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Abstract

Organization and dynamics of cellular membranes in the nervous system are crucial for the function of neuronal membrane receptors. The
lipid composition of neuronal cells is unique and has been correlated with the increased complexity in the organization of the nervous system
during evolution. Previous work from our laboratory has established bovine hippocampal membranes as a convenient natural source for
studying neuronal receptors such as the G-protein coupled serotonin;, receptor. In this paper, we have explored the organization and
dynamics of bovine hippocampal membranes using the amphiphilic environment-sensitive fluorescent probe Laurdan. Our results show that
the emission spectra of Laurdan display an additional red shifted peak as a function of increasing temperature in native as well as cholesterol-
depleted membranes and liposomes made from lipid extracts of the native membrane. Interestingly, wavelength dependence of Laurdan
generalized polarization (GP) in native membranes indicates the presence of an ordered gel-like phase at low temperatures, whereas
characteristics of the liquid-ordered phase are observed at high temperatures. Similar experiments performed using cholesterol-depleted
membranes show fluidization of the membrane with increasing cholesterol depletion. In addition, results from fluorescence polarization of
DPH indicate that the hippocampal membrane is fairly ordered even at physiological temperature. The temperature dependence of Laurdan
excitation GP provides a measure of the apparent thermal transition temperature and extent of cooperativity in these membranes. Analysis of
time-resolved fluorescence measurements of Laurdan shows reduction in mean fluorescence lifetime with increasing temperature due to
change in environmental polarity. These results constitute novel information on the dynamics of hippocampal membranes and its modulation
by cholesterol depletion monitored using Laurdan fluorescence.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The lipid composition of cells that make up the nervous
system is unique and has been correlated with increased
complexity in the organization of the nervous system during
evolution [1]. Organization and dynamics of cellular
membranes in the nervous system play a crucial role in
the function of neuronal membrane receptors. Cholesterol
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represents an important lipid in this context since it is
known to regulate the function of neuronal receptors [2,3]
thereby affecting neurotransmission and giving rise to mood
and anxiety disorders [4]. Interestingly, the central nervous
system which accounts for only 2% of the body mass
contains ~25% of free cholesterol present in the whole body
[5]. Although the brain is highly enriched in cholesterol, the
organization and dynamics of brain cholesterol is still poorly
understood [6]. Brain cholesterol is synthesized in situ [7]
and is developmentally regulated [8]. Cholesterol organ-
ization, traffic, and dynamics in the brain are stringently
controlled since the input of cholesterol into the central
nervous system is almost exclusively from in situ synthesis
as there is no evidence for the transfer of cholesterol from
blood plasma to brain [5]. As a result, a number of neu-
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rological diseases share a common etiology of defective
cholesterol metabolism in the brain [9]. In the Smith—
Lemli—Opitz syndrome, for example, the marked abnor-
malities in brain development and function leading to
serious neurological and mental dysfunctions have their
origin in the fact that the major input of brain cholesterol
comes from in situ synthesis and such synthesis is defective
in this syndrome [10]. The interaction between cholesterol
and other molecular components in neuronal membranes
(such as receptors and lipids) therefore assumes relevance
for understanding brain function. The organization and
dynamics of cellular membranes in the nervous system is
thus significant for a comprehensive understanding of the
functional roles played by the membrane-bound neuronal
receptors which are key components in signal transduction
in the nervous system.

Previous work from our laboratory has established native
membranes prepared from the bovine hippocampus as a
convenient natural source for studying the serotonin;, (5-
HT) ») receptor which is an important member of the seven
transmembrane domain G-protein coupled receptor family
[11]. We have partially purified and solubilized the 5-HT A
receptor from bovine hippocampus in a functionally active
form [12]. Interestingly, the requirement of membrane
cholesterol in modulating ligand binding activity of the 5-
HT,; 5 receptor from the bovine hippocampus has recently
been shown by us [3,13—15]. In this work, we have
monitored the organization and dynamics of bovine hippo-
campal membranes using the amphiphilic fluorescent probe
Laurdan.

Laurdan is known to be very sensitive to the phase state
of the membrane [16—18]. The basis of Laurdan spectral
sensitivity lies in its ability to sense the polarity and
dynamics of dipoles in the immediate environment due to its
dipolar relaxation processes. The environment-sensitive
spectroscopic properties of Laurdan have been comprehen-
sively described by a parameter termed generalized polar-
ization (GP), originally introduced by Gratton and co-
workers [16,17]. Characteristic GP values in the pure gel
(ordered) and in the pure fluid (disordered) membranes have
previously been determined [19,20]. In this paper, we have
utilized Laurdan fluorescence to monitor phase properties of
bovine hippocampal membranes and their modulation with
cholesterol and protein content.

