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Caveolin-1 Expression and Membrane Cholesterol Content Modulate
N-Type Calcium Channel Activity in NG108-15 Cells
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ABSTRACT Caveolins are the main structural proteins of glycolipid/cholesterol-rich plasmalemmal invaginations, termed
caveolae. In addition, caveolin-1 isoform takes part in membrane remodelling as it binds and transports newly synthesized
cholesterol from endoplasmic reticulum to the plasma membrane. Caveolin-1 is expressed in many cell types, including
hippocampal neurons, where an abundant SNAP25-caveolin-1 complex is detected after induction of persistent synaptic
potentiation. To ascertain whether caveolin-1 influences neuronal voltage-gated Ca®" channel basal activity, we stably expressed
caveolin-1 into transfected neuroblastoma X glioma NG108-15 hybrid cells [cav1(+) clone] that lack endogenous caveolins but
express N-type Ca®* channels upon cAMP-induced neuronal differentiation. Whole-cell patch-clamp recordings of cavi(+) cells
demonstrated that N-type current density was reduced in size by ~70% without any significant change in the time course of
activation and inactivation and voltage dependence. Moreover, the cav1(+) clone exhibited a significantly increased proportion of
membrane cholesterol compared to wild-type NG108-15 cells. To gain insight into the mechanism underlying caveolin-1 lowering
of N-current density, and more precisely to test whether this was indirectly caused by caveolin-1-induced enhancement of
membrane cholesterol, we compared single N-type channel activities in cav1(+) clone and wild-type NG108-15 cells enriched with
cholesterol after exposure to a methyl-B-cyclodextrin-cholesterol complex. A lower Ca®* channel activity was recorded from cell-
attached patches of both cell types, thus supporting the view that the increased proportion of membrane cholesterol is ultimately
responsible for the effect. This is due to a reduction in the probability of channel opening caused by a significant decrease of

channel mean open time and by an increase of the frequency of null sweeps.

INTRODUCTION

Upon cell extraction with nonionic detergents, such as Triton
X-100, and ultracentrifugation, membranes can be separated
into an insoluble fraction, containing detergent-insoluble
domains enriched with glycosphingolipids and cholesterol
(DIGs), and a soluble phospholipid-rich fraction containing
the bulk of cellular membranes. Subsets of DIGs can be
distinguished in certain cell types, i.e., planar lipid rafts and
invaginated caveolae, containing caveolins as main struc-
tural protein components. A number of signaling molecules,
including receptors, effectors, and modulatory proteins, are
concentrated in DIGs. Numerous laboratories have demon-
strated localization of proteins in caveolae, interaction of
these proteins with caveolins, and the ability of overex-
pressed caveolins or peptides derived from caveolins to sup-
press or stimulate signaling functions in vitro or in cultured
cells (1-3). A subcellular localization of ion channels in
caveolae and a modification of their gating properties after
changes in membrane cholesterol have been described as
well (4). Indeed, the relationship of caveolin to cholesterol is
of considerable interest: caveolin-1 binds cholesterol and
also increases cholesterol transport from endoplasmic re-
ticulum to plasma membrane, suggesting a primary role for
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caveolin in cholesterol regulation. Therefore, it is not un-
expected that ion channels, proteins designed to surmount
the impermeability of the surface membrane, might be func-
tionally dependent on the constituent lipids of the membrane
itself. If alterations in membrane composition by depletion of
lipids enriched in rafts and/or caveolae have significant
effects on channel function, this could translate into large
changes in cellular excitability (5). However, it remains un-
clear whether these effects are due to direct protein-lipid
interactions or indirect signaling mechanisms. Certainly,
changes in membrane cholesterol can directly modulate ion
channel function (6,7). In addition, rafts might have unique
biophysical properties that directly affect channel function.
Some of these parameters include lateral pressure profile,
bilayer fluidity, bilayer thickness, and surface charge (8).
Lipid raft-channel association might also function as a
mechanism of cell-surface compartmentation.

In a previous report, we showed that caveolin-1 expression
attenuates the G-protein-mediated down-modulation of volt-
age-gated N-type Ca>" channel currents (9). The study de-
scribed here focused on possible functional effect(s) of
caveolin-1 on the basal activity of N-type Ca>" channels, inde-
pendent of G-protein activation. This might be physiologically
relevant considering that in neurons, the activation of the volt-
age-gated N-type calcium channel plays a significant role in
multiple cellular functions including neurotransmitter release,
regulation of gene expression, dendritic development, and
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synaptic plasticity. In addition, caveolin-1 has been detected
in neurons and neuronal cell lines (10). Most importantly,
recent findings show that after the induction of persistent
synaptic potentiation, an abundant 40-kDa SNAP25-caveolin-
1 complex can be measured in hippocampal neurons (11).

For our investigation we used the stably expressing recom-
binant caveolin-1 clone cavl(+) (9), obtained by the NG108-
15 cell line, lacking endogenous caveolins and caveolae (12).
Upon in vitro differentiation, NG108-15 cells acquire a
neuron-like phenotype and express N-type Ca>* channels
(13). These features make these cells an ideal model to
investigate whether caveolin-1 plays any role in the reg-
ulation of N-type Ca®" channel basal activity.

We show here that the N-type current density is attenuated
in NG108-15 cells expressing recombinant caveolin-1. The
mechanism of this N-current depression has been investi-
gated as well and the possibility of a direct interaction of the
channel with caveolin-1 through its scaffolding was consid-
ered first. Considering that caveolin-1 is also a cholesterol-
binding protein that delivers cholesterol from the endoplasmic
reticulum to the plasmalemma, another putative action of
caveolins could be to regulate plasma membrane proteins
indirectly by modulating the cholesterol content of lipid raft
domains and/or caveolae (14). This second hypothesis has
been considered as well since in the cavl(+) clone an in-
crease of the amount of membrane cholesterol was observed
and in control cells the N-current density depression could be
mimicked by application of exogenous cholesterol.

These results may be useful in making predictions about
the effects of endogenous caveolins in neurons, where they
might significantly influence voltage-gated Ca*" channel
activity and thereby all physiological effects mediated by an
increase in intracellular Ca®”.

MATERIALS AND METHODS
Cell culture

Mouse neuroblastoma X rat glioma NG108-15 hybrid cells were grown as
monolayers in Dulbecco’s modified Eagle’s medium (DMEM), 10% heat
inactivated fetal calf serum, hypoxantine-aminopterin-thymidine supple-
ment, 100 ug streptomycin/ml, and 100 IU penicillin/ml in a 5% CO,-
humidified atmosphere at 37°C. The NGI108-15 clones constitutively
expressing recombinant caveolin-1 [cavl(+)] and transfected with empty
vector [cav1(—)] were obtained as previously described (9) and constantly
maintained in a medium supplemented with 400 ug/ml hygromycin B
(Roche) selection antibiotic. All cells were grown in plastic flasks, and
plated onto plastic Petri dishes for use in electrophysiological experiments.
The culture medium was replaced three times per week.

To induce cell differentiation into a neuronal phenotype and Ca*"
channel expression (13), 10 uM prostaglandin E; (ICN Biochemicals,
Milan, Italy), and 1 mM theophylline were added to the culture medium at
least 5 days before electrophysiological recordings.

