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A RT I C L E

Soluble Amyloid Oligomers Increase Bilayer Conductance by Altering 
Dielectric Structure

Yuri Sokolov,1 J. Ashot Kozak,1 Rakez Kayed,2 Alexandr Chanturiya,3 Charles Glabe,2 
and James E. Hall1

1Department of Physiology and Biophysics, School of Medicine, University of California, Irvine, CA 92697
2Department of Molecular Biology and Biochemistry, University of California, Irvine, CA 92697
3Laboratory of Cellular and Molecular Biophysics, National Institute of Child Health and Human Development, 
National Institutes of Health, Bethesda, MD 20892

The amyloid hypothesis of Alzheimer’s toxicity has undergone a resurgence with increasing evidence that it is not 
amyloid fi brils but a smaller oligomeric species that produces the deleterious results. In this paper we address the 
mechanism of this toxicity. Only oligomers increase the conductance of lipid bilayers and patch-clamped mamma-
lian cells, producing almost identical current–voltage curves in both preparations. Oligomers increase the conduc-
tance of the bare bilayer, the cation conductance induced by nonactin, and the anion conductance induced by 
tetraphenyl borate. Negative charge reduces the sensitivity of the membrane to amyloid, but cholesterol has little 
effect. In contrast, the area compressibility of the lipid has a very large effect. Membranes with a large area com-
pressibility modulus are almost insensitive to amyloid oligomers, but membranes formed from soft, highly com-
pressible lipids are highly susceptible to amyloid oligomer-induced conductance changes. Furthermore, membranes 
formed using the solvent decane (instead of squalane) are completely insensitive to the presence of oligomers. 
One simple explanation for these effects on bilayer conductance is that amyloid oligomers increase the area per 
molecule of the membrane-forming lipids, thus thinning the membrane, lowering the dielectric barrier, and in-
creasing the conductance of any mechanism sensitive to the dielectric barrier.

I N T R O D U C T I O N

Alzheimer’s is a progressive neurological disease affect-

ing a large fraction of the aging population. It may well 

be the most “costly and disruptive disease in the devel-

oped world” (Dobson, 2003), and thus investigation of 

its causes and possible cures is of some interest to us all. 

Although the amyloid hypothesis in its original form ap-

peared headed for trouble when correlations between 

fi bril density and clinical symptoms appeared very slim, 

it has undergone something of a resurgence with in-

creasing evidence that it is not the fi brils or the mono-

mers of the amyloid that exert the toxic effect, but the 

micelles or aggregates (Walsh et al., 2002; Kayed et al., 

2003; Kayed et al., 2004; Walsh et al., 2005). But the 

mechanism by which these aggregates or micelles might 

kill or injure living cells has remained obscure.

There are, however, a number of clues that an oligo-

mer-induced conductance mechanism is involved. We 

showed in a previous paper (Kayed et al., 2004) that solu-

ble oligomers of Aβ peptides and other related peptides 

increased the conductance of planar lipid bilayers, and 

the same oligomers increase calcium entry in a number of 

cell types (Demuro et al., 2005). In each case the observed 

conductance increase is a property of the oligomers and 

does not depend on the primary sequence of the peptides 

that form the oligomers, but on their physical properties. 

In this paper we report the results of experiments that 

suggest that amyloid oligomers break down or reduce the 

normal dielectric barrier to ion translocation provided by 

the hydrocarbon region of the lipid bilayer. We propose 

that Aβ oligomers increase membrane conductance and 

permeability to charged species by spreading the lipid 

head groups apart and consequently thinning the bilayer 

and lowering the permeability barrier (Neumcke and 

Läuger, 1969; Parsegian, 1969). We also show that oligo-

mers (and only oligomers) produce precisely the same 

conductance increase in the membrane of patch-clamped 

rat basophilic leukemia (RBL) cells as in lipid bilayer 

preparations. We did not see ion channels of the sort re-

ported in a number of papers (for reviews see Pollard 

et al., 1995; Kagan et al., 2002), and we discuss possible 

reasons for this and the connections between our work 

and amyloid channel formation.