2. Materials and methods
2.1. Materials

Cholesterol, MBCD, DMPC, DPH, EDTA, EGTA,
iodoacetamide, PMSF, sucrose, polyethylenimine, sodium
azide, Na,HPO,, Tris, and MOPS were obtained from
Sigma Chemical Co. (St. Louis, MO). BCA reagent kit for
protein estimation was from Pierce (Rockford, IL). Amplex
Red cholesterol assay kit and Laurdan were from Molecular

Probes (Eugene, OR). Concentrations of stock solutions of
Laurdan and DPH in methanol were estimated from their
molar extinction coefficients (¢) of 20,000 M ' cm™! at 364
nm, and 88,000 M~' cm™" at 350 nm, respectively [21]. All
other chemicals used were of the highest purity available.
Solvents used were of spectroscopic grade. Water was
purified through a Millipore (Bedford, MA) Milli-Q system
and used throughout. Fresh bovine brains were obtained
from a local slaughterhouse within 10 min of death and the
hippocampal region was carefully dissected out. The
hippocampi were immediately flash frozen in liquid nitro-
gen and stored at —70 °C till further use.

2.2. Methods

2.2.1. Preparation of native hippocampal membranes

Although the membrane lipid composition of bovine
hippocampus is not known, the phospholipid composition
of rat hippocampus has recently been reported [22—24].
Analysis of the phospholipid composition of the rat hippo-
campus shows phosphatidylethanolamine, phosphatidylcho-
line, and phosphatidylserine as the predominant headgroups,
while the fatty acid composition shows enrichment with
16:0, 18:0, 18:1, 18:2, 20:4, and 22:6 fatty acids. In
addition, plasmalogens have been reported in rat hippo-
campus. However, there is no reported data on the possible
presence of other types of lipids (such as glycosphingoli-
pids) in hippocampus.

Native hippocampal membranes were prepared as
described previously [25]. Briefly, bovine hippocampal
tissue (~100 g) was homogenized as 10% (w/v) in a
polytron homogenizer in buffer A (2.5 mM Tris, 0.32 M
sucrose, 5 mM EDTA, 5 mM EGTA, 0.02% sodium azide,
0.24 mM PMSF, 10 mM iodoacetamide, pH 7.4). The
homogenate was centrifuged at 900 x g for 10 min at 4 °C.
The resultant supernatant was filtered through four layers of
cheesecloth and centrifuged at 50,000 x g for 20 min at
4 °C. The pellet obtained was suspended in 10 vol. of buffer
B (50 mM Tris, 1 mM EDTA, 0.24 mM PMSF, 10 mM
iodoacetamide, pH 7.4) using a hand-held Dounce homog-
enizer and centrifuged at 50,000 x g for 20 min at 4 °C.
This procedure was repeated until the supernatant was clear.
The final pellet (native membranes) was suspended in a
minimum volume of buffer C (50 mM Tris, pH 7.4),
homogenized using a hand-held Dounce homogenizer, flash
frozen in liquid nitrogen, and stored at —70 °C. Protein
concentration was assayed using the BCA assay kit with
bovine serum albumin as standard [26]. The phospholipid
content of these membranes is typically ~960 nmol/mg of
total protein [27]. This corresponds to a lipid/protein ratio of
~0.75 (w/w) which is similar to lipid/protein ratio found in
human erythrocytes [28].

2.2.2. Cholesterol depletion of native membranes
Native hippocampal membranes were depleted of cho-
lesterol using MPCD as described previously [3,27].
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Briefly, membranes with a total protein concentration of 2
mg/ml were treated with different concentrations of MPCD
in 10 mM MOPS buffer (pH 7.4) at 25 °C in a temperature
controlled water bath with constant shaking for 1 h.
Membranes were then spun down at 50,000 x g for 5 min,
washed once with MOPS buffer, and resuspended in the
same buffer. Cholesterol was estimated using the Amplex
Red cholesterol assay kit [29].

2.2.3. Lipid extraction from native and cholesterol-depleted
membranes

Lipid extraction was carried out according to the method
of Bligh and Dyer [30] from native hippocampal mem-
branes and native membranes treated with 40 mM MpBCD.
The lipid extract was finally resuspended in a mixture of
chloroform—methanol (1:1, v/v).

2.2.4. Estimation of inorganic phosphate

Concentration of lipid phosphate was determined sub-
sequent to total digestion by perchloric acid [31] using
Na,HPO, as standard. DMPC was used as an internal
standard to assess lipid digestion. Samples without
perchloric acid digestion produced negligible readings.

2.2.5. Sample preparation

Membranes (native and cholesterol-depleted) containing
100 nmol of total phospholipid were suspended in 2 ml of
10 mM MOPS buffer (pH 7.4). The amount of Laurdan (or
DPH) added from a methanolic stock solution was such that
the final fluorophore concentration was 1 mol% with respect
to the total phospholipid content. The resultant probe
concentration was 0.5 uM in all cases and the methanol
content was always low (0.4—0.6%, v/v). This ensures
optimal fluorescence intensity with negligible membrane
perturbation. The fluorophore was added to membranes
while being vortexed for 1 min and kept in the dark for 1 h
before measurements. Background samples were prepared
the same way except that fluorophores were omitted. The
protein concentration was ~0.04 mg/ml.