Cholesterol enrichment

To enhance the cellular cholesterol content, cultures were exposed to
a methyl-B-cyclodextrin (MBCD; Sigma Chemical, St. Louis, MO) solution
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saturated with cholesterol (Sigma Chemical) at a MBCD/cholesterol molar
ratio of 8:1, prepared as described by Levitan and colleagues (15). Briefly,
cholesterol was stored as a stock solution in chloroform/methanol (1:1 v/v).
The required amount of cholesterol was transferred to a glass tube and left at
room temperature until the solvent was completely evaporated. Then 5 mM
MpBCD solution in serum-free DMEM was added to the dried cholesterol,
and the tube was vortexed, sonicated, and incubated overnight in a rotating
bath at 37°C. The resulting cholesterol-saturated MBCD mixture was diluted
in serum-free DMEM to obtain the final working cholesterol concentrations
of 50 and 5 ug/ml. Before each experiment, cells were washed three times
with serum-free DMEM and incubated for 120 min with the cholesterol/
MpBCD solution in a humidified CO, incubator at 37°C. After exposure to
cholesterol/MBCD, cells were washed three times with serum-free DMEM.
Control cells were treated similarly and incubated with serum-free DMEM
solution without any MBCD.

Lipid extraction and analysis

Total cell lipids were extracted from pelleted cells and partitioned into an
organic and an aqueous phase, according to Giglioni et al. (16). Protein assay
was performed on the delipidized protein pellet according to a modified
Lowry protocol (17) using bovine serum albumin as a standard. Lipids in the
organic phase were separated by high-performance thin-layer chromatog-
raphy (HPTLC) using, as the solvent system, chloroform/methanol/acetic
acid/H,0 60:45:4:2 v/v/v/v for phospholipids, and hexane/diethylether/
acetic acid 20:35:1 v/v/v for cholesterol, and then sprayed with anisaldehyde
reagent. After heating the plate at 180°C for 15 min, the HPTLC plates were
submitted to densitometric scanning of the visualized bands. Quantification
was made on the basis of known amounts of standard lipids loaded on the
same plate. Cholesterol amounts are expressed as nanomoles of steroid per
nanomole of phospholipids. Silica gel precoated thin-layer plates (HPTLC
Kieselgel 60) and solvents were from Merck (Darmstadt, Germany).

Solutions for electrophysiology

During whole-cell recording, seals between electrodes and cells were
established in a solution containing (mM/L): 135 NaCl, 1.8 CaCl,, 5.5
KCl, 10 glucose, and 10 HEPES/NaOH (pH 7.4). This extracellular saline
was maintained for Kv-current recording. After establishing the whole-cell
configuration, and for Ba>*-current recording, cells were perfused with an
external saline containing (mM/L): 135 NaCl, 10 BaCl,, 10 glucose, 10
HEPES/NaOH (pH 7.4), 1 4-aminopyridine, 10 tetraecthylammonium
chloride, and 102 tetrodotoxin (TTX). The patch pipettes were filled with
(mM/L): 125 CsCl, 20 tetracthylammonium chloride, 10 EGTA, 1 MgCl,, 4
Mg-ATP, and 10 HEPES/CsOH (pH 7.4). Most differentiated NG108-15
cells expressed low-voltage-activated T-type, and high-voltage-activated
L- and N-type Ca®" channels (13,18). N-type currents were isolated by cell
application of 10 uM nifedipine (Bayer AG, Wuppertal, Germany) dis-
solved in the external saline to block L-type channels, and by holding the
membrane potential of the cell at —40 mV to inactivate T-type Ca*" cur-
rents. For L-type Ba-current recording, extracellular nifedipine was sub-
stituted with 10 uM w-conotoxin GVIA (Alomone Labs, Jerusalem, Israel).
For Kv-current recording, the pipette-filling solution contained (in mM/L):
140 KCl, 4 NaCl, 0.02 CaCl,, 0.8 EGTA, 2 MgCl,, 4 Mg-ATP, and 10
HEPES/KOH (pH 7.4). External solutions were exchanged using a fast
multibarrel delivery system positioned close to the recorded cells.

For the cell-attached recordings, the pipette control solution contained
(mM/L): 100 BaCl,, 10 TEA-CI, 1 MgCl,, and 10 Na-HEPES, plus 10 uM
nifedipine and 300 nM TTX (pH 7.3 with TEA-OH). Membrane potential
was zeroed with a solution containing (mM/L): 135 potassium aspartate,
1 MgCl,, 10 HEPES, and 5 EGTA, plus 300 nM TTX (pH 7.3 with KOH).

The caveolin scaffolding peptide was a gift from Dr. Sessa (Dept. of
Pharmacology, Yale University, New Haven, CT). It corresponds to the
putative scaffolding domain of caveolin-1 (amino acids 82—101; DGIWKA-
SFTTFTVTKYWFYR). Stock solutions (10 mM) of the peptide in DMSO
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were stored in aliquots at —20°C and diluted into the patch pipette saline
to a final concentration of 10 uM.

Current recordings and data analysis

Patch pipettes were made from borosilicate glass tubing (Hilgenberg,
Malsfeld, Germany) and fire-polished to a final resistance of 0.5-2.0 MQ
when filled with internal solutions. For cell-attached recording pipette tips
were coated with Sylgard to reduce capacitance and noise. All the ex-
periments were performed at room temperature (22-24°C).

Whole-cell and single-channel currents were recorded with an Axopatch
200A amplifier (Axon Instruments, Burlingame, CA) digitized at sampling
intervals of 26—100 us using a DigiData 1200 (Axon Instruments) for single-
channel recordings. Stimulation, acquisition, and data analysis were carried
out with PCLAMP (Axon Instruments) and ORIGIN (Microcal Software,
Northampton, MA) software. Fast capacitive transients were reduced on-line
by analog circuitry. Residual capacitive and leak currents were removed by
P/4 subtraction for whole-cell recordings, whereas for single-channel record-
ings they were removed by subtracting from each active sweep an idealized
current obtained by fitting the averaged silent traces (nulls) with a multi-
exponential function. Currents were filtered at 3 KHz. Current density was
calculated by dividing the peak or steady-state current amplitude by mem-
brane capacitance. Membrane capacitance was calculated by dividing the
integral of the uncompensated capacitive current (the capacitive charge
movement) produced by a voltage step of —10 mV by the amplitude of the
voltage step itself.

Single-channel event detection was performed with the 50% threshold
detection method and limited to those patches containing only one channel.
Such patches were identified for the absence of overlapping unitary currents
at +40 mV, at which the probability of channel opening is relatively
high and multiple open levels could be clearly resolved when present.
Furthermore, the following algorithm was applied to estimate the likelihood
of single-channel activity in those patches without superimposed openings
(19): Po(T) = 1 — (1 — P5)™, where P(T) is the cumulative probability of
observing superimposed openings due to the activity of two identical
channels during the total observation time T, P,, is the overall probability of
finding two simultaneous openings, and ¢ is twice the mean open time. The
patches used for further analysis were those with P»(T) > 0.999 despite the
absence of superimposed openings during the observation time 7.