M AT E R I A L S  A N D  M E T H O D S

Preparation of Aβ Oligomers
Lyophilized peptides were resuspended in 50% acetonitrile in 
 water and relyophilized. Soluble oligomers were prepared by 

Correspondence to James E. Hall: jhall@uci.edu

Abbreviations used in this paper: PC, phosphatidyl choline; PE, phos-

phatidyl ethanolamine; PS, phosphatidyl serine; RBL, rat basophilic 

leukemia; TPB, tetraphenyl borate.
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dissolving 1.0 mg of peptide or protein in 200–400 μl hexafl uo-
roisopropanol (HFIP) for 10–20 min at room temperature. 100 μl 
of the resulting seedless solution was added to 700 μl DD H2O in 
a siliconized Eppendorf tube. After 10–20 min incubation at 
room temperature, the samples were centrifuged for 15 min at 
14,000 g and the supernatant fraction (pH 2.8–3.5) was trans-
ferred to a new siliconized tube and subjected to a gentle stream 
of N2 for 5–10 min to evaporate the HFIP. The samples were then 
stirred at 500 RPM using a Tefl on-coated micro stir bar for 24–48 h 
at room temperature. Aliquots were taken at 6–12-h intervals 
for testing with anti-oligomer antibody (Kayed et al., 2003); the 
samples were also tested using electron microscopy (EM) and size 
exclusion chromatography (SEC). The time at which the oligo-
mer state is most populated depends on several factors, such as 
speed of stirring and the concentration, so it is important to check 
size and homogeneity with SEC. The maximum population of the 
oligomeric state occurs between 12 h and 4 d.

Bilayers
Bilayers were formed at room temperature by the union of two 
monolayers formed from appropriate mixtures of phosphatidyl 
choline (PC), phosphatidyl serine (PS), phosphatidyl ethanol-
amine (PE), sphingomyelin (SM), or cholesterol (chol), as previ-
ously described (Kayed et al., 2004). The lipid acyl chains were 
oleolyl in all cases except for sphingomyelin where the chain 
types were the natural mixture resulting from isolation from egg. 
In brief, lipid monolayers were opposed over a hole �150 μm in 
diameter in a 15-μm-thick Tefl on partition dividing the two aque-
ous phases. The hole, punched by electric spark, was precoated 
with a 2.5% solution of squalane in n-pentane. In some cases as 
noted in the body of the text, decane was used instead of squalane. 
Lipids were purchased from Avanti Polar Lipids. Salt solutions 
contained various concentrations of KCl or NaCl buffered by 10 
mM HEPES-Tris to pH 7.4. Solutions were stirred with magnetic 
stirring bars for �30 s after additions. Bilayer formation was mon-
itored by measuring capacitance. Silver/silver chloride wires were 
used as electrodes to apply voltages and record currents across 
the bilayer. The rear chamber potential was taken as ground and 
additions were made to the front chamber. For measurements of 
membrane conductance, a voltage ramp protocol (−150 to +150 
mV, at 60 mV/s) was used. Voltages were generated and currents 
digitized at a resolution of 12 bits by an AD Lab ADC/DAC board 
running software written in the lab or JCLAMP (SciSoft Co.) driv-
ing a National Instruments board. Currents were transduced by 
an Axopatch 200A amplifi er (Axon Instruments) connected to 
one of the boards described above. Ion selectivity was determined 
by measuring the reversal potential in asymmetrical ionic condi-
tions using fi berglass bridges fi lled with 2 M KCl to connect the 
electrolyte solutions to silver-silver chloride wire. The membrane 
capacitance, Cm, was measured by applying a triangular voltage 
(28 mV, 20 Hz), measuring the resulting square wave current 
and calculating the capacitance from the following formula: Cm = 
Ccal(I − Ich)/Ical, where Ccal is the capacitance of a calibrated 
 capacitor, I the total capacitance current, Ich the capacitance cur-
rent produced by capacitance of the chamber, Ical the capacitive 
current through calibrated capacitor (220 pF) connected to the 
headstage input. Ich was measured under same condition as “I” 
with the hole in the Tefl on fi lm fi lled with a drop of lipid solution. 
For measurements of specifi c capacitance, the membrane area 
was determined optically with a CCD camera. Decane suspensions 
were prepared by mixing 0.3 ml decane with 0.3 ml buffer solu-
tion and sonicating in an ultrasonic bath for 5–10 min.

