility, E2 selectively fluidized the outer leaflet

than the inner leaflet.

MATERIALS AND METHODS
Materials

E2, TNBS, Ficoll, bovine serum albumin (BSA), and
buffers were purchased from Sigma Chemical Co. (St.
Louis, MO, USA); and DPH and Py-3-Py from Invitrogen
(Carlsbad, CA, USA). All other chemicals were of the highest
quality available, and water was deionized with a Milli-Q

system.
Animals

We used the cerebral cortex of 12-month old Sprague-
Dawley female rats. Animal experiments were performed
according to the guidelines of the Korean Food and Drug
Administration. All procedures were conducted in accor-
dance with the ethical standards formulated by the Pusan

National University Animal Care and Use Committee.
Preparation of synaptosomes

Synaptosomes were isolated from the cerebral cortex of
adult (12-month old) Sprague-Dawley female rats by the
method of Yun and Kang (1990) with several modifications.
All steps were carried out at 4°C. Rat cerebral cortex was
homogenized in 0.32 M sucrose + 0.25 mM ethylene-
diaminetetraacetic acid (EDTA) (pH 7.4) and centrifuged
at 580 Xg for 10 min in a JA-25.50 rotor (Beckman Avanti
J-25 centrifuge). The supernatant was then spun at 12,000
Xg for 20 min. The resulting pellet was suspended in 0.32
M sucrose + 10 mM HEPES (pH 7.4) and layered over 7.5
and 14% Ficoll in 0.32 M sucrose + 0.25 mM EDTA + 10
mM HEPES (pH 7.4). The gradients were centrifuged at
87,000 Xg for 30 min in a SW28 rotor (Beckman L80M
ultracentrifuge). The synaptosomal band at the 7.5~14%
interface was collected, diluted with 0.32 M sucrose + 10
mM HEPES and centrifuged at 17,200 Xg for 20 min.

TNBS Labelling reactions and plasma membrane iso-

lation

TNBS labeling reactions and preparation of plasma mem-
brane vesicles were performed by the procedure of Yun and

Kang (1990). Synaptosomal pellet was gently suspended in
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2 mM TNBS + buffer A or buffer A alone. Buffer A was
composed of 30 mM NaCl, 120 mM NaHCO;, 11 mM
glucose, 2% BSA, pH 8.5. To assure complete exposure of
all outer monolayers to TNBS, the pellet was passed slowly
through a glass Dounce homogenizer (3 up and down
strokes). All treatments were carried out at 4C for 40 min.
The TNBS labeling reaction was terminated by adding 1%
BSA in phosphate-buffered saline (PBS). The suspension
was immediately centrifuged at 17,200 Xg for 15 min. The
resulting pellet was suspended in 0.32 M sucrose + 10 mM
HEPES (pH 7.4), layered over 7.5 and 14% Ficoll in 0.32 M
sucrose + 0.25 mM EDTA + 10 mM HEPES (pH 7.4), and
centrifuged at 87,000 Xg for 30 min. The 7.5~14% inter-
face was removed, diluted with 0.32 M sucrose + 10 mM
HEPES, and centrifuged at 17,200 Xg for 20 min. The
synaptosomal pellet was resuspended in 5 mM Tris-HCl
(pH 8.5) and allowed to lyse. The suspension was vortexed
every 20 min for | hr and centrifuged at 41,000 X<g for 20
min. The pellet was resuspended in cold distilled water,
layered over 0.75 M sucrose + 0.25 mM EDTA + 10 mM

HEPES (pH 7.4), and centrifuged at 41,600 <g for 30 min.

The interface was removed and centrifuged at 43,500 Xg
for 20 min. The pellet was resuspended in PBS at a protein
concentration of 5~10 mg/ml. The purity was evaluated by
morphological and enzymatic standards. Protein was deter-
mined by the method of Lowry et al. (1951) with BSA as a

standard.
Fluorescence measurements

Aliquots of SPMV were suspended in PBS (pH 7.4) ata
protein concentration of 50 pg/ml. Py-3-Py stock solution
was prepared in chloroform, and stock solution of DPH
was made in dimethylformamide. The Py-3-Py concentration
was 0.5 uM while the concentration of DPH was 1 uM. The
concentrations of Py-3-Py and DPH were determined using
molar extinction coefficients of 80,000 and 88,000 Mem™!
at 344 and 350 nm, respectively. The incorporation of Py-
3-Py was started by adding aliquots of a stock solution to
membrane suspension. The mixture was incubated at 4C
for 18 hr under gentle stirring. For incorporation of DPH,
aliquots of DPH stock solution were added to the membrane

suspension, and the mixture was incubated at 37°C for 30

min in the dark.

