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Abstract The nicotinic acetylcholine receptor (nAChR),
located in the cell membranes of neurons and muscle cells,
mediates the transmission of nerve impulses across
cholinergic synapses. In addition, the nAChR is also found
in the electric organs of electric rays (e.g., the genus Tor-
pedo). Cholesterol, which is a key lipid for maintaining the
correct functionality of membrane proteins, has been found
to alter the nAChR function. We were thus interested to
probe the changes in the functionality of different nAChRs
expressed in a model membrane with modified cholesterol
to phospholipid ratios (C/P). In this study, we examined the
effect of increasing the C/P ratio in Xenopus laevis oocytes
expressing the neuronal o7, o4p2, muscle-type, and Tor-
pedo californica nAChRs in their macroscopic current
responses. Using the two-electrode voltage clamp tech-
nique, it was found that the neuronal o7 and Torpedo
nAChRs are significantly more sensitive to small increases
in C/P than the muscle-type nAChR. The peak current
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versus C/P profiles during enrichment display different
behaviors; o7 and Torpedo nAChRs display a hyperbolic
decay with two clear components, whereas muscle-type
and 0432 nAChRs display simple monophasic decays with
different slopes. This study clearly illustrates that a phys-
iologically relevant increase in membrane cholesterol
concentration produces a remarkable reduction in the
macroscopic current responses of the neuronal o7 and
Torpedo nAChRs functionality, whereas the muscle
nAChR appears to be the most resistant to cholesterol
inhibition among all four nAChR subtypes. Overall, the
present study demonstrates differential profiles for
cholesterol inhibition among the different types of nAChR
to physiological cholesterol increments in the plasmatic
membrane. This is the first study to report a cross-corre-
lation analysis of cholesterol sensitivity among different
nAChR subtypes in a model membrane.

Keywords Cholesterol - Nicotinic acetylcholine receptor -
Ton channels - Regulation - Membrane proteins

Abbreviations
nAChR Nicotinic acetylcholine receptor
WT Wild type

ACh Acetylcholine
a-BTX  o-Bungarotoxin
Introduction

The nicotinic acetylcholine receptor (nAChR) is a mem-
brane-embedded protein responsible for neurotransmission
across different types of synapses. The nAChR belongs to
the family of ligand gated ion channels (LGIC), which
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includes the glycine receptors, the y-aminobutyric acid
type A receptors (GABA,), and the serotonin 5-HT;
receptors (Cockcroft et al. 1990; Corringer et al. 2000;
Karlin 2002; Le Novere et al. 2002). These ion channel
receptors have a pentameric assembly of five subunits
arranged about a central cation-selective pore (Cockcroft
et al. 1990; Corringer et al. 2000; Karlin 2002; Le Novere
et al. 2002). The main role of the nAChRs is neurotrans-
mission across different types of synapses where it medi-
ates neuronal communications and muscle contractions.
The nAChRs are located in the plasma membranes of
neurons, immune cells, muscle cells, and electrocytes—
cells from the electric organ found in electric rays such as
those from the genus Torpedo—(Galzi et al. 1991). The
neuronal nAChRs are commonly found in the basal fore-
brain, hippocampus, and temporal cortex. These brain
locations are considered to be involved in learning and
memory. The neuronal receptors comprise one or two types
of subunits, namely o and f§, with various stoichiometries.
In addition, the o subunit forms homopentameric receptors
such as the neuronal o7 nAChR (Cooper et al. 1991;
Paterson and Nordberg 2000; Itier and Bertrand 2001). In
muscle cells, however, the nAChR comprises o, f3, €, and §
subunits arranged in a 2:1:1:1 stoichiometric ratio, whereas
the Torpedo californica nAChR comprises o, f3, 7, and ¢
subunits arranged too in a 2:1:1:1 stoichiometric ratio
(Galzi et al. 1991).

As with other membrane-embedded proteins, cholesterol
modulates the activity of the nAChR (Dalziel et al. 1980;
Fong and McNamee 1986; Burger et al. 2000). The rigid
polycyclic structure of cholesterol straightens the acyl
chains of phospholipids leading to a reduction in mem-
brane fluidity (Demel et al. 1972; Gally et al. 1976; Yeagle
1985; Radhakrishnan and McConnell 1999; McConnell
and Radhakrishnan 2003). The effect of cholesterol in
membrane fluidity has been hypothesized to be involved in
the regulation of the nAChR function (Burger et al. 2000;
Barrantes 2004); however, other alternative hypotheses
have been put forward including specific binding sites for
cholesterol within the nAChR lipid—protein interface (Fong
and McNamee 1986; Leibel et al. 1987; Middlemas and
Raftery 1987; Jones and McNamee 1988; Addona et al.
1998). Regardless of its specific mode of action, the effects
of cholesterol in the nAChR function appear to be related
to the concentration of cholesterol in the plasmalemma
(Santiago et al. 2001).

