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The function of membrane receptors in the nervous system depends on physicochemical characteristics of neu-
ronal membranes such as membrane order and phase. In this work, we have monitored the changes in hippo-
campal membrane order and related parameters by cholesterol and protein content utilizing a Nile Red-based
phase-sensitive fluorescent membrane probe NR12S. Since alteration of membrane cholesterol is often associat-
ed with membrane phase change, the phase-sensitive nature of NR12S fluorescence becomes useful in these ex-
periments. Our results show that fluorescence spectroscopic parameters such as emissionmaximum, anisotropy,
and lifetime of NR12S display characteristic dependence on membrane cholesterol content. Interestingly,
cholesterol-dependent red edge excitation shift is displayed by NR12S under these conditions. Hippocampal
membranes exhibited reduction in liquid-ordered phase upon cholesterol depletion. These results provide in-
sight into changes in hippocampalmembrane order in the overall context of cholesterol and proteinmodulation.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Organization of neuronal membranes is crucial in the context of the
function of receptors embedded in them, particularly in view of the
unique membrane lipid composition in the nervous system [1,2]. In
this context, cholesterol is a physiologically relevant lipid since brain
cholesterol has been implicated in a number of neurological disorders
[3–5]. It is known that the function of neuronal receptors is modulated
by cholesterol [6–9], which affects neurotransmission and gives rise to
mood and anxiety disorders [10]. A number of neurological disorders
share a common etiology of defective cholesterol metabolism in the
brain [11]. A hallmark of membrane cholesterol is its nonrandom local-
ization in domains in biological andmodelmembranes [12–14]. Choles-
terol is unique in its ability to form liquid-ordered-like phases in higher
eukaryotic plasma membranes [15]. In this overall context, exploring
neuronal membrane organization in relation to membrane cholesterol
modulation assumes relevance.

We recently reported the location, dynamics, and environment-
sensitive properties of a novel Nile Red-based phase-sensitive mem-
brane probe (NR12S) [16]. We further showed, utilizing model mem-
branes of varying phases, that important fluorescence parameters
such as emissionmaximum, red edge excitation shift (REES), anisotropy
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and lifetime of NR12S exhibit sensitivity to themembrane phase. In our
laboratory, we have established hippocampal membranes as a primary
source for studying the interaction of neuronal receptors such as the
serotonin1A receptor with membrane lipids [17,18]. An important
finding from these studies is that cholesterol-induced membrane orga-
nization is necessary for the function of neuronal receptors [7–9,18].
Since alteration of membrane cholesterol is often associatedwithmem-
brane phase change, in this work, we utilized the phase-sensitive
membrane probe NR12S to explore the changes in organization and dy-
namics of hippocampalmembranes under conditions of varying choles-
terol content.

2. Materials and methods

2.1. Materials

Cholesterol, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
EDTA, EGTA, MgCl2, MnCl2, Na2HPO4, iodoacetamide, PMSF, sucrose,
sodium azide, Tris and methyl-β-cyclodextrin (MβCD) were purchased
from Sigma Chemical Co. (St. Louis,MO). Bicinchoninic acid (BCA) assay
reagent for protein estimation was from Pierce (Rockford, IL). Amplex
Red cholesterol assay kit was from Molecular Probes/Invitrogen
(Eugene, OR). NR12S was synthesized as described previously [19]. The
concentration of a stock solution of NR12S prepared in DMSO was esti-
mated using its molar extinction coefficient (ε) of 45,000 M−1 cm−1 at
550 nm in ethanol. All other chemicals used were of the highest purity
available. Solvents usedwere 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
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10min of death and the hippocampal regionwas carefully dissected out.
The hippocampi were immediately flash frozen in liquid nitrogen and
stored at−70 °C until further use.

2.2. Methods

2.2.1. Preparation of native hippocampal membranes
Native hippocampal membranes were prepared as described previ-

ously [18], flash frozen in liquid nitrogen and stored at−70 °C. Protein
concentration was assayed using BCA reagent with bovine serum albu-
min as standard [20].

2.2.2. Cholesterol depletion of native hippocampal membranes
Native hippocampal membranes were depleted of cholesterol using

MβCD as described previously [18,21]. Cholesterol contentwas estimat-
ed using the Amplex Red assay kit [22].