As specified in the text, open probability (P,) was evaluated either
excluding first and last channel closures and null sweeps, or by dividing the
sum of the open times by the entire step duration. The first method for cal-
culating P, ignores the first latency and the rate of channel inactivation and is
preferred for looking at changes in P, when the channel is actively gating. It
also furnishes an estimate of P, independent of the length of the pulse. The
mean P, at each potential was calculated by averaging the P, measured from
each single patch over a variable number of sweeps. To construct Py(V)
curves, mean P, values were plotted versus potential and fitted to a
Boltzmann equation. To estimate the mean open and mean closed times, the
single-channel events were log-binned into open and closed time histo-
grams, excluding the first and the last closures and limiting the analysis to
events longer than twice the dead time (360 wus) (20). Openings were long
enough and well resolved. We followed two ways to determine mean open
and mean closed times, obtaining very similar results. In one case, the two
parameters were estimated by averaging the arithmetic mean of the open and
closed times (7, and #.) of each patch. This gave an estimate of the two
parameters independent of the fitting procedure and number of exponentials
used for the fit, and allowed the derivation of values at various potentials
when, for practical reasons, a limited number of sweeps at each potential
could be collected (see Figs. 3 D and 4 D). In the second case, single-channel
events at +20 mV were plotted on linear coordinates to construct a single
open and closed time distribution which was best fitted with either one or
two exponentials using the maximum likelihood method (21). In this case,
the distributions were constructed from a large number of traces coming
either from many patches with a small number of traces per patch or from
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fewer patches with many more traces per patch. The mean ¢, and mean ¢,
obtained from the fit had a nice correspondence with those obtained using
the first method at the same potential (+20 mV). The open times were well
fitted with one exponential, whereas the fit of the closed times required two
components.

All data in the text and figures are given as mean * SE for n observations.
Statistical significance (p) was calculated using Student’s paired #-test.
Fitting of the prepulse/postpulse data was performed by a nonlinear reg-
ression method based on the Levenberg-Marquardt algorithm.

Concerning ‘‘runs analysis’’, used to test null sweeps for randomness, the
distribution of the number of runs was approximated by an asymptotic
distribution, forming a standardized random variable, Z, with a mean of zero
and variance of 1. For our purposes

Z=-[R-2np(1-p)/2J(mp(1-p)], (D

where R is the number of runs, n is the total number of trials, and r is the
probability of at least one channel opening during a trial. The expected
number of runs is 2np(1 — p). Positive values of Z correspond to clustering of
sweeps with openings (22).

Simulation of single-channel activity was done by using the program
CSIM (Axon Instruments).

RESULTS

Effect of the expression of recombinant caveolin-1
on N-type Ca2* channel currents

In a previous report (9) we showed that the G-protein-
mediated down-modulation of N-type Ca®" channel current
was attenuated in a NG108-15 cavl(+) clone compared to
parental cells, whereas the basal gating properties of channel
activation and inactivation did not significantly differ be-
tween the two cell types. To follow up that study, here we
compare the basal activities of N-type Ca®" channels, inde-
pendent of G-protein-mediated modulation. Upon inspection
of representative sample tracings of superimposed Ba>" cur-
rents (normalized to cell capacitance to give current den-
sities), elicited at different test potentials (—20/+20 mV) in
wild-type and cav1(+) NG108-15 cells (Fig. 1 A), the latter
exhibited a sizeable depression of the N-current. Indeed, the
mean results of the current-voltage relationships (Fig. 1 B)
showed an activation threshold at ~—30 mV and a peak at
+10 mV in both cell types, but the N-current was strongly
depressed within a wide range of test potentials in cav1(+)
cells. The average current density measured at +10 mV was
—4.28 = 0.83 pA/pF in wild-type cells (n = 37) and 1.12 =
0.25 pA/pF in cavl(+) cells (n = 26), with a net current
density decrement of 74% (p < 0.002). In contrast, the av-
erage current densities measured in cells (n = 29) from a
cavl(—) clone (obtained by transfection with an empty
vector, and used here as a negative control), was not sig-
nificantly different from that measured in wild-type NG108-
15 cells (Fig. 1 C). By dividing the N-current density at each
test potential by the driving force, we obtained the mac-
roscopic conductance (g) as a function of voltage (V). Fitting
the data points of the normalized conductance (obtained by
dividing g(V) by the maximum conductance G,.x) Wwith
a Boltzmann equation did not show any significant change in
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FIGURE 1 N-type Ca" channel cur-
rents in control NG108-15 and in
cavl(+) cells. (A) Representative
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Average N-current densities in control
NG108-15 (n = 37), cavl(+) (n = 26,
p < 0.002), and cav(—) cells (n = 29) at
+10 mV. (D) Mean voltage depen-
dence of N-type Ca®" channel conduc-
tance (normalized) for wild-type
NG108-15 (solid circles, n 15),
cavl(+) (open circles, n = 19), and
cav(—) cells (triangles, n = 29). N-type
conductance was estimated according
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the slope or any shift of the g-V relationship obtained from
the cav1(+) clone in comparison to wild-type cells or cav(—)
cells (Fig. 1 D). By contrast, a significant decrease of G,
from 0.087 £ 0.013 nS/pF (n = 15) in wild-type cells to
0.027 = 0.005 nS/pF (n = 19) in cavl(+) cells was
measured (Fig. 1 E). Thus, remarkably lower current density
and maximum conductance are detected in cavl(+) cells,
suggesting that caveolin-1 has an effect on basal channel ac-
tivity, seemingly without modifying the voltage-dependence
properties of the N-type channel inferred from whole-cell
Ba’" current measurements.

To test whether the current depression induced by
caveolin-1 is a specific feature of N-type Ca>* channels or is
common to other channel types, we compared the current
density amplitudes of wild-type and cav1(+) NG108-15 cells
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(+60 mV). The continuous line through
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the Boltzmann equation g,orm = /{1 +
expl(V — Vip)/kl}, where Vy; and k
values were, respectively, —3.7 = 0.5
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for cavl(+) cells, and 0.3 = 0.3 mV
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Average N-current maximal conductan-
ces in wild-type (n = 15), cavl(+) (n =
19, p < 0.001), and cav(—) cells (n =
29). (F) Current densities from L-type
Ca®>*  channels (leff) and delayed-
rectifier K* channels (right) in wild-
type and cavl(+) cells. (G) Current
density in wild-type cells (n = 11) and
in cells dialyzed with 10 uM caveolin-1
scaffolding-domain peptide (n = 11).
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for the L-type Ca®" and the delayed rectifier K™ channels.
The results, summarized in the histogram of Fig. 1 F, do not
evidence any significant difference between wild-type and
cavl(+) cells, thus suggesting that caveolin-1 specifically
affects Ca”" conductance through N-type channels in
NG108-15 cells.