Lipid extracts containing 100 nmol of total phospholipid
in chloroform—methanol (1:1, v/v) were mixed well with 1
nmol of Laurdan (or DPH) in methanol. The sample was
mixed well and dried under a stream of nitrogen while
being warmed gently (~45 °C). After further drying under
a high vacuum for at least 6 h, 2 ml of 10 mM MOPS, pH
7.4 buffer was added and lipid samples were hydrated
(swelled) at ~70 °C while being intermittently vortexed for
3 min to disperse the lipid and form homogeneous
multilamellar vesicles (MLVs). The MLVs were kept at
~70 °C for an additional hour to ensure proper swelling as
the vesicles were made. Such high temperatures were
necessary for hydrating the samples due to the presence of
lipids with high melting temperature in neuronal tissues
[32]. Samples were kept in the dark at room temperature
(25 °C) overnight before taking fluorescence measure-
ments. MOPS buffer was used to avoid any change in pH

due to temperature change since the change in pK,/°C for
MOPS is negligible (—0.006) [33].

2.2.6. Generalized polarization measurements

Steady state fluorescence measurements with Laurdan
were performed with a Hitachi F-4010 steady state spectro-
fluorometer equipped with a stirring accessory and thermo-
stated (£0.1 °C) by a circulating water bath, using 1 cm path
length quartz cuvettes. While heating, the sample temper-
ature was continuously measured with a thermocouple.
Excitation and emission slits with nominal bandpass of 5 nm
were used for all measurements. Background intensities of
samples in which the fluorophore was omitted were
subtracted from each sample spectrum to cancel out any
contribution due to scattering artifacts. The optical density
of the samples measured at 355 nm was ~0.18.

Excitation GP (GP.) was calculated according to the
equation [16,17]:

L34 — Ingo
GPey = ————— 1
L34 + Lugo m

where 1434 and 145, are the measured fluorescence intensities
(after appropriate background subtraction) at the character-
istic emission wavelengths of the gel phase (434 nm) and
the liquid-crystalline phase (482 nm), respectively. In the
case of calculation of excitation GP (GP,), emission
wavelengths of 434 and 482 nm actually correspond to
the maximum emission of the gel and liquid-crystalline
phases, respectively. Excitation GP (GP.) values were
obtained from emission spectra at different excitation
wavelengths (355—-420 nm) or at only one excitation
wavelength (355 nm) where indicated. GP values range
from —1 (most fluid) to +1 (most ordered) membranes and
are independent of concentration of Laurdan.

Emission GP (GP.,,) was calculated according to the
equation [16,17]:

Is10 — B0

GFen Is10 + Bao @)
where 14,0 and Is4, are the measured fluorescence
intensities (after appropriate background subtraction) at
the characteristic excitation wavelengths of 410 and 340
nm, respectively. In the case of calculation of emission GP
(GP.p,), excitation wavelengths of 340 and 410 nm do not
correspond to the maximum excitation of the liquid-
crystalline and of the gel phases, respectively. They were
chosen as convenient extremes of the excitation spectrum
to improve the photoselection of the two Laurdan popu-
lations [19]. Emission GP (GP,,) values were obtained
from excitation spectra at different emission wavelengths
(420-500 nm).

2.2.7. Time-resolved fluorescence measurements
Fluorescence lifetimes were calculated from time-

resolved fluorescence intensity decays using a Photon

Technology International (London, Western Ontario, Can-
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ada) LS-100 luminescence spectrophotometer in the time-
correlated single photon counting mode, thermostated
(0.1 °C) by a circulating waterbath, using 1 cm path
length quartz cuvettes. While heating, the sample tempe-
rature was continuously measured with a thermocouple.
This machine uses a thyratron-gated nanosecond flash lamp
filled with nitrogen as the plasma gas (16*1 in. of mercury
vacuum) and is run at 17-22 kHz. Lamp profiles were
measured at the excitation wavelength using Ludox
(colloidal silica) as the scatterer. To optimize the signal to
noise ratio, 10,000 photon counts were collected in the peak
channel. The excitation wavelength used was 358 nm which
corresponds to a peak in the spectral output of the nitrogen
lamp. Emission wavelength was set at 434 nm. All
experiments were performed using excitation and emission
slits with a nominal bandpass of 4 nm or less. The sample
and the scatterer were alternated after every 5% acquisition
(i.e., after 500 counts are collected in the peak channel each
time) to ensure compensation for shape and timing drifts
occurring during the period of data collection. This arrange-
ment also prevents any prolonged exposure of the sample to
the excitation beam thereby avoiding any possible photo-
damage of the fluorophore. The data stored in a multi-
channel analyzer was routinely transferred to an IBM PC for
analysis. Fluorescence intensity decay curves so obtained
were deconvoluted with the instrument response function
and analyzed as a sum of exponential terms:

F(t)= Zi:ociexp( —t/7) (3)

where F(¢) is the fluorescence intensity at time ¢ and o; is a
preexponential factor representing the fractional contribu-
tion to the time-resolved decay of the component with a
lifetime t; such that }; «;=1. The decay parameters were
recovered using a nonlinear least squares iterative fitting
procedure based on the Marquardt algorithm [34]. The
program also includes statistical and plotting subroutine
packages [35]. The goodness of the fit of a given set of
observed data and the chosen function was evaluated by the
reduced y? ratio, the weighted residuals [36], and the
autocorrelation function of the weighted residuals [37]. A fit
was considered acceptable when plots of the weighted
residuals and the autocorrelation function showed random
deviation about zero with a minimum y? value not more
than 1.4. Mean (average) lifetimes <t> for biexponential
decays of fluorescence were calculated from the decay times
and preexponential factors using the following equation
[38]:

T 4 o1

<> =
o1T] + 02T

4)

2.2.8. Fluorescence polarization measurements

Steady state fluorescence polarization measurements
with DPH were performed with a Hitachi F-4010 steady
state spectrofluorometer equipped with a stirring accessory

and thermostated (£0.1 °C) by a circulating water bath,
using 1 cm path length quartz cuvettes. While heating, the
sample temperature was continuously measured with a
thermocouple. Excitation and emission wavelengths were
set at 358 and 430 nm. Excitation and emission slits with
nominal bandpasses of 1.5 nm and 20 nm were used. The
excitation slit was kept low to avoid any photoisomerization
of DPH. In addition, fluorescence was measured with a 30-s
interval between successive openings of the excitation
shutter (when the sample was in the dark in the fluorimeter)
to reverse any photoisomerization of DPH [39]. The optical
density of the samples measured at 358 nm was 0.18+0.01.
The polarization values remained identical even after
dilution of membrane samples indicating the absence of
any scattering artifact [40]. Fluorescence polarization
measurements were performed using a Hitachi polarization
accessory. Polarization values were calculated from the
equation [38]:

_ v — Glvn
Iyv + Glyy

(5)

where Iy and Iy are the measured fluorescence intensities
(after appropriate background subtraction) with the excita-
tion polarizer vertically oriented and the emission polarizer
vertically and horizontally oriented, respectively. G is the
grating correction factor and is equal to [lyv/lyy. All
experiments were done with multiple sets of samples and
average values of fluorescence polarization are shown in
Fig. 8.

3. Results

3.1. Laurdan fluorescence characteristics in hippocampal
membranes

The normalized emission spectra of Laurdan in native
hippocampal membranes as a function of increasing
temperature are shown in Fig. la. The emission maximum
was found to be 434 nm (characteristic of the gel phase) at
low temperatures. This is consistent with an earlier report in
which fluorescence polarization measurements showed that
the native hippocampal membrane exhibits considerable
rigidity [27]. The emission spectra show an additional peak
at ~482 nm at high temperatures. Such a red shifted
emission peak has previously been reported for phospholi-
pids in the liquid-crystalline (fluid) phase, in which the rate
of dipolar relaxation is high [17]. This suggests that at high
temperatures, the membrane becomes more fluid thereby
imparting higher mobility at the membrane interface (where
Laurdan is localized) which leads to an increase in the
dipolar relaxation in this region of the membrane. Interest-
ingly, Laurdan emission spectra in liposomes made from
lipid extract of native membranes exhibit similar temper-
ature dependence (see Fig. 1b) as was observed with native
membranes. This indicates that the polarity and dynamics of
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Fig. 1. Normalized emission spectra of Laurdan in (a) native bovine hippocampal membranes, (b) liposomes of lipid extract from native membranes, (c)
cholesterol-depleted (with 40 mM MPCD) membranes, and (d) liposomes of lipid extract from cholesterol-depleted (with 40 mM MBCD) membranes, as a
function of increasing temperature (5—62 °C). The excitation wavelength used was 355 nm. The ratio of fluorophore (Laurdan) to total phospholipid was
maintained at 1:100 (mol/mol). The protein concentration is ~0.04 mg/ml. See Materials and methods for other details.

the lipids are similar in native membranes and in liposomes
made from lipid extracts of native membranes which are
devoid of protein but would contain a high endogenous
cholesterol level.

We carried out cholesterol depletion in native hippo-
campal membranes using MPBCD which is a water-soluble
compound, and has previously been shown to selectively
and efficiently extract cholesterol from membranes by
including it in a central nonpolar cavity [41]. Table 1 shows
that upon treatment with increasing concentrations of
MPCD, the cholesterol content of bovine hippocampal
membranes shows progressive reduction. Thus, when native
membranes are treated with 10 mM MBCD, the cholesterol
content is reduced to ~62% of the initial value. This effect
levels off with increasing concentrations of MBCD, with the
cholesterol content of hippocampal membranes being
reduced to ~10% of the original value when the membranes
are treated with 40 mM MPCD (see Table 1). Importantly,
Table 1 shows that the change in phospholipid content under
these conditions was found to be negligible (<9%) in all
cases. This shows that the depletion of cholesterol by
MPBCD is specific (see also [3]). The emission spectra of

Laurdan in cholesterol-depleted hippocampal membranes
are shown in Fig. 1c as a function of increasing temperature.
Interestingly, an increase in the ratio of intensities of the
peaks at 482 and 434 nm is observed at higher temperatures.
This indicates an increase in the liquid-crystalline (fluid)
component of the membrane under these conditions possibly
due to cholesterol depletion. These results are supported by
the earlier observation that cholesterol depletion of native
hippocampal membranes leads to a decrease in membrane
order as monitored by fluorescence polarization [3]. In
addition, Laurdan emission spectra in liposomes made from
lipid extracts of cholesterol-depleted membranes display
temperature dependence similar to cholesterol-depleted
membranes (see Fig. 1d).