2.2.3. Lipid extraction from native and cholesterol-depleted membranes
Lipid extraction was carried out from native and cholesterol-

depleted hippocampal membranes as described previously [23] using
amodified Bligh and Dyermethod [24]. The lipid extract was finally dis-
solved in a chloroform–methanol mixture (1:1, v/v).

2.2.4. Estimation of phospholipids
Concentration of lipid phosphate was determined subsequent to

total digestion by perchloric acid using Na2HPO4 as standard [25].
DMPC was used as an internal standard to assess lipid digestion. Sam-
ples 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 Tris buffer
(pH 7.4). NR12S was added from a stock solution in DMSO such that
the final probe concentrationwas 1mol%with respect to the total phos-
pholipid content. The resultant probe concentration was 0.5 μM in all
cases and the DMSO content was always low (b0.1%, v/v). This ensures
optimal fluorescence intensity with negligible membrane perturbation.
NR12S was added to membranes while being vortexed for 1 min at
room temperature (~23 °C). Samples were kept in the dark for 1 h be-
fore measurements. Background samples were prepared the same
way except that NR12S was omitted.

Lipid extracts containing 100 nmol of total phospholipid in chloro-
form–methanol (1:1, v/v) were mixed well with 1 nmol of NR12S in
DMSO. Samples were 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, 2ml of 10mMTris, pH7.4 bufferwas added, and
lipid samples were hydrated (swelled) at ~70 °C while being intermit-
tently vortexed for 3 min to disperse the lipid and form homogeneous
multilamellar vesicles (MLVs). The MLVs were kept at ~70 °C for an ad-
ditional hour to ensure proper swelling as the vesicles were formed.
Such high temperatures were necessary for hydrating the samples due
to the presence of lipids with highmelting temperature in neuronal tis-
sues [26]. Samples were kept in the dark at room temperature (~23 °C)
overnight prior to fluorescence measurements.

2.2.6. Steady state fluorescence measurements
Steady state fluorescence measurements were performed with a

Hitachi F-7000 spectrofluorometer (Tokyo, Japan) using 1 cm path
length quartz cuvettes. Excitation and emission slits with a bandpass
of 5 nmwere used for allmeasurements. Background intensities of sam-
ples in which NR12S was omitted were subtracted from each sample
spectrum to cancel out any contribution due to the solvent Raman
peak and other scattering artifacts. The spectral shifts obtained with
different sets of samples were identical in most cases. In other cases,
the values were within ±1 nm of those reported.
Fluorescence anisotropy measurements were performed at room
temperature (∼23 °C) using a Hitachi Glan–Thompson polarization ac-
cessory. Anisotropy values were calculated from the equation [27]:

r ¼ IVV−GIVH
IVV þ 2GIVH

ð1Þ

where IVV and IVH are the fluorescence intensities (after appropriate
background subtraction)measuredwith the excitation polarizer orient-
ed vertically and the emission polarizer vertically and horizontally
oriented, respectively. G is the grating factor and is the ratio of the effi-
ciencies of the detection system for vertically and horizontally polarized
light, and is equal to IHV/IHH.

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

cence intensity decays using IBH 5000F NanoLED equipment (Horiba
Jobin Yvon, Edison, NJ) with DataStation software in the time-
correlated single photon counting (TCSPC) mode. A pulsed light-
emitting diode (LED) (NanoLED-01) was used as an excitation source.
This LED generates optical pulse at 490 nm with pulse duration 1.2 ns
and is run at 1 MHz repetition rate. The LED profile (instrument re-
sponse function) was 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.
All experiments were performed using emission slits with bandpass of
8 nm. The sample and the scatterer were alternated after every 5% ac-
quisition to ensure compensation for shape and timing drifts occurring
during the period of data collection. This arrangement also prevents any
prolonged exposure of the sample to the excitation beam, thereby
avoiding any possible photodamage of the fluorophore. Data were
stored and analyzed using DAS 6.2 software (Horiba Jobin Yvon, Edison,
NJ). Fluorescence intensity decay curves so obtainedwere deconvoluted
with the instrument response function and analyzed as a sum of expo-
nential terms