Caveolin-1 has been suggested to negatively regulate sig-
nal transduction as a result of the binding of its ‘‘scaffolding
domain” to key signaling molecules, such as G-protein
a-subunits, Ha-Ras, Src family tyrosine kinases, eNOS,
and protein kinase C isoforms (23). Accordingly, in vivo
selective regulation of eNOS signaling has been demon-
strated by Bucci et al. (3) in endothelial cells by using a pep-
tide mimicking the caveolin-1 scaffolding domain (amino
acids 82—101). To assess the importance of the caveolin
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scaffolding domain on the regulation of the N-type Ca**
channel activity we intracellularly applied the caveolin scaf-
folding peptide to NG108-15 cells via the recording pipette
at a final concentration of 10 wM. N-currents were measured
with test pulses to +10 mV, in separate populations of
control- and peptide-dialyzed cells, >10 min after the break-
in, to allow enough time for equilibration of the peptide
within the cell interior. As shown in Fig. 1 G, the effect of
the caveolin scaffolding peptide on the amplitude of the
N-current density was negligible (—1.37 = 0.14 pA/pF in
control-dialyzed (n = 11) and —1.26 £ 0.35 in peptide-
dialyzed cells (n = 11)), nor did a significant change occur in
the voltage dependence of activation (not shown). These
results tentatively rule out a direct regulation of N-type Ca* "
channel activity by interaction with the scaffolding domain
of caveolin-1

Effect of cholesterol on N-currents

Caveolin-1 is known to bind newly synthesized cholesterol at
the endoplasmic reticulum and to deliver it to the plas-
malemma, thereby affecting membrane composition and lipid
domain formation (24). Accordingly, upon measurement of
cell cholesterol content, we observed a small but significant
(p < 0.01) increase of its proportion in cavl(+) cells as
compared to wild-type NG108-15 cells (0.281 = 0.024
nmol cholesterol/nmol phospholipids in wild-type (n = 7)
versus 0.32 = 0.016 nmol cholesterol/nmol phospholipids in
cavl(+) cells (n = 4)). Thus, down-regulation of basal N-type
Ca”* channel activity in cav1(+) cells might be a consequence
of caveolin-1-induced elevation of membrane cholesterol.
Recent studies have demonstrated that cell exposure to
cyclic B-cyclodextrin oligosaccharides provides a precise
and reproducible method for altering cell cholesterol content
(25). We applied this method to increase the cholesterol
content of wild-type NG108-15 cells, thus mimicking the
situation of cav1(+) cells. Total cholesterol level in NG108-
15 cells that were not exposed to MBCD was 0.281 = 0.024
nmol/nmol phospholipids (n = 7). Exposure of NG108-15
cells for 120 min to a cholesterol-saturated MBCD solution
(final cholesterol concentration 5 ug/ml) resulted in
a moderate but significant (p = 0.007) increase of steroid
content in these cells (0.332 % 0.036 nmol/nmol phospho-
lipids (n = 5)). This increase is similar to the degree of cho-
lesterol enrichment in cav1(+) cells (Fig. 2 A). As shown in
Fig. 2 B, enrichment of cellular cholesterol resulted in a sig-
nificant 51% decrease of N-current density measured at + 10
mV (—4.28 = 0.83 pA/pF in control NG108-15 cells (n =
18) versus —2.08 = 0.29 pA/pF in cholesterol-enriched cells
(n = 19), p < 0.02). The N-current density dropped to
a negligible amplitude by a 10-fold increase in the concen-
tration of exogenously applied cholesterol (final cholesterol
concentration 50 ug/ml (Fig. 2 B), corresponding to a cell
cholesterol content of 0.37 nmol cholesterol/nmol phospho-
lipids (not shown)), thus suggesting that the degree of current
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depression depends on cholesterol concentration. However,
cholesterol enrichment did not affect the time course of
N-current activation, as shown by the sample tracings in the
inset of Fig. 2 B. Upon fitting by single exponential
functions, mean values of the activation time constant at
+10 mV were, respectively, 4.4 = 0.38 ms (n = 18) and 4.8
* 0.45 ms (n = 19) in control and cholesterol-enriched cells.
Fig. 2 C shows the average current-voltage relationship
obtained from naive NG108-15 cells and cells exposed to
either 5 pwg/ml (solid circles) or 50 ug/ml (open circles) cho-
lesterol. It is evident that the N-current is strongly depressed
within a wide range of test potentials in cholesterol-enriched
cells, but no significant difference is detectable either in the
activation threshold (~—30 mV), or in the peak (+10 mV)
of the //V relationship. The absence of significant differences
in the voltage dependence of N-current activation between
control and cholesterol-enriched cells was further confirmed
by analyzing the shape of the normalized conductance versus
voltage (Fig. 2 D). By contrast, we measured a significant
(p < 0.02) decrease of maximum conductance (Fig. 1 E,
Gax) from 0.087 = 0.013 nS/pF (n = 18) to 0.044 = 0.011
nS/pF (n = 19) in control versus cholesterol-enriched cells,
respectively.

The voltage dependence of N-current inactivation was also
compared for control versus cholesterol-enriched cells, using
a typical double-pulse protocol, wherein a 3 s conditioning
pulse to various potentials (—100/—40 mV) was followed by
test steps to +10 mV. This protocol was applied to cells
lacking the fast-inactivating (T-type-like) current component
(~15-20% of tested cells). The voltage sensitivity of steady-
state inactivation was unaltered in cholesterol-enriched cells
compared to control NG108-15 cells (Fig. 2 D, inset). The
Vi, for inactivation for control and cholesterol-treated cells
was —60.5 mV (n = 4) and —58.5 mV (n = 3), respectively.
However, it is worth noting that a shift in the voltage
sensitivity of inactivation of N-type Ca®" channels was
reported in human neuroblastoma IMR32 cells after changes
in membrane cholesterol concentration (26). Nevertheless,
that effect could be observed only after chronic exposure of
cells to cholesterol, and a contamination of N-current with
a strong T-type Ca®" current may have biased those results.