RBL Cells
RBL cells (Siraganian et al., 1982) were cultured in EMEM 
and 10% FBS without antibiotics and passaged twice a week. 
Patch-clamp experiments were performed in whole-cell mode at 

room temperature using an EPC-9 (HEKA Elektronik) amplifi er. 
A DMZ-Universal puller (Zeitz) was used to manufacture patch 
pipettes from borosilicate glass capillaries (Garner Glass Com-
pany). The patch pipette resistances were in the range of 2–4 MΩ 
when fi lled with the standard recording solution. The ground 
electrode was connected to the bath via an agar bridge. The inter-
nal recording solution contained (in mM) 130 Cs-glutamate, 12 
EGTA, 0.9 Ca, 8 Na+, 10 HEPES, pH 7.3. The external solution 
was (in mM) 2 CaCl2, 150 Na-aspartate, 10 HEPES, 2 Cs-methane-
sulfonate, pH 7.3; Cl− was substituted with aspartate in order to 
prevent the activation of outward volume-sensitive Cl− channels. 
Cesium methanesulfonate was included to reduce the endoge-
nous IRK1 current present in RBL cells. The currents were re-
corded in whole cell mode using −110 to +85 mV voltage ramps 
(211 ms) applied at 0.5 Hz. Data fi les were recorded using 
PULSE/PULSEFIT software (HEKA Elektronik) and processed 
with Igor Pro (Wavemetrics).

R E S U LT S

Lack of Single Channel Jumps or Increased Noise
In our experiments we observed no current jumps char-

acteristic of the single channels described in several re-

ports (Pollard et al., 1993; Arispe et al., 1994; Sanderson 

et al., 1997; Chen et al., 2000; Hirakura et al., 2000; 

 Kourie et al., 2001, 2002; Arispe and Doh, 2002; Lin and 

Kagan, 2002; Kagan et al., 2002; Quist et al., 2005) nor 

did we see any increase in noise with increasing conduc-

tance, which would be expected if there were channels 

present having a single-channel conductance below our 

resolution. To enhance the likelihood of detecting sin-

gle channels, we increased the salt concentration of the 

solutions bathing the bilayer to 1–2 M NaCl or KCl. In 

these solutions, the conductance increased gradually, 

reaching steady-state level within 3–7 min after the addi-

tion of Aβ to either or both sides of bilayer. Fig. 1 shows 

a series of current records �10 s long taken with a volt-

age of +100 mV applied to a PC/PE lipid bilayer before 

and after single sided addition to a fi nal concentration 

of Aβ oligomers 0.1 μM. Even though the conductance 

increased substantially, there was no apparent single 

channel activity and no increase in the noise level of the 

conductance. The variance of the current divided by 

the mean of the current would give the average current 

through any Poisson channel as it opens and closes. The 

variance of the current traces in Fig. 1 is constant and is 

�2 pA2. For a mean current of 75 pA, the variance di-

vided by the mean would be �0.026 pA. This is a very 

conservative upper limit on the unitary current through 

any putative single channels formed by Aβ oligomers. 

But the variance of the current does not increase above 

instrumental noise even as the mean current goes from 

�1.4 pA to >75 pA, the true upper limit on the unitary 

current is much less. Values of single-channel conduc-

tances induced by amyloids reported in the literature 

range from 3,000 pS in 140 mM KCl (Arispe et al., 

1993a) to 112 pS in 40 mM CsCl (Arispe et al., 1993b). 