The lipid composition of cell membranes has been
shown to modulate the functionality of membrane proteins
(Lee 2003; Jensen and Mouritsen 2004). As aforemen-
tioned, the cholesterol concentration in cell membranes is
of fundamental importance in modulating the functionality
of many membrane proteins (Burger et al. 2000; Barrantes
2002; Abi-Char et al. 2007). The cholesterol concentration
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in cell membranes is highly regulated and different cell
types normally have their characteristic plasmalemma
cholesterol concentration (Schiebler and Hucho 1978;
Gonzalez-Ros et al. 1982). Along these lines, the func-
tionality of membrane proteins should change when
expressed in different cell types. In the present study, we
examined the functionality of different nAChR subtypes
expressed in Xenopus laevis oocytes (Sumikawa et al.
1981) in which the cholesterol to phospholipids ratios (C/P)
were increased using cholesterol-enriched liposomes. We
assessed the macroscopic current response elicited by o7,
a4B2, muscle-type, and Torpedo californica nAChRs
expressed in Xenopus oocytes, upon increasing the oocytes
C/P by 13.0, 24.4 and 38.9 %. The macroscopic response
of all four nAChR subtypes was significantly reduced as
the C/P ratio increased; however, two of the nAChR sub-
types, namely Torpedo californica and o7 nAChRs, dis-
played stepwise reductions in macroscopic current. In
contrast, the reduction in macroscopic response of the
muscle-type nAChR and neuronal o432, display a different
profile. The present data demonstrate that a 13.0 %
increase in the oocytes C/P had little to moderate effects in
the muscle-type and a4p2, whereas the same increase in
C/P resulted in substantial reductions in macroscopic
functional response in the o7 and Torpedo californica
nAChRs. The relatively less susceptibility to membrane
cholesterol concentration displayed by the muscle-type and
04B2 nAChRs could be indicative of a mechanism by
which these nAChR subtypes cope with increasing
cholesterol concentrations that may result from aging
(Cohen and Zubenko 1985; Krainev et al. 1995; Wood
et al. 2002).

Materials and Methods
Cholesterol Enrichment of Xenopus laevis Qocytes

The membrane cholesterol concentration of Xenopus laevis
oocytes was increased by means of 15, 30, and 45 min
incubations in 30 pL of cholesterol-enriched liposomes
prepared using the cholesterol removal technique as
described previously (Santiago et al. 2001). In brief, a 1:1
molar ratio solution containing cholesterol and 1,2-Di-
oleoyl-sn-Glycero-3-Phosphocholine (DOPC) was pre-
pared in chloroform and dried under a stream of nitrogen.
1 mL of a sodium cholate solution prepared in NaCl 0.9 %
was added to the dried lipids to achieve a 1:1:2 cholesterol/
DOPC/cholate molar ratio and mixed thoroughly. Deter-
gent removal was subsequently accomplished at constant
temperature using the Mini-Lipoprep-Dialyzer and a
DIACHEMA membrane (mw.-cutoff 10,000).
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Determination of Membrane Cholesterol in Xenopus
laevis Qocytes

Membrane Isolation

Six batches of oocytes (30 oocytes/batch) were used for
each analysis. Three batches of oocytes were incubated in
cholesterol-enriched liposomes and three in MOR?2 buffer
(115 mM NadCl, 2.5 mM KCI, 5 mM MgCl,, | mM Na,
HPO,, 5 mM HEPES, 0.2 mM CaCl,, pH 7.4) (control
experiment) for 15, 30, or 45 min and then washed.
Membrane isolation was performed as described by Ohls-
son et al. (Ohlsson et al. 1981) with minor modifications.
Briefly, two-phase sucrose gradients were prepared with
1.5 and 0.3 M sucrose buffers (20 mM Tris-HCI, 50 mM
KCl, 10 mM MgCl,, 1| mM EGTA, pH 7.6,) at a 1:2 ratio
in 1.5-mL microtubes (30 oocytes/microtube). The oocytes
from each batch were manually disrupted with forceps,
layered at the upper phase of the separation medium, and
centrifuged for 20 min at 12,000xg (4 °C). The interface
between the phases containing the membranes was
removed, washed (5.0 mM HEPES, 160 mM NaCl, pH
7.4), and centrifuged for 10 min at 3000x g (4 °C). The
pellet was resuspended in 200 pL. of MOR?2 buffer and
sonicated.