In order to determine the effect of E2 on membrane
fluidity, appropriate concentrations of the stock solution of
E2 in dimethylsulfoxide was added to the labeled membrane
suspension, and the mixture was incubated at 37°C for 1 hr.
For bulk lateral diffusion, the excitation wavelength of
Py-3-Py was 330 nm. Py-3-Py was excited through FRET
from tryptophan on SPMV proteins (286 nm) to determine
annular lateral diffusion. The excimer to monomer fluores-
cence intensity ratio (I'/I) value of Py-3-Py was calculated
from the 480 to 379 nm signal ratio. The excitation wave-
length of DPH was 360 nm while emission was observed
at 430 nm. Fluorescence measurements were carried out at
37°C using a Cary Eclipse fluorescence spectrophotometer
(Varian Inc., Palo Alto, CA, USA).

The DPH anisotropy is calculated by

. 1, -GI, M
1, +2GI,
where the intensity of the components of the fluorescence
that were parallel (/) and perpendicular (/;7) to the dir-
ection of the vertically polarized excitation light was deter-
mined by measuring the emitted light through polarizers
oriented vertically and horizontally. The grating correction
factor G is given by the ratio of the fluorescence intensities
of the vertical (/) to horizontal (/) components when

the exciting light is polarized in the horizontal direction.
Calculation of Forster distance

The Forster distance R, is the distance at which FRET is
50% efficient and given by

R, = (J(D)K*Q,n )" x9.78x10° A )

where J(4) is the spectral overlap integral of donor emission
and acceptor absorption, &” is the orientation factor for dipole-
dipole interaction, Op is quantum yield of the donor in the
absence of acceptor, and n is the refractive index of the
medium. The overlap integral J(4) expresses the degree of
spectral overlap between the donor emission and the acceptor

absorption:
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J(A)= TF b (e, (WA dA 3)

where Fp(4) is the corrected fluorescence intensity of the
donor in the wavelength range 4 to 4 + 44, with the total
intensity (area under the curve) normalized to unity, and g,(4)
is the extinction coefficient of the acceptor at A, which is
typically in the unit of M'cm™.

Determination of individual leaflet anisotropy in SPMV:

Selective quenching of DPH by trinitrophenyl groups

This experimental determination of individual leaflet an-
isotropy in SPMV is based on a method previously estab-
lished for LM plasma membranes (Sweet et al., 1987) and
synaptic plasma membranes (Schoeder et al., 1988). The

individual leaflet anisotropy was calculated by

r=—r+ Ly )

where F and F; are fluorescence of DPH obtained for SPMV
isolated from synaptosomes incubated with buffer A and
buffer A plus TNBS at 4 C, respectively. The anisotropies »
(bulk anisotropy) and r; (inner leaflet anisotropy) were deter-
mined for DPH in SPMV obtained from synaptosomes
incubated with buffer A and buffer A plus TNBS at 4T,
respectively. Equation was then solved for r, (outer leaflet

anisotropy).
Statistical analysis

The data are presented as mean £ SEM. Student's #-test
was performed to determine the significant difference. Values
were considered statistically significant when P value was
<0.05. The statistical analyses were performed using IBM
SPSS Statistics 23 (SPSS Inc., Chicago, IL, USA).

RESULTS

Effects of E2 on the bulk and the annular lateral diffusion
of SPMV

We evaluated the effect of E2 on lateral diffusion of
SPMV using intramolecular excimerization of Py-3-Py. Py-

Donor: Tryptophan
Acceptor: Py-3-Py
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Fig. 1. Emission spectrum (—) of tryptophan in synaptosomal
plasma membrane vesicles isolated from rat cerebral cortex and
absorption spectrum (- **) of Py-3-Py in methanol.