The data in Fig. 1 rule out the existence of channels 
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with an equivalent conductance of �0.26 pS, so clearly 

if channels with any of the values published in the litera-

ture were present, we would have seen them. This result 

was confi rmed by taking autocorrelation functions of 

current records obtained from bare membranes and 

membranes containing 0.1 μM amyloid oligomers giv-

ing a conductance of 100 pS. The autocorrelation of 

both currents was essentially fl at at times >0. The auto-

correlation of a membrane doped with gramicidin 

taken under the same conditions showed a typical chan-

nel-type autocorrelation function with a decay time con-

stant similar to that obtained by Kolb and coworkers 

(Kolb et al., 1975; unpublished data). Thus we are con-

fi dent that failure to see channels is due to their ab-

sence, not experimental resolution.

It is of some concern to us that we did not see the 

channels reported by other investigators. We believe 

the principal reason for this is the difference in the ma-

terials we used and the materials used by other investi-

gators. While the chemical properties of the materials 

we used correspond well to those of materials used by 

other investigators, the physical properties may not. 

The general increase in conductance we see is produced 

only by the oligomeric form of Aβ or other similar pep-

tides and not by monomers or fi brils. Since the starting 

material is identical in all cases, it is clearly the differ-

ence in physical state that accounts for the difference in 

conductance properties, and this suggests that differ-

ences in the physical states of the material used likely 

account for differences between our results and those 

of other investigators. The lifetime of the oligomeric 

state in our experiments is fi nite (as it is in vivo), and 

unless attention is paid to characterizing the physical 

state of the material it is not possible to reliably observe 

the conductances we report here.

Concentration Dependence of the Aβ-induced 
Conductance: A Consistent Dose–Response Curve 
Over Three Orders of Magnitude
The conductance induced by Aβ depends monotoni-

cally on the aqueous concentration of peptide, and the 

induced conductance increases more than three orders 

of magnitude over the concentration range of Aβ from 

0 to 20 μM. The shape of the induced current–voltage 

curve is unchanged over this concentration range, indi-

cating that the same species is responsible for the con-

ductance throughout, an important indication that the 

observed conductance is not due to a trace contaminant. 

The conductance of the membrane increases with solu-

tion conductance but less rapidly than a simple linear 

relationship. The reasons for this are not clear, but even 

though we believe the essential conductance of a bare 

lipid bilayer should be predicted by a simple solubility 

diffusion mechanism, this is not the case as demon-

strated by even very early (but still valid!)  measurements 

of bilayer conductance (Hanai et al., 1965). We should 

not therefore be too surprised that there are aspects of 

what is clearly a more complicated system than the bare 

bilayer that are not consistent with simple theory.

Fig. 2 shows the membrane current at 150 mV as a 

function of Aβ concentration in 100 mM KCl + 1 mM 

HEPES, pH 7.4, 10 mM KCl + 1 mM HEPES, pH 7.4, 

and in 1 mM HEPES, pH 7.4 alone. The consistency of 

the observed response over three orders of magnitude 

and the lack of any effect of monomers or fi brils argue 

very strongly that it is not produced by a contaminant. 

The possibility that the observed effect might be due to 

a contaminant is always a concern in experiments where 

the activity of only a few channels is evoked. Observing 

a single channel is at best observing the properties of a 

few molecules even when a much larger number of mol-

ecules is added to the preparation. For example, if 

nanomolar is the fi nal concentration of the material to 

be tested in a 1-ml bilayer chamber, the number of mol-

ecules present in the chamber is on the order of 1011. If 

there are trace contaminants present at say one mil-

lionth of the concentration of the molecule of interest, 

there are still 105 contaminating molecules, and some-

thing has to be done to rule out that the observed effect 

is due to contamination. One long-accepted way of ad-

dressing this issue is to generate a dose–response curve 

over several orders of magnitude and to check that the 

channels in many channel membranes have properties 

predicted by the single channel properties observed.