F tð Þ ¼ Σiαi exp −t=τið Þ ð2Þ

where F(t) is the fluorescence intensity at time t and αi is a pre-
exponential factor representing the fractional contribution to the
time-resolved decay of the component with a lifetime of τi such that
Σiαi = 1. The program also includes statistical and plotting subroutine
packages [28]. The goodness of the fit of a given set of observed data
and the chosen function was evaluated by the χ2 ratio, the weighted re-
siduals [29], and the autocorrelation function of the weighted residuals
[30]. A fit was considered acceptable when plots of the weighted resid-
uals and the autocorrelation function showed random deviation about
zero with a minimum χ2 value not more than 1.5. Intensity-averaged
mean lifetimes 〈τ〉 for biexponential decays of fluorescence were calcu-
lated from the decay times and pre-exponential factors using the equa-
tion [27]:

bτN ¼ α1τ21 þα2τ22
α1τ1 þα2τ2

: ð3Þ

3. Results and discussion

Cholesterol content of hippocampal membranes can be convenient-
ly modulated using MβCD by selective extraction of cholesterol from
hippocampal membranes by including it in the central nonpolar cavity
[18,31]. Fig. 1 shows that cholesterol content in hippocampal mem-
branes gets progressively reduced upon treatment with increasing
concentrations of MβCD. Upon treatment with 10 mM MβCD, choles-
terol content was reduced to ~83% of the control. The extent of cho-
lesterol depletion was highest when 40 mM MβCD was used, with
cholesterol content being reduced to ~15% of the control. Fig. 1 shows
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Fig. 1. Effect of MβCD on the lipid content of hippocampal membranes. The figure shows
phospholipid (hatched bar) and cholesterol (crisscrossed bar) contents in hippocampal
membranes treatedwith increasing concentrations of MβCD. Values are expressed as per-
centages of phospholipid and cholesterol contents in native hippocampal membranes
without MβCD treatment. Data represent means ± S.E. of at least four independent mea-
surements. See Materials and methods for other details.
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that the membrane phospholipid level remains invariant under these
conditions.

NR12S (see inset in Fig. 2 for chemical structure) is a fluorescent
membrane probe based on Nile Red. Nile Red is a popular probe
whose fluorescence properties are sensitive to the polarity of its imme-
diate environment since there is large change in its dipole moment
upon excitation [32,33]. The advantage of NR12S over Nile Red is that
it has unique orientation and location in themembrane due to the addi-
tional fatty acyl chain that helps in anchoring of the molecule in the
membrane [19]. We recently showed, using the parallax approach
[34], that the fluorophore in NR12S is localized at the membrane inter-
face, characterized by an average depth of penetration of ~18Å from the
center of the bilayer [16]. In addition, NR12S has the advantage of being
localized exclusively in the outer leaflet of the membrane [35,36]. More
importantly, NR12S fluorescence displays sensitivity to the membrane
phase [16,19].

Membrane phase is an important determinant of membrane physi-
cal properties [37]. While the lipid fatty acyl chains are ordered and
615600585570555
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Fig. 2. Representative fluorescence emission spectra of NR12S in native (―――) and cho-
lesterol-depleted (- - - - -) hippocampalmembranes. The concentration ofMβCDusedwas
40 mM. The spectra are intensity-normalized at the respective emission maxima. Mea-
surements were carried out at room temperature (~23 °C). The excitation wavelength
used was 510 nm. The ratio of NR12S to total lipid was 1:100 (mol/mol). The chemical
structure of NR12S is also shown. See Materials and methods for other details.
extended in all transconformation in the gel (ordered) phase, they are
fluid and disordered in the liquid-disordered phase. The liquid-
ordered phase, on the other hand, represents an interesting phase,
and is characterized by extended (ordered) acyl chains (like the gel
phase), but display high lateral mobility similar to the liquid-
disordered phase [15,40]. The liquid-ordered phase exists above a
threshold level of cholesterol for binary lipid mixtures [15]. Hippocam-
pal membranes are neuronal in origin, and are rich in protein and cho-
lesterol [38]. A number of approaches that include fluorescence
polarization of membrane probes [18], wavelength dependence of
Laurdan generalized polarization (GP) [39], and order parameters
from electron spin resonance (ESR) spectra of spin-labeled phospho-
lipids [23] showed that the native hippocampal membrane is in the
liquid-ordered phase. The apparent liquid-ordered nature of hippocam-
pal membranes could be due to high cholesterol content (~31 mol%) in
these membranes [38]. The fluorescence emission spectra of NR12S in
native and cholesterol-depleted (using 40 mM MβCD) hippocampal
membranes are shown in Fig. 2. The fluorescence emission maximum
was observed at ~581 and 591 nm in native and cholesterol-depleted
hippocampal membranes, respectively. The red shift in the emission
spectrum of NR12S could be due to reduction in liquid-ordered phase
induced by cholesterol depletion [16,19].