Empty MBCD can also be employed for diminishing cell
cholesterol content (25). With this method it has been dem-
onstrated that membrane cholesterol depletion has effects
opposite to those of cholesterol enrichment, causing, at least
in some cases and to a certain extent, an increase in ion chan-
nel current (6,15,27). To test whether the effect of caveolin
expression could be suppressed by depletion of endoge-
nous cholesterol, cavl(+) cells were incubated for 2 h in
cholesterol-free MBCD at the same concentration used in
cholesterol-enrichment experiments (0.1 mM). Indeed, de-
pletion of membrane cholesterol by application of empty
MBCD to cavl(+) cells resulted in an average increase
(although not statistically significant, p > 0.07) by a factor of
1.4 of the N-current density measured at + 10 mV (—1.16 =
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FIGURE 2 N-type Ca®* channel cur-
rents in control and cholesterol-enriched
NG108-15 cells. (A) Cholesterol con-
tent (nM/nM phospholipids) of cav1(+)
(left), cholesterol-enriched (right), and
wild-type NG108-15 cells (¥p < 0.01).
(B) Average N-current densities in con-
trol NG108-15 cells (Contr, n = 18)
and in cells incubated with a MBCD/
cholesterol solution (8:1 molar ratio),
giving final concentrations of 5 (Chol 5,
n = 19, p < 0.02) and 50 pug
cholesterol/ml culture medium (Chol
50, n =9, p < 0.001) at +10 mV.
(Inset) Representative Ba" current den-
sity profiles obtained from a normal
(Contr) and a cholesterol-enriched cell
(5 ug cholesterol/ml; +Chol). Currents
were elicited at +10 mV from a hold-
ing potential of —40 mV. (C) Current
density-voltage relationship of N-currents
from control NG108-15 (solid symbols,
n = 18) and from cells enriched with 5
ng/ml (open circles, n =19) and 50 ug/
ml (triangles, n = 9) cholesterol. (D)
Mean voltage dependence of N-type
Ca®>" channel conductance (normal-
ized) for control (solid circles, n = 18)
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and cholesterol-enriched cells (open
circles, n = 19). The continuous line
through data points is the least-squares
best fit of the Boltzmann equation g,orm
= 1/{1 + exp[(V — Vip)/k]}, where Vy,
> and k values were, respectively, —4
mV and 5.2 mV for control cells and
—1.6 = 0.6 mV and 4.8 = 0.6 mV for
cholesterol-enriched cells. (/nset) Mean
N-current deinactivation versus mem-
brane potential for control NG108-15
(solid circles, n = 4) and cholesterol-
enriched cells (open circles, n = 3).
Currents were elicited to +10 mV after
a 3-s prepulse to the potentials indicated
(=100 to —40 mV). The continuous
lines through data points are the least-
squares best fits of the Boltzmann
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equation & = 1/{1 + exp[V + Vip)/kl}, where V1, and k values for the two different data sets were, respectively, 60.5 mV and 8.0 mV (control) and
58.5mV and 11.1 mV (cholesterol-treated). (£) Mean N-current maximum conductances in control (n = 18) and cholesterol-enriched cells (n = 19, p < 0.02).
(F) Mean current densities from L-type Ca** channels (left, n = 17) and delayed-rectifier K channels (right, n = 27) in control and cholesterol-enriched cells.
(G) Cell capacitance in control (n = 75), cavl(+) (n = 96), and cholesterol-enriched (n = 49) cells.

0.27 pA/pF in cavl(+) cells (n = 12) versus —1.82 = 0.25
pA/pF in MBCD-cav1(+)-treated cells (n = 10)). The lack
of a complete current recovery to values similar to those
measured in control NG108-15 cells may suggest that an
intense membrane cholesterol depletion, in addition to spe-
cific effects on channel activity related to those observed after
cholesterol enrichment, could also cause unspecific and
opposite outcomes, possibly due to plasma membrane desta-
bilization. This hypothesis of additional unspecific effects
after cholesterol depletion below physiological levels is also
suggested by the following observations: 1), the seal of the
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patch electrode to cell membrane was generally less stable;
2), a faster Ca>* channel current run-down was frequently
observed; and 3), in control NG108-15 cells MBCD had no
significant effect, although there was a trend for a decrease in
current with MBCD. On average, in normal NG108-15 cells
incubated for 2 h in cholesterol-free MBCD we measured a
16% decrease of N-current density when compared to un-
treated cells (—4.23 = 0.31 pA/pF in control NG108-15 cells
(n = 15) versus —3.59 = 0.44 pA/pF in MBCD-treated
cells (n = 17)). Indeed, the loss of the integrity and properties
of lipid domains, accompanied by severe changes in the
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membrane permeability, distress, and eventually cell death,
was observed after stringent treatment with empty MBCD
of cerebellar granule cells in culture (28).

To test whether cholesterol enrichment affects other con-
ductances besides the N-type one, we measured L-type Ca® "
and delayed rectifier K* currents. The average current den-
sities, shown in the histogram of Fig. 2 F, do not show any
significant difference between control and cholesterol- en-
riched cells, suggesting that, as for caveolin-1 expression,
the elevation of cellular cholesterol specifically affects the
N-type current.

Altogether, the results obtained by experimentally en-
hancing the cholesterol concentration of wild-type NG108-
15 cells are both qualitatively and quantitatively similar to
those obtained from cav1(+) cells, strongly arguing in favor
of the view that cholesterol enrichment mimics the effect of
caveolin-1 expression and that an increase of cholesterol
concentration is the cause of the observed change in N-type
channel basal activity.

In principle, the whole-cell N-current can be described as
the product of three factors:

I=NXP,XI, (@)

where N is the number of N-type channels available to
opening upon depolarization; P,, the opening probability, is
a function of time and potential; and i is the unitary current.
Theoretically, the size reduction of the whole-cell N-current
density measured in caveolin-1-expressing cells and in
cholesterol-enriched cells could arise from alterations in any
of the three factors (or any combination of these factors).

Thus, to test whether caveolin-1- and cholesterol-induced
decreases of N-current density could be caused by a change
in the number of active channels in the plasma membrane
after membrane retrieval into intracellular compartments, we
tentatively estimated the total area of the membrane by
measuring capacitance. It is usually assumed that the mem-
brane bilayer is homologous to a parallel plate capacitor (29),
and thus the membrane capacitance is directly proportional
to the total surface area of the membrane. Measuring cell
capacitance, therefore, is one of the most precise methods to
determine whether membrane retrieval mechanisms are re-
sponsible for the regulation of the current density (6,30,31).
If the decrease in the number of N-type channels in cho-
lesterol-enriched and caveolin-1-expressing cells is due to
membrane retrieval, then the surface of the membrane and,
therefore, the membrane capacitance are expected to be de-
creased. However, neither changes in the levels of cho-
lesterol nor expression of recombinant caveolin-1 have any
effect on membrane capacitance of NG108-15 cells (Fig. 2
G). These observations might suggest that membrane re-
trieval mechanisms cannot explain the effect of cholesterol
on density of the N-current in NG108-15 cells.

To discriminate between the two other possibilities, i.e.,
decrease in P, and/or unitary current amplitude i, the effects
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of N-type Ca>" channel inhibition by caveolin-1 expression
or cholesterol enrichment were further investigated at the
single-channel level.

Single N-type channel activity
in cell-attached patches

All experiments in cell-attached patches were carried out
with the recording pipette containing 100 mM Ba** and 10
uM nifedipine. Only under these experimental conditions
could N-channel activity be well resolved, as shown in the
sample tracings of Fig. 3 A (see also Materials and Methods).
The amplitudes of unitary events were distributed around
single Gaussian functions with mean amplitudes, in the volt-
age range between 0 mV and +40 mV, shown in Fig. 3 B.
The channel conductance (y) was 12 pS. The opening prob-
ability (P,), measured by excluding null sweeps and the
closed time before first opening and after last opening, was
voltage-dependent with a half-maximum at +20 mV, a
maximum value of 0.13 above +40 mV, and a slope of 5 mV
(Fig. 3 C). The mean open times (,) and mean closed times
(t.) at various voltages, obtained from the arithmetic means
of open and closed times of each patch (see Materials and
Methods), were also voltage-dependent (Fig. 3 D). Mean ¢,
increased with voltage (by a factor of ~4 between 0 mV and
+40 mV) whereas mean 7. decreased with increasing voltage
(by a factor of ~4 between 0 mV and +40 mV). At +20
mV, mean ¢, was 0.62 = 0.05 ms (n = 15), which is a factor
of ~1.7 smaller than that found by Lee and Elmslie (32) in
sympathetic neurons.