3-Py was excited either at its own excitation wavelength
(330 nm) or through FRET at the excitation wavelength of
tryptophan (286 nm). FRET is transfer of the excited state
energy from an initially excited donor to an acceptor. The
rate of energy transfer depends upon the extent of spectral
overlap of the emission spectrum of the donor with the
absorption spectrum of the acceptor, the quantum yield of
the donor, the relative orientation of the donor and acceptor
transition dipoles, and the distance between the donor and
acceptor molecules (Lakowicz, 2006). Because of the simple
operation under homogeneous conditions, it has been used
as a power tool for investigating a number of molecular
interactions. Fig. 1 shows the absorption and emission spectra
of the tryptophan-Py-3-Py donor-acceptor pair. As can be
seen, there is a significant overlap of the emission spectrum
of the donor tryptophan with the absorption spectrum of the
acceptor Py-3-py. The spectral overlap integral (J(4)) was
used to calculate the Forster distance R, according to Eq.
(2), and the result is summarized in Table 1. The R, value
for the tryptophan-Py-3-Py donor-acceptor pair was 26.9 A,
which was comparable to the values for tryptophan-pyrene
pair (Dobretsov et al., 1982; Tahara et al., 1992). In the
calculation of Ry, the value of k? was 2/3, and that of the
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Table 1. Donor quantum yield (Qp), spectral overlap integral
(J(A) and Forster distance (Rj) of tryptophan-Py-3-Py donor-
acceptor pair

0" J(3)” Ry’
<10 Mem®) (A
0.13 2.554 26.9
¥ From Chen (1967).

YR, and J(A) were calculated according to Eqgs. (2) and (3),
respectively.
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Fig. 2. Emission spectra of Py-3-Py in the synaptosomal plasma
membrane vesicles isolated from rat cerebral cortex. Fluorescence
measurements were performed at 37°C (pH 7.4). The excitation
wavelengths of Py-3-Py were 330 and 286 nm for bulk and annular
lipids, respectively.

refractive index (n) was taken as 1.5 (Lakowicz, 2006).
The normalized fluorescence spectra of Py-3-Py in bulk
and annular lipids of SPMV are shown in Fig. 2. In SPMV,
bulk lipids were more fluid than annular lipids. At 37°C, the
I'/I values of Py-3-Py in bulk and annular lipids of SPMV
were 0.417 £ 0.009 and 0.280 % 0.008, respectively. Fig.
3 shows the effect of E2 on the bulk and annular lateral
diffusion of SPMV. E2 dose-dependently increased the I'/1
ratio of the probe molecule, i.e., the lateral mobility of both

bulk and annular lipids in SPMV. However, we could easily

CE20 M
== E20.05 uM
@0 E2 0.1 uM
2 E205uM
oImE2 1 pM
E25uM
£Z3 E2 10 uM

0.6

Annular Lipids

Bulk Lipids

Fig. 3. Effects of E2 on the bulk and the annular lateral diffusion
of the synaptosomal plasma membrane vesicles isolated from rat
cerebral cortex. The excitation wavelengths of Py-3-Py were 330
and 286 nm for bulk and annular lipids, respectively. The excimer
to monomer fluorescence intensity ratio (I'/T) of Py-3-Py was cal-
culated from the 480 to 379 nm signal ratio. Fluorescence measure-
ments were performed at 37°C (pH 7.4). Each point represents
the mean = SEM of 5 determinations. *P < 0.05, **P < 0.01 vs.
control (no E2 treatment).

see that the increases in bulk lipids were larger than those

in annular lipids within SPMV.

Differential effects of E2 on the transbilayer rotational
diffusion in SPMV

Selective quenching of DPH fluorescence by trinitro-
phenyl groups was utilized to examine the transbilayer effects
of E2 on the rotational mobility of SPMV. The validity of
this method has been well demonstrated in a variety of the
plasma membrane vesicles (Schroeder et al., 1988; Sweet
et al., 1987). The R, value for DPH-trinitrophenyl donor-
acceptor pair is 16.6 A (Radda, 1975), and the thickness of
biological membranes is usually between 40~80 A. So, the
anisotropy values for TNBS-treated SPMV are those for
inner leaflet, and the anisotropy values for outer leaflet were
calculated using Eq. 4.