REES is defined as the shift in the wavelength of maximum fluores-
cence emission toward higher wavelengths, caused by a shift in the ex-
citation wavelength toward the red edge of the absorption band. This
effect is significant for fluorophores with a relatively large change in di-
pole moment upon excitation in restricted environment (for recent re-
views on REES and its applications, see [41,42]). An attractive aspect of
REES is that it allows tomonitor themobility parameters of the environ-
ment itself (represented by the relaxing solvent molecules) using the
fluorophore merely as a reporter group. REES has proved to be a useful
tool to monitor probe environment in membranes and membrane-
mimetic environments [43–48].

The shifts in fluorescence emission maxima of NR12S with increas-
ing excitation wavelength in hippocampal membranes with varying
cholesterol content and in liposomes of lipid extract from these mem-
branes are shown in Fig. 3 (panels A and B) and corresponding REES
in each case is shown in Fig. 4. Upon depletion of cholesterol from hip-
pocampal membranes using varying concentrations (10–40 mM) of
MβCD, the fluorescence emission maximum of NR12S exhibited pro-
gressive red shift toward longer wavelengths. The emission maximum
corresponding to hippocampal membranes treated with 10, 20, 30
and 40 mMMβCD was 584, 589, 590 and 591 nm, respectively (excita-
tion wavelengthwas 510 nm in all cases). The highest red shift (10 nm)
was obtained when maximum cholesterol was depleted using 40 mM
MβCD (see Fig. 1), although there was a leveling off at higher concen-
trations of MβCD. The red shift in emission maximum is possibly due
to an increase in apparent polarity experienced by the fluorophore, pos-
sibly because of increase inwater penetration in themembrane induced
by cholesterol depletion, as previously reported using polarity-sensitive
vibronic peak ratio of pyrene [49]. Themagnitudes of REES displayed by
hippocampal membranes with varying cholesterol content are shown
in Figs. 3A and 4. Fig. 4 shows that REES decreases upon increasing cho-
lesterol depletion, i.e., from 15 nm (native hippocampal membranes) to
9 nm (hippocampal membranes treated with 40 mM MβCD). Hippo-
campal membranes with intermediate cholesterol concentrations
showed REES of 13 (treated with 10 mM MβCD), 9 (20 mM MβCD)
and 8 (30 mM MβCD) nm. Observation of REES in these membranes
suggests that the fluorophore in NR12S experiencesmotionally restrict-
ed environment.

Corresponding data for liposomes of lipid extract from these mem-
branes are shown in Figs. 3B and 4. The emission maximum of NR12S
in control liposomes from lipid extracts (without cholesterol depletion)
was observed at 581 nm, similar to native hippocampal mem-
branes. Since the emission maximum of NR12S remains unaltered (at
581 nm) in hippocampal membranes and in liposomes of lipid extract
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Fig. 3. Effect of changing excitation wavelength on the wavelength of maximum emission
of NR12S in (A) native hippocampal membranes, and (B) liposomes of lipid extract from
native membranes. Data corresponding to control (●), and membranes treated with 10
(▲), 20 (■), 30 (▼), 40 (♦)mMMβCDare shown. The lines joining thedata points are pro-
vided merely as viewing guides. All other conditions are as in Fig. 2. See Materials and
methods for other details.
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Fig. 4. Effect of cholesterol depletion on the magnitude of REES of NR12S in native hippo-
campal membranes, and in liposomes of lipid extract from native membranes. REES of
NR12S, corresponding to total shift in emission maximum when the excitation wave-
length was changed from 510 to 570 nm, in nativemembranes (hatched bar) and in lipo-
somes of lipid extract (crisscrossed bar) from native membranes are shown with
increasing cholesterol depletion using 10–40 mM MβCD. All other conditions are as in
Fig. 2. See Materials and methods for other details.
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from native membranes, it appears that the emission maximum is not
sensitive to the presence of proteins (see below). As seen with hippo-
campal membranes, the emission maximum was progressively red
shifted from 581 nm (control membranes) to 590 nm in case of lipo-
somes of lipid extracts from hippocampal membranes treated with
40 mMMβCD. For liposomes of lipid extracts from hippocampal mem-
branes treated with 10, 20, and 30 mMMβCD, the emission maximum
was observed at 584, 585, and 590 nm, respectively. The magnitude of
REES for these membranes is shown in Fig. 4. REES changes from
16 nm (no cholesterol depletion) to 9 nm, corresponding to maximal
cholesterol depletion. Comparable extents of REES observed in hippo-
campal membranes and in liposomes from lipid extracts from these
membranes (both with varying cholesterol content) suggest that pro-
teins do not significantly contribute to motional restriction of the envi-
ronment in these membranes in fluorescence time scale. Interestingly,
we have previously reported that proteins in hippocampal membranes
do not significantly contribute to membrane heterogeneity, as moni-
tored by lifetime distribution of the fluorescent probe Nile Red [50].
Taken together, these results provide support for lipid vesicles as good
biological membrane models.