Gating kinetics of N-type channels is modified in
caveolin-1-expressing cells

The same kind of analysis was also performed using cells of
the cavl(+) clone, as shown in Fig. 4. In the voltage range
between 0 and +40 mV the unitary current amplitude and
the average single-channel conductance (13 pS) did not
significantly change in cav1(+) cells as compared to control
cells (Fig. 4, A and B). This rules out the possibility that the
lower N-current density measured in cavl(+) cells could be
due to a decrease in single-channel conductance. Concerning
P, (Fig. 4 C), half-maximum potential and slope were similar
to those measured in control cells (+22 mV and 6.5 mV,
respectively), whereas P, maximum value was a factor of
1.18 smaller than in control cells (Pp,x = 0.11). Mean ¢,
decreased with increasing voltage, similar to control cells,
whereas mean ¢, increased very weakly with voltage. For in-
stance, at +20 mV mean 7, was 0.42 = 0.02 ms (n = 8)
versus 0.62 ms in control cells (Fig. 4 D). The slight decrease
in mean f, might correlate to the small decrease in single-
channel P,; however, by itself it would hardly justify the
large N-current density decrement (>70%) measured in
cavl(+) cells in the whole-cell configuration.

Biophysical Journal 89(4) 2443-2457



2450 Toselli et al.
A B
O P AWM 031
+ . -0.4 1 FIGURE 3 Elementary properties of
% WWWMWWWMMWW < 051 single N-channels in Nr}(l}{)08l-)15 cells.
= (A) Unitary N-currents were recorded
20 W”WWWMWWMW U i Iﬁ\W é 0.6+ between 0 and +40 mV from a holding
3 7 potential of —40 mV. (B) Mean unitary
o WMMWW WWW g o7 current amplitudes plotted versus po-
0 § -0.8 1 tential. The linear regression through
WMM*WWWWW 094 data points has a mean slope conduc-
| tance of 12 pS. (C) Mean open pro-
2pA -1.0 (') 1'0 2'0 3'0 4'0 bability plotted versus potential obtained
from six patches and evaluated exclud-
50 ms Voltage (V) ing the first and last closures of the
c D »5 channel and null sweeps. Data points
0.20 - 0.9 1 were fitted to a Boltzmann function
Py = Puad(I + exp((Vip — V)/K),
0.16 4 - 081 120 . where Py = 0.13, Vi = 20 mV and &
£ 574 £ =5.1mV.(D)Mean, (solid circles, left
0.12 4 5 4115 5 scale) and mean t, (open circles, right
< = 06 % scale) plotted between 0 and +40 mV as
a® 0.08 - '% —&—MOT 410 @  obtained from six patches. The two
g 0.5 1 —-O-MCT E parameters were estimated by averaging
0.04 - z 044 1s < the aﬁd-imelic means of the open and
) closed times of each patch.
000 T T T T T 1 T T T T T 0
-10 0 10 20 30 40 50 0 10 20 30 40
Voltage (mV) Voltage (mV)

We focused our subsequent analysis on the unitary cur-
rents elicited at +20 mV test potential, where the frequency
of unitary events was sufficiently high and their amplitude
well distinguishable from background noise. Representative
single-channel tracings, obtained by membrane depolariza-
tion to +20 mV in a control NG108-15 and a cav1(+) cell
are shown in Fig. 5. Upon simple inspection and comparison
between control (Fig. 5 A) and cavl(+) (Fig. 5 B) single-
channel current traces, as well as between the average traces
(Fig. 5, A and B, bottom traces), there is a clear overall
reduction (69%) of N-type channel activity in the cavl(+)
cell.

This decreased single-channel activity appears to arise
from an increment in the time the channel spends in a non-
conducting state rather than a decrement of the unitary current
amplitude, whose average value is not significantly changed
in cavl(+) cells (control, —0.66 = 0.04 pA, n = 18;
cavl(+), —0.73 £ 0.06 pA, n = 8).

A detailed analysis of parameters characterizing the ki-
netic properties of the N-type channel confirmed what was
qualitatively observed by trace inspections. In Fig. 6, A-D, a
comparison is shown between the open- and closed-time
distributions obtained from the fitting of data at +20 mV in
control and cav1(+) cells, respectively. Both open-time dis-
tributions were best fitted by single-exponential functions
(Fig. 6, A and B), with mean open times ¢, = 0.40 = 0.06 ms
in control cells (n = 8), and ¢, = 0.27 = 0.02 ms in cav1(+)
cells (n = 7). The closed-time distributions were best fitted
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with two exponentials, as shown in Fig. 6, C and D, with
t.1 = 0.45 £ 0.05 ms and 7., = 9.8 = 1.3 ms in control cells
(n=28),and r,;, = 04 = 0.05 ms and ¢, = 9.7 = 0.7 ms
in cavl(+) cells. Thus, the major difference obtained from
dwell-time analysis was a decrease by a factor of 1.5 in the
mean open time in cavl(+) cells (p < 0.05). To test the
contribution of this decrease in 7, to the overall N-current
density depression (>70%), we simulated the data by sub-
stituting the rate constants calculated from the experimental
kinetic parameters in a minimal three-state kinetic scheme
(C;Cy<0). It turned out that the decrease of the mean
t, was responsible for 34% of current inhibition, thus
suggesting that other processes must contribute to alter
N-channel gating properties in the presence of recombi-
nant caveolin-1.

Definitely, a significant change in response to caveolin-1
expression concerned the number of sweeps without activity.
Null sweeps were found in every data set by applying test
pulses to +20 mV lasting 180 ms. However, in cavl(+)
cells, the percentage of null sweeps increased significantly
by a factor of 6.7 (p < 0.001), from 6.6 £ 1.5% in control
(n=10)to 44.2 = 7.5% in cavl(+) cells (n = 7), as shown
in the histogram of Fig. 6 E.

The increase in null sweeps with caveolin-1 caused a
consistent reduction of P, (78%), when calculated by di-
viding the sum of open times by the entire step duration, i.e.,
including null sweeps as well as the first latency and the last
closure. P, was reduced significantly (p < 0.001) from 0.04
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FIGURE 4 Elementary properties of
single N-channels in cav1(+) cells. (A)
Unitary N-currents were recorded be-
tween 0 and +40 mV from a holding
potential of —40 mV. (B) Mean unitary
current amplitudes plotted versus po-
tential obtained from six patches. The
linear regression through data points
has a mean slope conductance of 13 pS.
The dashed line represents the linear
regression of control (see Fig. 3 B). (C)
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* 0.005 in control (n = 10) to 0.009 = 0.002 in cavl(+)
cells (n = 7), as shown in the histogram of Fig. 6 F. More-
over, in some of these data sets, null records appeared to be
clustered. We used run analysis (see Materials and Methods)
to test whether the clustering of null sweeps was significant
(22,32). The results reached significance in five out of six
single-channel cav1(+) patches, with Z values of 1.8, 1.2,
2.5, 2.2, and 2.0. By contrast, run analysis indicated sig-
nificant clustering (Z = 0.9 and 1.5) in only two out of seven
patches in control cells, with null sweeps and active sweeps
randomly mixed in the remaining five control patches.