Quantization of Membrane Cholesterol/Phospholipid (C/P)
Ratio

Total lipids from the plasmatic membrane of oocytes was
extracted overnight at 4 °C under a nitrogen atmosphere
with chloroform:methanol (2:1, v:v) containing butylated
hydroxytoluene (BHT), 2 x 107> M. Quantization of the
membrane phospholipids was achieved by subjecting the
extracted lipid from the Xenopus laevis oocyte plasma
membrane to an acid hydrolysis. After 3.5 h of reflux with
methanol/HCl, all the fatty acids were converted to fatty
acid methyl esters (FAME). This nonaqueous acid system
is the most suitable for the hydrolysis of the fatty acyl
amide bond of sphingolipids. Under these experimental
conditions almost all acyl chains in the phospholipids are
converted to their respective FAME. Quantization of the
individual components of the fatty acid mixture was
accomplished by adding an internal standard (IS) (20:1211)
of known concentration, which is absent in the lipids from
the Xenopus laevis oocyte’s plasmalemma. The FAME, the
free fatty acids, and the IS were extracted with petroleum
ether and dried under nitrogen. The extract was dissolved
in 10 % methanol/diethyl ether and the free fatty acids
were methylated using 0.5 mL of diazomethane. After
20 min, the reaction mixture was extracted with petroleum
ether. The FAME were separated from other lipids on
rhodamine 6G stained silica gel G plates with petroleum

ether/diethyl ether (98:2, v/v) as the solvent system. The
spots corresponding to the FAME and cholesterol were
extracted with petroleum ether:ethyl ether (2:3, v/v). Then
the FAME were analyzed with a Hewlett-Packard 5890 gas
chromatographer using a glass column packed with GP
10 % SP 100/120 Cromosorb (155-250 °C). Peak identi-
fication was carried out isothermally by comparison with
known standard mixtures and by graphical correlation to
equivalent chain length values. Since each phospholipid
produces two fatty acids under the total hydrolysis condi-
tions stated above, the total of phospholipids from the
samples were determined by dividing the total FAME by
two. Contamination by trace amounts of fatty acids, par-
ticularly palmitic (16:0), stearic (18:0), and oleic (18:1),
which were found in all the solvents tested, was eliminated
in each experiment by the appropriate use of control
samples to which lipids were not added. The cholesterol
isolated from the rhodamine 6G stained silica gel G plates
was assayed using the Wako cholesterol E Kit (Wako
Chemicals, Richmond VA) according to the manufac-
turer’s indications. In brief, cholesterol esters in the sample
were hydrolyzed in a reaction catalyzed by cholesterol
ester hydrolase and then oxidized by cholesterol oxidase,
which generates hydrogen peroxide. The formed hydrogen
peroxide then participates in a quantitative oxidative con-
densation reaction between 3,5-dimethoxy-N-ethyl-N-(2-
hydroxy-3-sulfopropyl)-aniline sodium salt (DAOS) and
4-aminoantipyrine in the presence of peroxidase to produce
a blue pigment. The cholesterol in the sample was deter-
mined by measuring the absorbance of the blue color at
600 nm. The total cholesterol concentration corresponding
to the absorbance of the sample was read from a calibration
curve prepared in advanced and divided by the determined
total of phospholipids to calculate the C/P.

Imaging Experiments

Xenopus laevis oocytes were incubated for 15, 30, or
45 min in 30 pL of DOPC liposomes enriched in the
cholesterol fluorescent analog [(22-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino-22,23-bisnor-5-cholen-3-ol)]  pre-
pared as described previously (Santiago et al. 2001). Upon
incubation, the oocytes were washed three times in MOR2
buffer. The incorporation of the fluorescent cholesterol
analog into the plasmalemma of Xenopus laevis oocytes
was monitored by exciting at a wavelength of 488 nm
using an Argon/2 laser and its emission acquired using a
BP 500-550 on a Zeiss LSM 510 Confocal Microscope.
The magnification used was 10X. Images were acquired as
single optical slices. Appropriate control experiments were
performed to access the oocytes autofluorescence under the
same imaging parameters.
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Expression of the Different nAChR Subtypes in Xenopus
laevis Oocytes

RNA transcripts were synthesized in vitro as described
previously (Lee et al. 1994). The RNA transcripts of the
Torpedo californica, muscle (Mus musculus), o432 (Rattus
norvegicus), or o7 (human) nAChR subunits were injected
into Xenopus laevis oocytes in the V or VI developmental
stage. The Torpedo californica o, f, y, and 6 subunits and
muscle-type o, f, ¢, and ¢ subunits were microinjected in a
2:1:1:1 ratio, and the 042 was microinjected in a 2:3 ratio.
Upon microinjection, the oocytes were incubated at 19 °C
for 72-96 h in a medium containing 50 % Leibovitz’s L-15
media (GIBCO, Gaithersburg, MD), 0.4 mg/mL bovine
serum albumin and antibiotic—antimycotic agents added
according to manufacturer’s directions prior to the sched-
uled experiments. All animal procedures were done in
accordance with the guidelines and with the approval of the
University of Puerto Rico Institutional Animal Care and
Utilization Committee (Protocol No. ATP001-07-12-
2013). The liquid medium was changed regularly.