Ion Selectivity of Bilayers Treated with Soluble Oligomers
Aβ increases the conductance of bilayers in approximate 

proportion to the conductivity of the aqueous phase re-

gardless of the ionic composition of the solution. This 

Figure 1. A high sensitivity recording of the current induced by 
Aβ oligomers. The current was recorded at 100 mV. The “control” 
trace was recorded before the addition of Aβ oligomers. Succes-
sive traces above the control trace were recorded at 10–20-s inter-
vals in the 2-min period following the addition of Aβ oligomers to 
a concentration of 0.1 μM. Note that there is no increase in cur-
rent noise as the current increases to �80 pA. Bilayer composi-
tion was PC/PE (1/1, molar).
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suggests that the conductance increase induced by Aβ is 

not very selective for one ion over another, and bi-ionic 

potential measurements confi rm that this is indeed the 

case. The reversal potential measured under asymmetri-

cal salt concentration conditions in neutral bilayers was 

near 0 mV for every pair of solutions we tested. In partic-

ular there is essentially no reversal potential in neutral 

bilayers for 10 to 1 gradients of KCl (100 vs. 10 mM), 

NaCl, or CaCl2. There is also essentially no reversal po-

tential for 100 mM KCl against 100 mM NaCl and no re-

versal potential of 100 mM KCl against either 50 or 100 

mM CaCl2. Fig. 3 shows one  example of these data, the 

selectivity of KCl versus CaCl2. There is a small degree of 

rectifi cation or asymmetry in the current–voltage curve 

even in symmetric solutions. This does not appear to be 

strongly infl uenced by the unilateral addition of Aβ, and 

addition of Aβ to both sides of the membrane increases 

the conductance over that of unilateral addition but has 

little effect on the asymmetry.

Aβ Decreases the Electrostatic Barrier of the Lipid Bilayer
The lack of selectivity, the increase of the induced bilayer 

conductance with solution conductivity for a variety of 

ions, and the absence of typical current jumps of single 

channels led us to the hypothesis that Aβ oligomers 

themselves do not contribute a new intrinsic conduc-

tance to the membrane, such as an ion channel or car-

rier, but instead reduce the height of the dielectric barrier 

normally provided by the bilayer. For bare bilayers, Aβ 

simply increases the conductance for the available carri-

ers, namely the anions and cations in the solution bath-

ing the membrane. If our hypothesis is correct, Aβ should 

also increase the conductance of every conductance 

mechanism sensitive to the magnitude of the dielectric 

barrier. Since the dielectric barrier does not discriminate 

between anions and cations, Aβ oligomers would in-

crease the conductance of both anion carriers and cation 

carriers more or less to the same degree. We tested this 

idea by comparing the effect of Aβ on two conductances 

well studied in lipid bilayers, the potassium-selective cat-

ion conductance of nonactin and the anion-selective 

conductance induced by tetraphenyl borate.

Aβ Increases the Cationic Nonactin Conductance. Non-

actin acts by trapping potassium ions in a hydrophilic 

cavity and reducing their energy of translocation by in-

creasing the effective ionic radius, thus greatly increas-

ing the conductance of lipid bilayers (for classical 

reviews of the nonactin carrier-mediated conductance 

mechanism see Eisenman et al., 1968; Lauger, 1972; 

Eisenman et al., 1975; Krasne and Eisenman, 1976). 

Fig. 4 A compares the effect of Aβ on the nonactin-

 induced conductance of the bilayer to its effect on a bare 

bilayer in 10 mM KCl. In the presence of 10−8 M nonac-

tin and no Aβ, the conductance of the bilayer is many-

fold greater than that of a bare lipid bilayer. Addition of 

0.1 μM Aβ to the aqueous phase multiplies the already 

present nonactin conductance by a factor of two. In the 

absence of nonactin, the conductance increase induced 

by 0.1 μM Aβ alone is negligible in comparison. Further 

additions of Aβ have similar effects. The overall effect 

of Aβ, then, is to multiply the existing conductance by a 

factor dependent on the concentration of Aβ. Fig. 4 B 

drives this point home by plotting G/G0 versus Aβ 

concentration, where G0 is the conductance of the bi-

layer in the absence of Aβ for a bare bilayer and for a 

nonactin doped one. Note that the two normalized 

Figure 2. Amyloid-induced conductance depends on the elec-
trolyte concentration of the bathing solution as shown by these 
three dose–response curves in electrolytes ranging in concentra-
tion from 100 mM KCL to 1 mM HEPES-Tris. Bilayer composition 
was PC/PS (1/1, molar), voltage was 150 mV.