Single N-type channel activity
in cholesterol-enriched cells

Our whole-cell results indicate that a decrease in N-current
density similar to that measured in cavl(+) cells could be
also determined in cholesterol-enriched cells, thus suggest-
ing that an increased cholesterol at the plasma membrane is
the common denominator to both effects. Thus, we examined
whether at the single-channel level cholesterol enrichment
could also mimic the modifications in N-channel activity by
operating on channel-gating with a mechanism similar to that
displayed in cav1(+) cells. This was achieved by recording
single-channel activity from cell-attached patches of choles-
terol-enriched cells (incubation in 5 wg/ml for 120 min). Fig.
7 A shows a representative sample of five patches, where
single N-channel activity was recorded at +20 mV in
cholesterol-enriched cells. Also here, as with cavl(+) cells,

dashed lines represent the trend of mean
t, and ¢, in control NG108-15 cells (see
Fig. 3 D).

Voltage (mV)

a simple inspection of the average trace (Fig. 7 A, bottom
trace), and a comparison with that obtained under control
conditions (Fig. 5 A, bottom trace) indicates an overall
reduction of N-type channel activity (57%) after cholesterol
enrichment, which, however, does not arise from a decrement
of the unitary current amplitude, whose average value does
not shift significantly from that of control (—0.71 = 0.05 pA,
n = 6). Also for cholesterol-enriched cells, the open-time
distribution obtained at +20 mV from five cells was best fit-
ted by a single-exponential function with mean ¢, = 0.23 =
0.03 ms (Fig. 6 B), and the closed-time distribution by two
exponentials, with means #.; = 0.31 £ 0.04 ms and 7, =
8.7 = 1.6 ms (Fig. 6 C). Thus, in cholesterol-enriched cells,
besides an increase in #,, an enhanced number of null sweeps
and, consequently, reduced P, (Fig. 7, D and E) were also
significantly different from control cells. After cholesterol
treatment, the percentage of null sweeps increased by a factor
of 8 (p < 0.001) to 53.4 £ 49% (n = 6), whereas P,
(including null sweeps) was significantly reduced by 60%
(p < 0.002) to 0.016 = 0.004 (n = 6). Moreover, also in
cholesterol-enriched patches, null records appeared to be
clustered. By run analysis we found that clustering of null
sweeps was significant in five out of six single-channel
patches, with Z values 0.15, 1.37, 0.29, 1.85, and 0.67.

DISCUSSION

The main findings of this study are that 1), N-type Ca**
channel activity is down-modulated and cholesterol content
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FIGURE 5 Representative traces of
single N-channel activity recorded from
cell-attached patches of control NG108-
15 and cav1(+) cells. (A) Traces from
a control NG108-15 cell obtained with
pulses from —40 to +20 mV of 180
ms each. The averaged current at the
bottom (—0.051 pA) was calculated
over 257 sweeps including nulls. (B)
Traces from a cavl(+) cell. The
averaged current at the bottom is 69%
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smaller (—0.016 pA) than control (423
sweeps including nulls). The patch
pipette contained 100 mM Ba?* and the
L-type Ca>* channel blocker nifedipine
(10 uM).
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is increased in cav1(+) NG108-15 cells; 2), N-type channel
down-modulation is mimicked by enhancement of mem-
brane cholesterol with exogenous addition. By combining
whole-cell and single-channel recordings we have provided
evidence that a common mechanism underlies N-type Ca®™*
channel down-modulation caused by either caveolin-1 ex-
pression or direct cholesterol enhancement.

There is evidence that the gating properties of several ion
channels, e.g., Ky 1.5 channel, specifically targeted to caveolae,
are modified by changes in the caveolar microenvironment
(33). In addition, caveolins, which are typically the main
cytoplasmic coat proteins of caveolae, have been involved as
negative regulators of signal transduction through the bind-
ing of the ‘‘scaffolding domain’’ to key signaling molecules
(23). We have previously demonstrated that in cav1(+) cells
the N-current density is ~70% lower than in wild-type
NG108-15 cells. By analogy to reports about the interaction
of signaling molecules with caveolins, we first hypothesized
that N-current inhibition might have been caused by direct
binding of the N-type channel to the scaffolding domain of
caveolin-1. Although the data presented here do not rule out
the physiological importance of direct caveolin interaction in
signaling, they make unlikely a direct role of the scaffolding
domain in the down-regulation of N-type Ca®" channel
activity. An alternative mechanism for caveolin-1-mediated
N-current depression is suggested by the known role of
caveolins as cholesterol-binding proteins to deliver newly
synthesized cholesterol from the endoplasmic reticulum to
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the plasmalemma. Regulation of transmembrane signal trans-
duction may thus occur indirectly, as a consequence of a
change in the membrane and/or domain properties (24).
Indeed, the exogenous addition of cholesterol not only
increased cholesterol in wild-type NG108-15 cells to the
same extent as that observed in cav1(+) cells, but also low-
ered the N-current in a concentration-dependent manner, with
features very similar to those observed in cav1(+) cells. The
effect of cholesterol was specific for N-type Ca>* channels,
as neither L-type Ca®" current nor delayed-rectifier K*
current were significantly affected in cholesterol-enriched
NG108-15 cells (Figs. 1 F and 2 G). Our finding that
cholesterol enrichment results in a specific effect rather than
anonspecific alteration of membrane protein functions is cor-
roborated by the observation that also in isolated gallblad-
der smooth muscle cells cholesterol significantly attenuated
voltage-gated calcium currents without affecting voltage-
activated outward K™ currents (34). Furthermore, a mem-
brane cholesterol selective modulation of L-type but not
T-type channel currents in skeletal muscle cells (31) and in
coronary artery smooth muscle cells (27) has been reported.
It is not surprising that ion channels, i.e., proteins spe-
cifically designed to overcome membrane impermeability,
might be functionally affected by changes in the lipid com-
position of the membrane. Accordingly, the depletion or
enrichment of lipids significantly affects the function of a
number of channel types, translating into large changes of
cellular excitability (5,33-35). However, it is unclear how
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changes in membrane cholesterol can directly modulate ion
channel function, and different mechanisms have been pos-
tulated. Concerning the N-type Ca>" channel, only the ampli-
tude of the macroscopic current elicited in the whole-cell
configuration seems to be affected by cholesterol enhance-
ment, without significant changes in the voltage dependence
or kinetics of activation and inactivation.