Voltage Clamp Recordings

Determination of Reduction in Macroscopic
Response

Two-electrode voltage clamp macroscopic currents evoked
by 100 uM acetylcholine (ACh) were recorded using a
Gene Clamp 500B amplifier (Axon Instruments, Foster
City, CA) before and after cholesterol enrichment. Elec-
trodes were filled with 3 M KCl and had a resistance of less
than 2 MQ. Impaled oocytes in the recording chamber
were automatically perfused using a Perfusion Valve
Controller VC-8 (Warner Instruments, Inc., Hamden, CT.)
at a rate of approximately 0.5 mL/s with MOR2 buffer.
Oocytes were held at a membrane potential of -70 mV.
Membrane currents were filtered at 0.1 kHz and digitized
at 1 kHz using a Digidata 1322A interface (Axon Instru-
ments, Foster City, CA) and acquired using the Clampex
9.2, pCLAMP 9.2 software package (Axon Instruments,
Foster City, CA).

Results

Cholesterol Enrichment of Xenopus laevis Qocytes
Plasmalemma

The Xenopus laevis oocytes cholesterol/phospholipid molar

ratio (C/P) was determined upon 15, 30, or 45 min incu-
bations in cholesterol-rich liposomes. After these
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incubations, the oocytes’ plasmalemma was isolated and
the C/P was determined as described in the “Materials and
Methods” section. As displayed in Fig. la, the C/P of
oocytes incubated in MOR?2 buffer (control experiments)
was determined to be 0.316 & 0.009 (mean + SEM).
Incubation of oocytes in cholesterol-rich DOPC liposomes
for 15 min significantly increased the oocytes plas-
malemma C/P to 0.357 4+ 0.005 (One-way ANOVA with
Dunnett’s post-test; P value <0.01; n = 4), which corre-
sponds to a 13.0 % increase in C/P. Incubation of oocytes
in liposomes for 30 min increased the C/P to
0.393 £ 0.003 (One-way ANOVA with Dunnett’s post-
test; P value <0.001; n = 4) corresponding to a 24.4 %
increase in C/P, and 45 min incubations resulted in a
38.9 % increase, corresponding to a C/P of 0.439 + 0.008
(One-way ANOVA with Dunnett’s post-test; P value

<0.01; n = 4). However, these incubations did not result
in statistically significant changes in the fatty acid con-
centrations (Fig. 1b) (Two-way ANOVA with Bonferroni’s
post-test, P > 0.05).

To provide further evidence of the incorporation of
cholesterol to the Xenopus laevis oocytes plasmalemma
through incubations in cholesterol-rich liposomes, an
alternate methodology was used. In these experiments,
DOPC liposomes were enriched with the fluorescent
cholesterol analog [(22-(N-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino-22,23-bisnor-5-cholen-3-ol)] rather than with
cholesterol, and the incorporation of this fluorescent
molecule into the Xenopus laevis oocytes plasma mem-
brane was monitored by confocal microscopy. Figure 2
summarizes the results of these experiments. Incubation of
oocytes for 15 min in liposomes enriched with the
cholesterol fluorescent analog resulted in a (112 £ 21) %
(mean £ SEM) increase (One-way ANOVA with Dun-
nett’s post-test; P value <0.05; n = 5) in fluorescence
intensity when compared to the fluorescence of oocytes not
incubated in liposomes (autofluorescence control). Incu-
bation of oocytes for 30 and 45 min in liposomes produced
increases in fluorescence intensity of (196 + 35) % (One-
way ANOVA with Dunnett’s post-test; P value <0.01;
n =75) and (419 &£ 29) % (One-way ANOVA with Dun-
nett’s post-test; P value <0.01; n = 5), respectively.