Figure 3. The reversal potentials measured for asymmetric solu-
tions of different ionic composition in the presence of 4 μM Aβ 
oligomers added to one side. Trace 1, 100 mM KCl, cis; 100 mM 
CaCl2, trans. Trace 2, 100 mM KCl, cis; 50 mM CaCl2, trans.  Bilayer 
composition was PC/PE (1/1, molar).



 Sokolov et al. 641

curves superimpose almost perfectly even though the 

nonactin-induced conductance is >200 times that of the 

bare membrane conductance at every concentration of 

amyloid tested.

Aβ Increases the Anionic Tetraphenyl Borate Conductance. 
The above results suggest that Aβ micelles reduce the 

electrostatic component of the energy required to trans-

locate electric charges across the bilayer by increasing 

the effective dielectric constant or decreasing the thick-

ness of bilayer. If this is so, Aβ micelles should reduce 

the translocation energy for both positive and negative 

ions. To test this prediction we used a hydrophobic an-

ion, tetraphenyl borate (TPB), as a probe. The mecha-

nism by which TPB increases bilayer conductance is 

completely different from the carrier function of non-

actin, but should be equally affected by alterations in 

the electrostatic barrier of the membrane if Aβ oligo-

mers indeed reduce the dielectric barrier.

TPB adsorbs to both sides of the membrane and re-

sponds to a voltage pulse redistributing from one side 

of the membrane to the other. This redistribution pro-

duces a capacitance-like current that decays with a time 

constant depending on the rate at which tetraphenyl 

borate crosses the membrane (Andersen et al., 1978). 

This rate depends on voltage and the electrostatic 

barrier height. If the electrostatic barrier for charge 

translocation is reduced, the rate of tetraphenyl borate 

translocation will increase and the time constant of the 

capacitance-like current will decrease.

Fig. 5 A shows the transition currents induced by TPB 

and effect of Aβ micelles on them. As predicted, in the 

presence of Aβ, the decay of the TPB-induced transition 

current is faster while the steady-state current increases 

with the increase in Aβ concentration. Fig. 5 B shows a 

plot of the calculated rate of tetraphenyl borate trans-

location as a function of Aβ concentration. The effect 

of Aβ is clearly to increase the rate of translocation of 

tetraphenyl borate exactly as predicted by its effect on 

nonactin conductance and bare bilayer conductance.

Effect of Aβ on the Conductance of RBL Cells
We tested the effects of all three forms of Aβ on the con-

ductance of patch-clamped RBL cells. In agreement with 

our fi ndings in lipid bilayer experiments, only the micel-

lar form of Aβ induced a measurable increase in plasma 

membrane conductance (Fig. 6). Moreover, the induced 

conductance took precisely the same form as the conduc-

tance induced by Aβ in planar lipid bilayers. Fig. 6 shows 

a current–voltage relation with 12 μM Aβ added to the 

bathing solution in whole-cell recording mode. Note that 

the shape of the induced current–voltage curve in an 

RBL cell is essentially identical to that in a lipid bilayers.

Washout of the Conductance Increase Is Rapid
The Aβ-induced conductance in both RBL cells and 

lipid bilayers washes in and out rapidly. This is illus-

trated in Fig. 7 (A and B). Upon exposure to a solution 

containing Aβ, the RBL cell conductance rises dramati-

cally, undergoes inactivation with time, and then washes 

out quite rapidly (Fig. 7 A). Similar results are shown in 

Fig. 7 B for a lipid bilayer preparation.