3.2. Wavelength dependence of Laurdan fluorescence
properties in hippocampal membranes

Useful information about the membrane phase state
could be obtained by monitoring the environment of
Laurdan utilizing the wavelength dependence of its GP
spectra [17,18,42—44]. Fig. 2 shows a schematic represen-
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Table 1

Effect of cholesterol depletion on the apparent thermal transition temper-
ature and cooperativity of transition in lipid extracts and natural
membranes”

Membrane Chol/PL  Chol® PL® T P
condition (mol/mol) (mol%) (mol%) (°C) (°C)
Native 0.45 100 100 52.5+5.7 —0.0251
Lipid extract ND¢ ND!  NDY  63.9+7.8 —0.0214
Cholesterol-depleted membranes treated with

(i) 10 mM MBCD  0.34 622 971  49.1+2.9 —0.0325

(ii) 20 mM MpCD ~ 0.19 291 971 433+0.8 —0.0359

(i) 30 mM MpCD  0.13 180 943 - -

(iv) 40 mM MpCD  0.07 9.8 914  432+0.8 —0.0368
Lipid extract from ND¢ ND¢  ND!  48.1+0.1 —0.0412

cholesterol-depleted
membranes treated
with 40 mM MPBCD

# The apparent thermal transition temperature (7,,) and the slope factor
(p) were determined as described in Fig. 7. The data shown for 7.,
represent the mean +standard error derived from the nonlinear curve fitting.
See Fig. 7 for other details.

® Values are expressed as percentages of cholesterol content in native
membranes without MBCD treatment.

¢ Values are expressed as percentages of phospholipid content in native
membranes without MBCD treatment.

4 Not determined.

tation of the wavelength dependence of Laurdan excitation
and emission GP spectra in different phase states of the
membrane. A wavelength independent GP spectrum is
characteristic of the gel phase. In liquid-crystalline phases,
on the other hand, the GP spectrum typically displays
wavelength dependence, due to the dipolar relaxation
process. The basis of this effect lies in the change in
fluorophore-solvent interactions in the ground and excited
states, brought about by a change in the dipole moment of
the fluorophore upon excitation, and the rate at which
solvent molecules reorient around the excited state dipole
[45]. The change in the dipole moment upon excitation
causes the solvent dipoles to reorient in response to this
altered dipole moment to attain an energetically favorable
orientation. This rate of solvent reorientation depends on the
phase state of the membrane (i.e., gel or liquid-crystalline
phase). Laurdan fluorescence is sensitive to the polarity of
its environment and its dipole moment changes ~5-8
Debye upon excitation [46,47]. The origin of the dipolar
relaxation process is thought to be due to the presence of a
few water dipoles at the membrane interface, a region where
the fluorescent naphthalene moiety of Laurdan is localized
[19]. The relaxation (reorientation) time of these water
molecules is of the same order of magnitude as the
fluorescence lifetime of Laurdan when the membrane is in
the liquid-crystalline state, i.e., the excited state dipole of
Laurdan can align neighboring solvent dipoles with
molecular dynamics in the same order of magnitude as the
fluorescence lifetime of Laurdan [48]. In the liquid-
crystalline state, the excitation GP values decrease with
increasing excitation wavelength while the emission GP
values show an increase with increasing emission wave-

length. In the case of two coexisting phases, the GP
spectrum shows the opposite trend (i.e., the excitation GP
values increase with excitation wavelength and the emission
GP values show a reduction with emission wavelength) due
to the photoselection process. Interestingly, when two
phases coexist, high cholesterol concentrations (>30 mol%)
reverse the above trend of the GP spectral dependence, such
that no more photoselection occurs and a spectral behavior
similar to that of the liquid-crystalline phase (but with
higher GP values) is exhibited. This type of dependence
implies the presence of a single liquid-ordered phase
characterized by fast dipolar relaxation with high GP values
[19,49]. This phase has properties typical of the liquid-
crystalline (fast lateral diffusion) and the gel (or ordered)
phase characterized by ordered acyl chains resulting from
the dual effect of cholesterol (i.e., rigidifying fluid mem-
branes and fluidizing gel membranes).