Fluorescence anisotropy is known to dependon the excitationwave-
length in motionally restricted environment [51]. The rotational rate of
the fluorophore is reduced in the relaxed state due to strong dipolar in-
teractions with the surrounding solvent molecules. Upon excitation at
the red edge, this subclass of fluorophores gets selectively excited. Due
to strong interactionwith the polar solventmolecules with this subpop-
ulation of fluorophores in the excited state, these ‘solvent relaxed’
fluorophores rotatemore slowly, thereby increasing anisotropy. The ex-
citation anisotropy spectra of NR12S in hippocampal membranes with
varying amounts of cholesterol are shown in Fig. 5A. As shown in the
figure, the anisotropy of NR12S in thesemembranes shows considerable
increase upon increasing the excitationwavelength from510 to 570 nm
in all cases. Similar trend was exhibited in liposomes of lipid extracts
from thesemembranes (see Fig. 5B). Fig. 6A shows the change in anisot-
ropy of NR12S in hippocampal membranes with varying cholesterol
content with increasing emission wavelength. Considerable reduction
in anisotropy with increasing emission wavelength is observed in all
cases. Such reduction in anisotropy across the emission spectrum is as-
sociated with fluorophores in motionally restricted media [51]. The
change in anisotropy of NR12S with increasing emission wavelength
in liposomes of lipid extracts from these membranes is comparable
(see Fig. 6B).

Fluorescence anisotropy is commonly used tomonitor the rotational
diffusion rate of membrane embedded probes, which is sensitive to
membrane packing [27,52]. This is due to the fact that fluorescence an-
isotropy depends on the extent to which the probe is able to reorient
after excitation, and probe reorientation is dependent on membrane
packing. Fig. 7 shows that the anisotropy of NR12S in native (control)
hippocampal membranes is ~0.20. The anisotropy is progressively re-
duced with increasing cholesterol depletion and reaches a value of
~0.17 in hippocampal membranes treated with 40 mM MβCD. The re-
duction in anisotropywith cholesterol depletion could be due to altered
membrane packing giving rise to reducedmembrane order. The anisot-
ropy of NR12S in liposomes of lipid extracts from these membranes
displayed a similar trend.

Fluorescence lifetime serves as a sensitive indicator of the local envi-
ronment in which a given fluorophore is localized [53]. A typical decay
profile of NR12S in liposomes of lipid extract from native membranes
with its biexponential fitting and the statistical parameters used to
check the goodness of the fit is shown in Fig. S1 (see Supplementary
material). The lifetimes of NR12S in hippocampalmembranes of varying
cholesterol content and in liposomes of lipid extract from these
membranes are shown in Table 1. All fluorescence decays obtained
could be fitted well to a biexponential function. We chose to use the
intensity-averaged mean fluorescence lifetime as an important param-
eter since it is independent of the method of analysis and the number
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of exponentials used to fit the time-resolved fluorescence decay. The
mean fluorescence lifetimes of NR12S in hippocampal membranes of
varying cholesterol content and in lipid extracts were calculated from
data shown in Table 1 using Eq. (3) and are shown in Fig. 8A. The
mean fluorescence lifetime of NR12S was found to be ~4.4 and 4.3 ns
in native hippocampal membranes and in liposomes of lipid extract
from hippocampal membranes, respectively. The mean fluorescence
lifetime of NR12S displayed progressive reduction upon increasing ex-
tent of cholesterol depletion in both hippocampal membranes and in
lipid extracts from these membranes (see Fig. 8A). This reduction in
mean fluorescence lifetime could be due to an increase in polarity expe-
rienced by the probe upon cholesterol depletion due to an increase in
water penetration in the membrane. We have previously shown that
fluorescence lifetime of NR12S is sensitive to polarity of the surrounding
environment and lifetime of NR12S decreases with increasing polarity
[16].