Cholesterol Enrichment Effects in Macroscopic
Response

We were interested in determining the effects of membrane
cholesterol enrichment in the functionality of four different
nAChR subtypes, namely Torpedo californica, muscle,
a4B2, and o7 nAChRs, when expressed in Xenopus laevis
oocytes. To achieve this, we incubated oocytes expressing
the nicotinic receptor under study in DOPC liposomes
enriched with cholesterol for 15, 30, and 45 min, which
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Fig. 1 Increase in C/P in the plasmalemma of Xenopus laevis oocytes
upon cholesterol enrichment. Cholesterol enrichment of Xenopus
laevis oocytes was achieved by 15, 30, and 45 min incubations in
cholesterol-rich DOPC liposomes. a Incubation of Xenopus laevis
oocytes in cholesterol-rich DOPC liposomes resulted in significant
increases in C/P (One-way ANOVA with Dunnett’s post-test,
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Fig. 2 Incorporation of the fluorescent cholesterol analog into the
plasmalemma of Xenopus laevis oocytes. The incorporation of
cholesterol into the Xenopus laevis oocytes plasmalemma was
monitored as function of time using DOPC liposomes enriched with
the fluorescent cholesterol analog [(22-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino-22,23-bisnor-5-cholen-3-ol)]. The same incubation
procedure employed to increase the oocytes membrane cholesterol
concentration was used with the liposomes enriched with the
fluorescent cholesterol analog and the incorporation was monitored
through confocal microscopy. a Circular inserts (200 pm in diameter)
of the oocytes plasmalemma display the incorporation of the
fluorescent cholesterol as function of incubation time. Scale bar:

increased the oocytes C/P by 13.0, 24.4, and 38.9 %,
respectively (Fig. 1). The peak currents elicited by 100 uM
ACh in oocytes expressing the nAChR subtypes studied
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*P < 0.01) when compared to control experiments (incubation in
MOR?2 buffer) without affecting the membrane fatty acid composition
derived from phospholipid hydrolysis (b) (Two-way ANOVA with
Bonferroni’s post-test, P > 0.05). Experiments were performed in
quadruplicate. Values are expressed as the percent of each fatty acid
of the total free and esterified fatty acids in the phospholipids
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20 um. The image displays a single optical slice acquired at a
magnification of x10. b Fluorescence intensity histograms highlight
the increase in the fluorescence of the cholesterol analog in the
oocytes plasma membrane as function of incubation time. The z-axis
corresponds to the fluorescent intensity (a.u.), whereas the x- and
y-axis correspond to spatial coordinates. ¢ The cholesterol enrichment
strategy was revalidated by the increase in fluorescence intensity of
the fluorescent cholesterol analog in the oocytes plasmalemma upon
incubation with cholesterol-rich DOPC liposomes (One-way ANOVA
with Dunnett’s post-test, 15 min P < 0.05; 30 min P < 0.01; 45 min
P <0.0l;n=25)

were determined prior to the first incubation and after every
subsequent incubation. Figures 3 and 4 present the results
of these experiments for the muscle and Torpedo
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Fig. 3 Increasing the C/P in the plasmalemma of Xenopus laevis
oocytes results in a reduction in macroscopic currents in muscle-type
and Torpedo nAChRs. Families of current traces elicited by 100 uM
ACh demonstrate that the reduction in macroscopic currents upon
cholesterol enrichment depends on the nAChR subtype expressed in
the Xenopus laevis oocytes. The reductions in macroscopic current
that result from 15, 30, and 45 min incubations in cholesterol-

californica nAChRs (Fig. 3), and for the neuronal nAChRs
o7 and 04P2 (Fig. 4). A 13 % increase in the C/P of
oocytes (15 min incubation in cholesterol-rich liposomes)
resulted in statistically significant differences in the cor-
responding reductions in macroscopic currents with a
(28 =+ 4) % (mean = SEM) decrease in peak current in
oocytes expressing the Torpedo californica nAChR com-
pared to a (8 £ 5) % decrease in the muscle nicotinic
receptor, (35 £ 5) % in the o7, and (16 = 3) % in the
a4 B2 nicotinic receptor. The differences in the extent of the
inhibition in function were found to be statistically sig-
nificant when the muscle nAChR was compared to the
Torpedo californica nAChR (P value = 0.0095), when the
muscle nAChR was compared to the o7 nAChR
(P value = 0.0035), when Torpedo was compared to 0432
(P value = 0.0126), and when the o7 was compared to the
a4p2 (P value = 0.0006) (Table 1).