The whole-cell N-current amplitude can be described as
the product of three factors: the total number of N-type chan-
nels, the unitary current amplitude, and the opening prob-
ability, which in turn depends both on the fraction of the
active channels, i.e., channels available to opening during a
depolarization, and on the probability that an active channel
will be open. Since the single-channel conductance does not
change significantly in caveolin-expressing and cholesterol-

enriched cells when compared to control NG108-15 cells
(Fig. 4 B), we can exclude the possibility that the size re-
duction of the whole-cell N-current density measured in
caveolin-expressing and cholesterol-enriched cells could
arise from a decrease in the unitary current. Rather than caus-
ing changes in the basic pore properties, membrane choles-
terol seems to affect the number of active N-channels in the
membrane by regulating the equilibrium between the open
and closed states of these channels. What mechanism(s)
could be responsible for this regulation? It is unlikely that the
expression of the genes coding for the aq, B, and a,-6
subunits of the N-channel is under regulation by the cellular
cholesterol level, because a significant down-regulation of
the current was observed 2 h after application of exogenous
cholesterol. This period is much shorter than the typical time
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course expected for changes in N-channel gene expression.
When N-type channel subunits are heterologously expressed
in Xenopus oocytes or COS-7 cells by cDNA injection or
transfection, a 24- to 48-h incubation is typically necessary
to attain a maximal channel activity (36). Thus, we conclude
that the relatively short time needed for the N-current to
respond to a cholesterol change and to reach a new steady
state suggests that the regulation of the N-channels is not
a consequence of a change in the level of expression of the
channel.

Another possibility is that the decrease in the number of
active channels may be a result of the retrieval of plasma

Biophysical Journal 89(4) 2443-2457

membrane into intracellular compartments. This mechanism
has been proposed to explain the modulation of Kir 2.1
channels by tyrosine phosphorylation, because the tyrosine
kinase-induced decrease in Kir 2.1 current density was ac-
companied by a significant decrease in membrane capaci-
tance (37). Our observations show, however, that cholesterol
enrichment after either exogenous application or expres-
sion of recombinant caveolin-1 is not accompanied by a
decrease in cell capacitance, indicating that alterations in
the membrane cholesterol composition do not cause major
changes in the surface area. Interestingly, however, other
researchers have found changes in membrane capacitance
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after cholesterol sequestering by exposure to MGCD (31). In
conclusion, although we cannot completely exclude the
possibility that the sterol composition of the membrane
regulates the retrieval of the plasma membrane and the
fusion of small intracellular vesicles, which contain N-type
but not other types of ion channels, our data tentatively
suggest that membrane retrieval is not likely to account for
the cholesterol-induced regulation of N-channels.

The mechanism of the tonic, steady-state depression of the
whole-cell N-current after cholesterol enhancement could be
further dissected by single-channel analysis. One major dif-
ference, found by the analysis of kinetic parameters, was a
decrease in the mean open time, which, according to our
simulations, could be responsible for an overall N-current
decrease of ~30%. Indeed, earlier studies have shown that
an increase in membrane cholesterol content reduced the
open probability of Ca”**-dependent K* channels (38,39)
and of VRAC channels (15). We identified another property
that consistently reduced P, in response to cholesterol en-
hancement, and this was an increase in the null sweeps.
Specifically, null sweeps were significantly clustered in the
majority of our single N-channel patches enriched in cho-
lesterol after either expression of recombinant caveolin-1 or
cell treatment with exogenous cholesterol. Clustering of null
records has been reported for N-type calcium channels (32),
skeletal muscle sodium channels (22), and L-type Ca’*
channels (40). These observations led us to the hypothesis
that clustered null sweeps result from a mode of N-channel
gating from which the channel will not open (null P, mode),
and therefore show an overall temporary decrease in the
fraction of active channels.

A classical model predicts channel activities that have
a homogeneous gating pattern characterized by one set of
kinetic parameter values (gating mode). Single-channel re-
cordings, however, have shown that Ca®" channel activity
may derive from a discrete number of gating modes, dis-
tinguished by their opening probabilities. Switching to dif-
ferent gating modes with significantly different mean P, has
been observed for both the N-type (32) and the L-type Ca**
channels (40). If we assume that after cholesterol loading
channels exhibit a long (hundreds of milliseconds) stay in the
null P, mode, this would make the transition from null to
normal P, mode rather unlikely for intervals of ~180 ms,
which was the duration of our sweeps. This would produce
assemblies of smaller-sized currents with time courses sim-
ilar to those of control currents, as we observed in the whole-
cell configuration. In turn, at the single-channel level, this
would originate a sizeable increase in the null sweeps, as we
observed in the cell-attached configuration. In this sense our
results seem to be very similar to those obtained for Kir
channels in endothelial cells (6), although the authors
interpreted their observations in terms of the existence of
two subpopulations of channels: active channels that flicker
between closed and open states, and silent channels that
stabilize in the closed state. It was hypothesized that reg-
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ulation of the Kir channels by cholesterol was mediated by
a shift in the distribution between the active and silent
subpopulations of the channels in the plasma membrane. An
increase in null sweeps was also observed during autocrine
inhibition of L-type Ca>* channels in chromaffin cells (41).

The question remains as to how a change in cell cho-
lesterol shifts the channel from a high P, to a null P, gating
mode. It has been suggested that the suppression of channel
activity by an increase in membrane cholesterol is due to an
increase in membrane deformation energy that is associated
with the transition between the closed and open states of the
channel (15). If such a transition perturbs the membrane lipid
bilayer by a change in the protein hydrophobic length, then
the membrane is stiffer and the energy cost of the transition is
larger (26). Elevation of the membrane cholesterol level
alters the mechanical properties of the membrane bilayer,
resulting in increased membrane stiffness and, consequently,
in enhanced membrane deformation energy associated with
channel opening (26). Therefore, if membrane deforma-
tion energy significantly contributes to the overall energy
requirement for channel activation, an increase in membrane
cholesterol is expected to suppress current activation. Accor-
dingly, changes in the physical properties of the membrane
(e.g., membrane stiffness) are of primary importance. This
hypothesis may be related to the demonstrated mechano-
sensitivity of N-type calcium channels, whose gating prop-
erties are modified by stretch, i.e., by changes in membrane
tension (42). Otherwise, the channel functional changes
could be due to direct effects of the altered lipid composition
on channel activity, since charged lipids contribute a surface
potential. However, the magnitude of an effect of altered
bilayer charge on potential-dependent channel parameters re-
mains unknown. Also, we cannot exclude the possibility that
membrane cholesterol may affect the intrinsic activation
energy of the channel protein through specific sterol-protein
interactions. This will be addressed in our further studies by
the structural analysis of the effects of cholesterol analogs on
N-type channel activation.

Another potential role for cellular lipids is in the
regulation of channel localization. The existence of mem-
brane microdomains rich in sphingolipids and cholesterol,
particularly those referred to as lipid rafts and caveolae, has
been involved in the membrane assembly of a number of
signaling complexes. Several ion channels localize to lipid
rafts (4) and raft association could primarily serve to assem-
ble signaling proteins with ion channels (23). Many channel
types are modulated by the activation of various signal
transduction pathways and contain multiple phosphorylation
sites. For instance, several reports suggest that the proximity
of a tyrosine kinase with the Ky channel substrate is impor-
tant for phosphorylation (4). More importantly, this compart-
mentalization may also provide a regulatory mechanism, as
for the proximity of channels with lipid second messengers
such as phosphatidylinositol (4,5)-bisphosphate, which di-
rectly and dramatically modulates channel activity (43).
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