To rule out the fact that anisotropy values of NR12S (Fig. 7) were af-
fected by lifetime-induced artifacts, the apparent (average) rotational
correlation times were calculated using Perrin's equation [27]:

τc ¼ τh ir
ro −r

ð4Þ



Table 1
Fluorescence lifetimes of NR12S in hippocampal membranes and lipid extract with vary-
ing cholesterol content.a

Concentration of MβCD
(mM)

α1 τ1
(ns)

α2 τ2
(ns)

Native membranes
0 0.14 1.50 0.86 4.52
10 0.12 1.28 0.88 4.44
20 0.19 1.43 0.81 4.28
30 0.22 1.25 0.78 4.02
40 0.24 1.27 0.76 3.85

Lipid extract
0 0.14 1.33 0.86 4.38
10 0.17 1.30 0.83 4.30
20 0.21 1.37 0.79 4.16
30 0.21 1.30 0.79 3.98
40 0.23 1.21 0.77 3.92

a The excitation wavelength was 490 nm and emission was monitored at 585 nm. The
number of photons collected at the peak channel was 10,000. All other conditions are as in
Fig. 8. See Materials and methods for other details.
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Fig. 8. (A) Effect of cholesterol depletion onmean fluorescence lifetime of NR12S in native
hippocampal membranes (hatched bar) and in liposomes of lipid extract from native
membranes (crisscrossed bar). Mean fluorescence lifetimes were calculated using
Eq. (3). The excitation wavelength used was 490 nm and emission was monitored at
585 nm. Data shown are means ± S.E. of at least three independent measurements. All
other conditions are as in Fig. 2. See Materials and methods for other details.
(B) Apparent rotational correlation times of NR12S in native hippocampal membranes
(hatched bar) and in liposomes of lipid extract from native membranes (crisscrossed
bar)with increasing cholesterol depletion. Apparent rotational correlation timeswere cal-
culated from fluorescence anisotropy values of NR12S from Fig. 7 and mean fluorescence
lifetimes from panel (A) using Eq. (4). See text for other details.
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where ro is the limiting (fundamental) anisotropy of the fluorophore in
the absence of any other depolarizing processes such as rotational diffu-
sion, r is the steady state anisotropy (taken from Fig. 7), and 〈τ〉 is the
mean fluorescence lifetime from Fig. 8A. The values of the apparent ro-
tational correlation times, calculated using Eq. (4) with ro value of 0.34
[54], are shown in Fig. 8B. The figure shows that the apparent rotational
correlation timewas maximum in native hippocampal membranes and
showed progressive reduction with increasing cholesterol depletion
(also in liposomes of lipid extracts from these membranes). The obser-
vation that apparent rotational correlation times displayed a trend
similar to that observed for fluorescence anisotropy (see Fig. 7), ensured
that the reported changes in anisotropy values are not influenced by
lifetime.

Taken together, we report here the modulation of the organization
and dynamics of hippocampal membranes by membrane cholesterol
and proteins utilizing the phase-sensitive fluorescent probe NR12S.
Our results show that fluorescence parameters such as emission maxi-
mum, red edge excitation shift (REES), anisotropy and lifetime are
dependent on membrane cholesterol content and phase. Hippocampal
membranes showed reduction in liquid-ordered phase upon cholesterol
depletion. Interestingly, NR12S exhibits REES that is dependent on
membrane cholesterol content. Since the fluorescence moiety of
NR12S is located at the interfacial region of membrane [16], our results
provide information about the organization and dynamics of this func-
tionally important region of the membrane in the overall context of
cholesterol and protein depletion. An interesting feature emerging
from these results is that proteins do not contribute significantly to
the organization and dynamics of hippocampal membranes in the
time scale probed.

The interaction between membrane lipids (such as cholesterol and
sphingolipids) and neurotransmitter receptors in neuronal membranes
is important for understanding brain function [3,6]. Knowledge of neu-
ronal membrane physicochemical parameters such as membrane order
and phase would be useful in analyzing functional data on membrane
receptors obtained by modulation of membrane lipid composition [18,
55]. These results could have implications in neuronal diseases such as
the Smith–Lemli–Opitz syndrome [11,56,57], which is characterized
by defective cholesterol biosynthesis.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2015.05.001.
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