When the oocytes were incubated in cholesterol-rich
DOPC liposomes for 30 min, the Torpedo californica,
muscle, o7, and a4B2 nAChRs displayed decreases in
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enriched DOPC liposomes are 28, 26, and 38 % in case of the
Torpedo nAChR; and 8, 29, and 46 % in the muscle nAChR. The 15
min incubations resulted in statistically significant differences in
macroscopic current reductions between the muscle and the Torpedo
nAChR (P value = 0.0095, two-tailed, unpaired ¢ test analysis,
Table 1) (Color figure online)

macroscopic currents corresponding to (26 + 4), (29 £+ 7),
(35 £ 6), and (22 £ 5) %, respectively, and when the
oocytes were incubated in cholesterol-rich DOPC lipo-
somes for 45 min, the Torpedo californica nAChR, mus-
cle, o7, and 04P2 nAChRs displayed decreases in
macroscopic currents corresponding to (38 £ 9), (46 £ 5),
(52 £ 8), and (34 £ 6) %, respectively. However, the
differences in the extent of the decrease in macroscopic
currents between the four nicotinic receptor subtypes upon
30 and 45 min incubations did not reach statistical signif-
icance. Table 1 summarizes the results of these
experiments.

Discussion
Cholesterol Modulates nAChR Function

The nAChR-cholesterol interactions are known to regulate
the function and number of nAChRs; however, the
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Fig. 4 Increasing the C/P in the plasmalemma of Xenopus laevis
oocytes results in a reduction in macroscopic currents in neuronal
nAChRs o7 and a4p2. Current traces elicited by 100 pM ACh before
and after membrane cholesterol enrichment demonstrate that the o7
nAChR functionality is more susceptible to increases in membrane
cholesterol than the neuronal nAChR o4f2. The decrease in o7
nAChR macroscopic current upon 15, 30, and 45 min incubations in

Table 1 Inhibition of nAChR subtypes by membrane cholesterol

Time (min) Decrease in macroscopic current [% + SEM (n)]
Torpedo Muscle o7 a4 B2

15 286+4(19) 8+£5@®) 35+£5(21) 16 +3(25)

30 26+ 4(14) 29+£7 @) 35£6(15 22+ 5(13)

45 38+9(10) 46 £5@) 52+£8(11) 34+ 6 (10)

Two-tailed, unpaired ¢ test analysis. Statistically significant differ-
ences: Torpedo versus Muscle (15 min) P = 0.0095, Torpedo versus
04B2 (15 min) P = 0.0126, Muscle versus o7 (15 min) P = 0.0035,
o7 versus 04B2 (15 min) P = 0.0006

underlying mechanisms are poorly understood. Previous
studies have postulated at least two possible mechanisms to
explain the effects of cholesterol on the modulation of
nAChR functionality. The first hypothesis proposes that the
action of cholesterol on the nAChR might be associated
with the bulk-lipid bilayer fluidity (Fong and McNamee
1986; Sunshine and McNamee 1992; Baenziger et al.
2000). The second hypothesis suggests that cholesterol

Incubation Time

cholesterol-enriched DOPC liposomes was 35, 35, and 52 %,
respectively, whereas the same incubations resulted in reductions in
the a4 B2 macroscopic currents of 16, 22, and 34 %, respectively. The
15 min incubations produced statistically different reductions in the
o7 and a4PB2 macroscopic currents (P value = 0.0006, two-tailed,
unpaired ¢ test analysis, Table 1) (Color figure online)

may act as an “allosteric effector” at some nonannular or
interstitial binding sites located within the protein that are
distinct from the lipid—protein interface (Jones and
McNamee 1988; Narayanaswami and McNamee 1993;
Fernandez-Ballester et al. 1994; Antollini and Barrantes
1998). The binding sites for cholesterol lipid—protein at the
interface of the Torpedo AChR were mapped using a
photoreactive analog of cholesterol (125I-azido-choles-
terol) (Corbin et al. 1998). In the aforementioned study,
cholesterol-binding sites were found exclusively in the
oM4 and oMl and yM4 transmembrane segments.
Cholesterol-binding sites were also found exclusively in
the M4, M3, and M1 of each subunit; thus, the cholesterol-
binding domain fully overlaps the lipid interface of the
Torpedo nAChR (Hamouda et al. 2006). Molecular
dynamic simulations studies predicted sites at the protein—
lipid interface, consistent with functional data, but also
deeply buried sites (Brannigan et al. 2008). A question
remains as to the nature of the molecular mechanisms that
could be responsible for the effects of cholesterol in
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modulating nAChR function. The cholesterol inhibition of
nAChR functionality is a central aspect of this study. There
is a limited amount of studies that have examined the
effects of cholesterol enrichment on nAChR function in
cell membrane models (Lechleiter et al. 1986; Lasalde
et al. 1995; Antollini and Barrantes 1998; Santiago et al.
2001; Barrantes 2002, 2004).