The wavelength dependence of Laurdan GP for the
native hippocampal membranes as a function of increasing
temperature (5—62 °C) is shown in Figs. 3a and b.
Excitation and emission GP values were calculated using
Egs. (1) and (2). The spectra show decreasing values of
excitation GP with increasing excitation wavelength (360—
410 nm) while that of emission GP show an increase with
increasing emission wavelength (420—500 nm). The exci-
tation GP spectra at relatively low temperatures (up to 15 °C)
display high GP values and do not show considerable
wavelength dependence although a slight dependence at
wavelengths >385 nm is observed (see Fig. 3a). This
implies the predominance of ordered gel-like membranes at
low temperatures. At higher temperatures, both excitation
and emission GP display considerable wavelength depend-
ence typical of fluid phase while exhibiting high GP values.
This indicates the presence of dipolar relaxation and lack of
photoselection. These two characteristics indicate that the
environment of Laurdan in native membranes at high
temperatures resembles the liquid-ordered phase. This could
possibly be attributed to high levels (~31 mol%) of
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Fig. 2. A schematic representation of the wavelength dependence of
Laurdan excitation and emission GP spectra of the gel (—), liquid-ordered
(+), fluid (-), and coexisting gel and fluid (--) phospholipid phases
(adapted and modified from Refs. [18,20,44]).
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Fig. 3. Wavelength dependence of Laurdan GP in native bovine hippo-
campal membranes as a function of increasing temperature. Panel (a) shows
the effect of changing excitation wavelength on excitation GP while panel
(b) shows the effect of changing emission wavelength on emission GP at
5°C(0), 15°C (@),25°C (O), 35°C (m), 45 °C (A), 55°C (A) and 62 °C
(#). Data shown are the means+standard error of multiple measurements.
Standard errors are <0.05 and are not shown for the sake of clarity. All other
conditions are as in Fig. 1. See Materials and methods for other details.

cholesterol (see Table 1) in native hippocampal membranes,
since liquid-ordered phase membranes typically contain
high amounts of cholesterol [50].

Fig. 4 shows the wavelength dependence of Laurdan GP
for native hippocampal membranes as a function of increas-
ing temperature (5—62 °C) and cholesterol depletion. The
spectra in all cases show decreasing values of excitation GP
with increasing excitation wavelength (360—420 nm, Figs.
4a—c) while emission GP show an increase with increasing
emission wavelength (420—-500 nm, Figs. 4d—f). Specifi-
cally, the excitation GP show lower values, especially at
higher temperatures and higher concentrations of MpCD
used, indicating that cholesterol depletion causes more
fluidization of the membrane and this trend increases as the
extent of cholesterol depletion is increased by increasing
concentrations of MBCD. To make this point clear, we have
plotted the effect of increasing concentrations of MPBCD (Fig.
5a) and the accompanying reduction in cholesterol content

(Fig. 5b) for hippocampal membranes on Laurdan excita-
tion GP at representative temperatures (5, 35 and 62 °C).
Excitation GP values corresponding to excitation at 355 and
410 nm were chosen for this plot in order to appreciate the
dipolar relaxation process which involves photoselection of
molecules with different extents of relaxation. Excitation at
red edge (410 nm) photoselects a subclass of Laurdan
molecules which are ‘solvent-relaxed’ due to strong inter-
action with the solvent molecules in the excited state. It is
clear from the figure that the decrease in excitation GP is
more pronounced at high temperature when excited at longer
wavelength (410 nm). In addition, this effect is enhanced with
increasing cholesterol depletion.

The wavelength dependence of Laurdan GP in lip-
osomes prepared from lipid extracts from native mem-
branes as a function of increasing temperature is shown in
Fig. 6. The overall trend in this case also remains similar,
i.e.,, decreasing values of excitation GP with increasing
excitation wavelength (Fig. 6a) while that of emission GP
show an increase with increasing emission wavelength
(Fig. 6b). Interestingly, the excitation GP values are
somewhat lower at higher temperatures suggesting fluid-
ization of the membrane due to the removal of proteins
which could have tightly bound lipid molecules associated
with them.

3.3. Temperature dependence of Laurdan excitation GP and
fluorescence lifetime in hippocampal membranes

In order to study the thermotropic properties of hippo-
campal membranes, we monitored the temperature depend-
ence of excitation GP values with increasing extents of
cholesterol depletion (Fig. 7). Since natural membranes do
not exhibit distinct phase transitions [42,51], these plots do
not exhibit sharp phase transitions. However, there is a
gradual change of membrane order as a function of
temperature. Nonetheless, we fitted the data of change in
excitation GP with temperature to a sigmoidal regression
function to derive a value for the ‘apparent’ thermal
transition temperature (7,,) and the slope factor (p)
[20,52] which provide a measure of the extent of cooper-
ativity of the transition (see Fig. 7 and Table 1). Table 1
shows that with progressive cholesterol depletion, the
apparent thermal transition temperature decreases. This
decrease is most pronounced up to 20 mM MPBCD used
after which it levels off. This is accompanied by an increase
in the slope factor implying that the cooperativity index
increases upon cholesterol depletion. Taken together, this
suggests that cholesterol depletion results in a relatively
homogeneous membrane. Surprisingly, liposomes made
from lipid extract from the native membrane show an
increase in apparent thermal transition temperature with a
concomitant reduction of the cooperative index. This
indicates that the packing of lipid molecules is tighter in
absence of proteins and the possibility of the presence of
higher melting long chain lipids in the membrane. In fact,
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such lipids have been shown to be present in rat hippo-
campus [22-24]. Interestingly, lipid extracts from the
cholesterol-depleted membrane using 40 mM MBCD (see
inset of Fig. 7) show an increase in transition temperature
(from 43.2 to 48.1 °C) with an increase in cooperative
index.