The effects of increasing concentrations of E2 on the
anisotropy of DPH incorporated into SPMV are shown in
Fig. 4. E2 dose-dependently decreased the anisotropy of
DPH, indicating the increase in rotational mobility of bulk
SPMV. The increase in both the lateral and rotational mobi-
lity in SPMV indicates the bulk lipid fluidization. However,
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Fig. 4. Selective effects of E2 on transbilayer anisotropy () of
DPH in the synaptosomal plasma membrane vesicles isolated from
rat cerebral cortex. Synaptosomes were treated =2 mM 2.4,6-
trinitrobenzenesulfonic acid (TNBS), pH 8.5, at 4C for 40 min,
and the plasma membrane vesicles were isolated. DPH was incor-
porated, and fluorescence measurements were performed at 37 C.
Untreated and TNBS-treated membranes represent the bulk bilayer
and the inner leaflet, respectively. The bulk and inner leaflet anisot-
ropy values were obtained by Eq. (1), and the outer leaflet anisotropy
was calculated using Eq. (4). Each point represents the mean =+
SEM of 5 determinations. *P < 0.05, **P < 0.01 vs. control (no
E2 treatment).

E2 showed a greater decreasing effect on the outer leaflet
anisotropy as compared to the inner leaflet anisotropy. We
observed a significant decrease in the outer leaflet anisotropy
of DPH even at 100 nM. In the inner leaflet, however, a
significant decrease was observed only at 10 uM. Our data
presented herein have shown that the increase in bulk bilayer
rotational diffusion is mainly due to an increase in the outer
leaflet rotational diffusion of SPMV.

DISCUSSION

The main point of the present study is that E2 exhibits a
selective rather than nonselective fluidizing effect within
SPMV. E2 fluidized bulk lipids than annular lipids from
the point of view of lateral mobility. From the viewpoint of
rotational mobility, E2 selectively fluidized outer leaflet
than inner leaflet. Even at a concentration in the nanomolar
range (100 nM), the increase in rotational mobility of the
outer leaflet of SPMV was observed. These results indicate
a selective fluidizing effect of E2 on the more fluid regions

within SPMV, which can partly explain the inconsistent

effects of E2 on membrane fluidity.

One explanation for the selective fluidizing effect of E2
may be the asymmetric distribution of cholesterol within
transbilayer domains of SPMV. Cholesterol is the key mole-
cule which determines membrane fluidity. The inner mono-
layer of SPMV was enriched in sterol, with lower sterol
levels in the outer monolayer. Whiting et al. (1995) reported
that the steroid hormone effect on membrane fluidity was
less pronounced in both liposomes and native membranes
containing cholesterol. It has been proposed that cholesterol
limits steroid hormones intercalating between lipid bilayers.
It has been well established that membranes are hetero-
geneous, containing discrete detergent-resistant microdomains
called lipid rafts that are enriched with cholesterol and
sphingolipids (Simons and Ikonen, 1997). Many receptors
including ER and signaling molecules are likely to be
localized in lipid rafts and caveolae, a special type of lipid
raft (Maselli et al., 2015). Lipid rafts play an important role
in cellular signaling, functioning as physical platforms to
concentrate and assemble the signal transduction machinery
(Pralle et al., 2000). Lipid rafts have been shown to regulate
signal transduction by activating or suppressing the phos-
phorylation cascades related to cell growth, survival, death,
and other physiological processes (Patra, 2008). In view of
the observation that E2 preferentially fluidized the more
fluid regions within SPMV, it is not likely that E2 may
induce significant fluidity changes in cholesterol-rich lipid
rafts. In other words, it is probable that E2 may selectively
fluidize the more fluid regions excluding lipid rafts even
within the outer leaflet of SPMV. There has been emerging
notion that, in order for a membrane to be functional, local
rather than global fluidity plays a crucial role. Taken together,
these results suggest that E2 is most likely to fluidize the
bulk lipids, away from either annular lipids or lipid rafts, in
the outer leaflet of SPMV. The selective fluidization of the
more fluid regions within SPMV may be one of the non-
genomic mechanisms of neuroprotection by E2.

Although the findings of this study cannot provide exact
evidence for neuroprotection by E2, membrane fluidity can
influence the dynamics of proteins and other biomolecules
within the membrane, thereby affecting the functions of
these molecules (Nicolson, 2014; Zhu et al., 2015). However,
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the present results might still underestimate the effect of E2
on the fluidity of specific membrane domains because only
the bulk and annular lateral mobility and the bulk and trans-
bilayer rotational mobility of SPMV were determined. In
addition, further experimentation is required to elucidate
how the selective fluidization of the bulk lipids in the outer
leaflet affects the ER embedded in lipid rafts of neuronal

membranes.
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