We expressed four different subtypes of nicotinic
receptors, namely the Torpedo californica, muscle, and
neuronal o7 and o432 nAChRs in a membrane model and
assessed the changes in the nicotinic receptor function
upon cholesterol enrichment of the plasmalemma (Su-
mikawa et al. 1981). By incubating oocytes in cholesterol-
rich DOPC liposomes for 15, 30, and 45 min, we suc-
cessfully increased the plasmalemma C/P by 13.0, 24.4,
and 38.9 %, respectively (Fig. 1), an observation consistent
with the increase in fluorescence in Xenopus laevis oocytes
incubated in DOPC liposomes enriched with the choles-
terol fluorescent analog [(22-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino-22,23-bisnor-5-cholen-3-ol)]  (Fig. 2).
Upon cholesterol enrichment, the macroscopic response in
each nicotinic receptor subtype was assessed through
voltage clamp.

Cholesterol Enrichment Leads to Dissimilar
Inhibition of nAChRs Function

Cholesterol enrichment resulted in dissimilar decreases in
macroscopic response in all four nicotinic receptor sub-
types under study (Fig. 5). This inhibition in response did
not follow a linear tendency in two of the nicotinic
receptors studied (Torpedo californica and o7 nAChRs);
the first 15 min incubations resulted in a remarkable
decrease in macroscopic response. However, the next
15 min incubations (30 min total) did not result in further
decreases in macroscopic response, a behavior reminiscent
to the formation of a plateau. Nevertheless, the following
15 min incubations (45 min total) resulted in additional
inhibition of response. In essence, the profiles of the inhi-
bition in response in these two nAChR subtypes were
characterized by two sharp reductions in macroscopic
current separated by a short plateau, suggesting the exis-
tence of two different underlying mechanisms as cause for
the observed decrease in macroscopic current (Figs. 3, 4).
While the Torpedo californica and the o7 nAChR had
similar inhibition profiles, the muscle nAChR, and to a
lesser extent the o4p4, differed in the inhibitory profiles
because the first 15 min incubations did not result in sub-
stantial reductions in macroscopic response. Interestingly,
the only homomeric receptor studied, the o7 nAChR,
showed the highest cholesterol-induced reduction in
macroscopic current. The observation that the homomeric
receptor is also the most affected by the cholesterol
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Fig. 5 Profiles of the inhibition in function of the Torpedo califor-
nica, muscle, o7, and 042 nAChRs. By plotting the reduction in
macroscopic current as function of the Xenopus laevis oocytes
membrane C/P, the muscle nAChR inhibition profile reveals that the
muscle type is the most tolerant receptor, among the four studied, to
increases in membrane cholesterol concentrations

enrichment leads us to hypothesize that specific amino
acids, or a motif within the o7 subunit, and shared by some
subunits, provide an additive effect that affects mostly the
receptor comprising five copies of the o7 subunit.

Cholesterol Concentration in the Plasmalemma
and the Stability of the Open Channel Conformation

The aforementioned results lead to a fundamental question:
Why is the muscle nAChR function more resistant to small
increases in membrane C/P than its homologous Torpedo
californica nAChR? The Torpedo -californica nAChR
possesses a high degree of homology with the muscle-type
nAChR (Guzman et al. 2006; Kalamida et al. 2007).
However, in spite of the high degree of homology between
these two subtypes of nicotinic receptors, there are differ-
ences in their ion channel kinetics. Indeed, both of these
subtypes of receptors have been thoroughly characterized
by various groups. For instance, the mean open time of the
Torpedo californica nAChR at low ACh concentrations
(1.0 uM) has been estimated to be 0.2-0.3 ms compared to
3.75 ms in the muscle nicotinic receptor (Lee et al. 1994;
Tamamizu et al. 1999, 2000). Therefore, upon activation of
the Torpedo californica nAChR by ACh, this subtype
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spends considerably less time in the open state when
compared to the muscle nAChR, which suggests that the
open conformation of the muscle nicotinic receptor is more
stable than the open conformation of the Torpedo califor-
nica. Interestingly, the trend in the open state stability
coincides with the trend observed in the inhibition in
function observed by 13 % increases in membrane
cholesterol concentration. This observation may be inter-
preted as to suggest that the inhibition in the function of the
muscle and Torpedo nicotinic receptors upon cholesterol
enrichment may be related to a concomitant decrease in the
stability of the open conformation, which would, presum-
ably, have more pronounced effects in the more labile open
state of the Torpedo californica.