Fluorescence lifetime serves as a sensitive indicator of
the local environment in which a given fluorophore is
placed [53]. In addition, it is well known that the
fluorescence lifetime of Laurdan is sensitive to the environ-
ment in which it is placed. The fluorescence lifetime of
Laurdan has previously been reported to be ~6 ns in the gel
phase and ~3 ns in the liquid-crystalline (fluid) phase [44].
The observed reduction in fluorescence lifetime could be
attributed to an increase in polarity of the microenvironment

which increases the rate of nonradiative decay. The effect of
temperature on fluorescence lifetime of Laurdan incorpo-
rated into native and cholesterol-depleted hippocampal
membranes and in liposomes made from lipid extracts from
native membranes is shown in Table 2. As seen from the
table, all fluorescence decays could be fitted well with a
biexponential function. We chose to use the mean fluo-
rescence lifetime as an important parameter for describing
the behavior of Laurdan in these membranes since it is
independent of the number of exponentials used to fit the
time-resolved fluorescence decay. The mean fluorescence
lifetimes were calculated using Eq. (4) and shown in Table
2. The mean fluorescence lifetime of Laurdan decreases in
all cases with increasing temperature due to increased water
penetration in the membrane [54]. The fluorescence lifetime
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values of Laurdan in native and cholesterol-depleted
membranes at low temperatures reinforce our earlier results
that the native and cholesterol-depleted membranes display
considerable rigidity (order) (see also Fig. 4). The mean
fluorescence lifetime of Laurdan shows considerable reduc-
tion in liposomes from lipid extracts, although the effect of
temperature is much less pronounced. Interestingly, while
the extent of reduction in mean fluorescence lifetime for
native and cholesterol-depleted membranes as a function of
increasing temperature are similar (~50%), it is consider-
ably less in case of lipid extracts (~18%). This could
indicate relatively loose packing of the membrane compo-
nents in the presence of bulky proteins allowing more water
penetration which reduces Laurdan lifetime. The packing in
lipid extracts is tighter resulting in less water penetration
and therefore giving rise to lesser extent in the change in
lifetime.

3.4. Temperature dependence of fluorescence polarization
of DPH in hippocampal membranes

In order to monitor any change in the overall order of
hippocampal membranes, we measured the steady state
fluorescence polarization of the well characterized mem-
brane probe DPH. DPH and its derivatives represent popular
membrane probes for monitoring organization and dynamics
in membranes [55]. Fluorescence polarization is correlated
to the rotational diffusion of membrane embedded probes
which is sensitive to the packing of fatty acyl chains and
cholesterol [38]. The fluorescence polarization of DPH does
not show any trend with temperature for native hippocampal
membranes and cholesterol-depleted membranes (see inset
of Fig. 8), possibly due to the presence of proteins [28].
However, liposomes made from lipid extract from the native
membrane show a characteristic decrease in polarization
with increasing temperature (see Fig. 8). Interestingly, the
polarization remains high even at high temperatures indicat-
ing that the overall order of the membrane is maintained
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native membranes treated with 40 mM MPCD (A) and lipid extract from
native membranes (@) are also shown in the inset. Excitation wavelength
used was 355 nm and emission was monitored at 434 and 482 nm. The data
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for the midpoint temperature (7,,) for a 50% change in the excitation GP
values as a function of increasing temperature. The equation used was
GP(T)=GP;+ [(GP,—GP)/(1+10°T»~D)] where GP(T) was the meas-
ured excitation GP at a given temperature (7'), GP; and GP; are the bottom
and top asymptote values of GP, T, is the apparent thermal transition
temperature of the membrane (and corresponds to a 50% change in the
excitation GP values as a function of increasing temperature), and p is the
slope factor which refers to the Hill Slope (describes the steepness of the
curve). The slope factor provides a measure of the extent of cooperativity
during membrane phase transition, and is negative since the curve goes
downhill. The values of the apparent thermal transition temperature (7',)
and the slope factor (p) under various conditions are shown in Table 1. All
other conditions are as in Fig. 3. See Materials and methods for other
details.

even at high temperatures. The change in polarization with
increase in temperature is almost linear in case of liposomes
from lipid extract from cholesterol-depleted membranes with
an overall lowering of polarization.

4. Discussion

In this paper, we have explored the organization and
dynamics of bovine hippocampal membranes using Laurdan
fluorescence. Knowledge of dynamics would help in
analyzing functional data generated by modulation of
membrane lipid composition [3]. Use of Laurdan fluores-
cence in analyzing dynamics of natural membranes is
advantageous since generalized polarization is not affected

Table 2

Effect of temperature on mean fluorescence lifetime of Laurdan®
Temperature (°C) o 7, (ns) 23 7, (ns) <> (ns)°
Native membranes

20 0.45 6.96 0.55 3.76 5.69

30 0.29 6.54 0.71 3.53 4.83

40 0.29 5.32 0.71 2.83 391

50 0.17 4.39 0.83 2.31 2.89

Cholesterol-depleted membranes by treatment with 40 mM MBCD

20 0.28 8.40 0.72 3.36 5.84
30 0.20 7.83 0.80 2.82 4.87
40 0.14 7.14 0.86 243 395
50 0.06 6.46 0.94 2.16 2.85

Lipid extract from native membranes

20 0.08 8.72 0.92 233 3.90
30 0.08 8.29 0.92 2.24 3.71
40 0.07 8.12 0.93 1.95 3.42
50 0.06 7.96 0.94 1.90 3.18

# Excitation wavelength was 358 nm and emission was monitored at 434
nm. All other conditions are as in Fig. 3. See Materials and Methods for
other details.

® Calculated using Eq. (4).

by scattering artifacts [56]. In addition, GP measurements
provide dynamic information on the phase state of the
membrane from steady state measurements even without the
use of polarizers. Laurdan has been shown to be localized at
the membrane interface [57] using the parallax method [58].
Laurdan is very weakly fluorescent in water, and upon
transfer to a hydrophobic medium, fluoresces brightly in
the visible range and exhibits a high degree of environ-
mental sensitivity [56] due to the presence of the 12-carbon
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Fig. 8. Fluorescence polarization of DPH in liposomes of lipid extract from
native membranes (O), and in liposomes of lipid extract from cholesterol-
depleted (with 40 mM MPCD) membranes (A) as a function of increasing
temperature (5—62 °C). The inset shows fluorescence polarization of DPH
in native membranes (A) and cholesterol-depleted (with 40 mM MBCD)
membranes (@) as a function of increasing temperature. The excitation
wavelength used was 358 nm and emission was monitored at 430 nm. The
data were fitted with a sigmoidal regression analysis as described in Fig. 7.
All other conditions are as in Fig. 3. See Materials and methods for other
details.
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long hydrophobic lauric acid chain [59]. Laurdan is also
believed to show no preferential phase partitioning between
ordered and disordered lipid phases and is considered to
have uniform lateral and transbilayer distribution [60]. In
addition, it has low affinity for proteins in the membrane
[18]. These characteristics contribute in making Laurdan a
well represented reporter molecule to sense molecular
relaxation dynamics of solvent dipoles in the membrane as
a whole.

Our results show that the emission spectra of Laurdan
exhibit an additional red shifted peak as a function of
increasing temperature in native as well as cholesterol-
depleted membranes and liposomes made from lipid extracts
of the native membrane. In addition, wavelength depend-
ence of Laurdan GP in native membranes suggests the
presence of ordered gel-like phase at low temperatures.
Moreover, results from fluorescence polarization of DPH
(Fig. 8) indicate that the hippocampal membrane is fairly
ordered even at physiological temperature. The relevance of
such ordered membrane in the context of the membrane
function deserves comment. We have previously shown that
although ordered, native hippocampal membranes provide
appropriate environment and dynamics for the ligand
binding function [25] and G-protein coupling ability [61]
of the serotonin;, receptor. This is consistent with the
emerging notion that in order for membrane to be func-
tional, local rather than global fluidity plays a crucial role.
Interestingly, we have recently shown that while oxidation
of membrane cholesterol does not significantly perturb the
overall membrane order as measured by fluorescence
polarization of DPH, it results in a marked reduction in
the serotonin; 5 receptor ligand binding function [62]. This
points out to the lack of a direct correlation between
membrane order and function.

Interestingly, we observe characteristics of liquid-ordered
phase at high temperatures. Similar experiments performed
using cholesterol-depleted membranes show fluidization of
the membrane with increasing cholesterol depletion. It is
apparent from (Figs. 3, 4, and 6) that while the phase state of
the hippocampal membrane is sensitive to its cholesterol
content, it is relatively insensitive to presence of proteins,
especially at high temperatures. This is consistent with the
known effect of cholesterol on the liquid-ordered phase in
case of model membranes [50]. Importantly, the temperature
dependence of Laurdan excitation GP provides additional
information on the apparent thermal transition temperature
and extent of cooperativity in these membranes. Mean
fluorescence lifetime of Laurdan shows reduction with
increase in temperature due to change in environmental
polarity.

Taken together, our results constitute one of the first
reports on dynamics of hippocampal membranes and its
modulation by cholesterol depletion using Laurdan fluo-
rescence. Our future efforts will focus on the relationship of
these changes in dynamics with function of the hippocampal
5-HT A receptor.
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