Cholesterol Inhibition of nAChR and Membrane
Rafts

Cholesterol is a key component of the membrane micro-
domains known as membrane rafts, which have been
defined as small, heterogeneous, highly dynamic, sterol-
and sphingolipid-enriched domains that compartmentalize
cellular processes and that can sometimes be stabilized to
form larger platforms through protein—protein and protein—
lipid interactions (Pike 2006). Indeed, cholesterol depletion
disrupts membrane rafts, a process which has been sug-
gested to lead to the redistribution of the proteins located
therein to the bulk membrane (Oshikawa et al. 2003; Iko-
nen et al. 2004; Barbuti et al. 2004). Along the same line,
several types of nAChRs have already been found in
membrane rafts including the o7 nAChR (Brusés et al.
2001; Marchand et al. 2002; Oshikawa et al. 2003; Zhu
et al. 2006). Thus, a potential model to explain the current
results may include the aggregation of nicotinic receptors
in cholesterol-rich domains as a consequence of the
increase in membrane cholesterol concentration. Choles-
terol-rich domains may constitute a nonactivatable pool of
receptors, which suggests that differences in the affinities
between the four nicotinic receptor subtypes studied and
cholesterol-rich domains could explain the differences in
the inhibition profiles summarized in Fig. 5. Indeed, we
previously showed that the cholesterol-sensitive aC418W
nAChR mutation present in caveolin-1-positive domains
appear to be in a nonactivatable state (Baez-Pagan et al.
2008), and that the expression of the aC418W nAChR in
transgenic mice leads to the accumulation of caveolin-1 in
endplates (Grajales-Reyes et al. 2013). An implicit
assumption of this potential model is that the muscle
nAChR would display less affinity towards cholesterol-rich
domains and therefore remain functional at membrane
cholesterol concentrations at which the macroscopic cur-
rents of the Torpedo californica and the o7 nicotinic
receptors are remarkably reduced.

Cholesterol and Neuronal nAChR Function:
Potential Implication in Cognitive Disruption

It has been documented that learning deficits in Alzhei-
mer’s disease can be presented even before any observable
cell loss, suggesting that the initial disruption of cognitive
function in this disease is not due to cell death, but rather
due to the disruption of neuronal nAChRs and synaptic
transmission (O’Neill et al. 2002). Along these lines, epi-
demiological evidence has suggested that high cholesterol
is a risk factor for Alzheimer’s disease (Roher et al. 1999).
The physiological effects of cholesterol on the neuronal
nAChR function could have paramount implications if we
consider that a 13 % increment in C/P can reduce o7
currents by 35 %, as observed in the present study.
Understanding the regulation of cholesterol on neuronal
nAChRs subtypes is of tremendous importance; however,
this aspect of the nAChR has remained obscure. To our
best understanding, a very small number of research lab-
oratories groups have focused on this fundamental aspect
of the nAChR function. The present study provides new
insights into the sensitivity of a7-nAChR to the cholesterol
concentration in the plasma membrane. It is noteworthy
that both o7 nAChR and dysregulation of cholesterol
metabolism have been implicated in the development of
Alzheimer’s disease (AD). Along these lines, previous
studies proposed that development of AD is characterized
by both cholesterol dysregulation and a degeneration of
cholinergic neurons (Barrantes et al. 2010). Understanding
the structural and functional basis for the remarkable
cholesterol-induced inhibition of the neuronal o7 nAChR is
of biological importance, especially in the context of its
potential implications in the cognitive deficits observed
during neurodegenerative diseases.

Conclusion

The present study has systematically assessed the conse-
quences of increasingly higher membrane cholesterol
concentrations in the function of the nAChR. In doing so, it
has revealed the relatively high tolerance of the muscle
nicotinic receptor to the lowest increase in membrane C/P
studied (13.0 %). Another interesting observation that
results from this study is that neuronal receptors do not
respond to 13.0 % increases in C/P to similar extents.
Indeed, the reduction in o7 macroscopic current is similar
to the reduction observed in the Torpedo nAChR, and the
reduction in 04B2 macroscopic current is similar to the
muscle-type nAChR. These results reveal that cholesterol
sensitivity cannot be predicted on the basis of whether the
receptor is neuronal or not, and suggest that specific amino
acids or motif could determine cholesterol sensitivity. The
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specific structural basis for the cholesterol sensitivity of
nicotinic receptors remains to be identified. Furthermore,
the present study also uncovers that at high enough
cholesterol concentrations (beyond a 24.4 % increase) all
four nicotinic receptors studied display significant inhibi-
tion of the macroscopic response. While the inhibition
profiles displayed upon large increases in cholesterol con-
centration provide useful and interesting data, relatively
small increases in cholesterol concentrations likely reflect
physiologically relevant scenarios. For instance, choles-
terol concentrations have been shown to increase with age
(Cohen and Zubenko 1985; Krainev et al. 1995; Wood
et al. 2002). These findings raise the hypothesis that the
muscle-type nAChR may have evolved mechanisms to
cope with the increase in cholesterol concentration that
accompanies aging. In contrast, the neuronal o7 nAChR
seems to be highly sensitive to potential physiological
increases of cholesterol.
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