The Aβ-induced Conductance Is Reduced by a Specifi c 
Antibody that Recognizes Only Oligomers
It is worth emphasizing that the conductance induced 

by Aβ oligomers has a demonstrated specifi city. We 

showed in a previous paper that addition of antibody 

Figure 4. The effect of Aβ oligomers on the conductance induced by nonactin. (A) The bottom trace shows the current measured at 
150 mV induced by Aβ oligomers. Additions of Aβ oligomers and the resulting concentrations (μM) are shown by the arrows. The top 
trace shows a similar experiment performed in the presence of 10−8 M nonactin but with only two additions of amyloid, corresponding 
to the two lowest concentrations in the bottom trace. The bath solution contained 10 mM KCl in both cases, lipid composition was PC/
PS (1/1, molar). (B) Normalized nonactin conductance and bare bilayer conductance as a function of Aβ oligomer concentration. 
Conductance at a given Aβ oligomer concentration divided by the conductance at 0 Aβ oligomer con centration is plotted against Aβ 
 oligomer concentration. The initial conductance of the nonactin-K+ membrane was >200 times that of bare bilayer. Note that the 
dose–response curve for nonactin is essentially a multiple of the bare bilayer dose–response curve.
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raised against the oligomeric form of Aβ eliminates the 

conductance induced by previously added oligomer 

(Kayed et al., 2004). This antibody recognizes only the 

oligomeric form and also protects against Aβ oligomer 

toxicity in a tissue culture based assay (Kayed et al., 

2003). Fig. 8 shows that preincubation of an Aβ oligo-

meric preparation with this same antibody also protects 

against the conductance increase and greatly reduces 

the effectiveness of the oligomeric preparation. Thus 

whatever the nature of the conductance increase we are 

observing, it is clearly connected to the presence of Aβ 

oligomers by this immunological specifi city.

The Infl uence of Lipid Composition on the Conductance 
Induced by Aβ
We also studied the effect of the lipid composition of 

the bilayer on the conductance produced by Aβ oligo-

mers. Fig. 9 illustrates that the inclusion of negatively 

charged lipid (PC/PS = 1/1 molar) reduces the effect 

of Aβ compared with the bilayers consisting of neutral 

PC and PE (1/1 molar). We did not observe any signifi -

cant effect of cholesterol, using bilayers composed of 

PC and cholesterol at a 1/1 molar ratio. A further study 

of the effect of lipid composition on the conductance 

was performed using asymmetric bilayers (one mono-

layer was formed with PC and another one with PS). As 

shown in Fig. 10, the addition of Aβ to the neutral side 

of the bilayer (PC) increases the bilayer conductance 

more than its addition to the negatively charged side 

(PS), a difference that is likely due to electrostatic re-

pulsion (the net charge of Aβ is −3).

Role of Bilayer Solvent in Determining the Effects of Aβ
The experiments presented above suggest that Aβ alters 

the electrostatic barrier of the bilayer in some fashion. 

But they do not discriminate between two important 

possibilities, increasing the dielectric constant or reduc-

ing the membrane thickness. Both of these would lower 

the energy barrier for charge translocation and produce 

the observed effects on bare bilayer conductance, 

nonactin conductance, and tetraphenyl borate conduc-

tance. And both would show the same lack of ionic se-

lectivity and act in the same manner on the conductances 

of cell membranes. By focusing on these two possibili-

ties, we do not mean to exclude others, for example, in-

creasing the dielectric constant by incorporation of 

amyloid in the bilayer or increased penetration of water 

into the bilayer, but only to consider those possibilities 

that suggest specifi c experiments.

Figure 5. The effect of Aβ oligomers on the rate of tetraphenyl 
borate translocation. (A) The currents induced by tetraphenyl 
borate in a PC/PS bilayer as a response to voltage pulses of +300 
mV. The tetraphenyl borate concentration was 10−6 M on both 
sides of the membrane in 10 mM KCl. Solid, control; dashed, 
4 μM Aβ oligomers; dotted, 16 μM Aβ oligomers. (B) The trans-
location rate of tetraphenyl borate ions deduced from the time 
constants as a function of Aβ oligomer concentration.

Figure 6. Amyloids act on mammalian RBL cells in almost ex-
actly the same fashion in which they act on lipid bilayers. Three 
current voltage curves are shown. A control trace was taken be-
fore the addition of Aβ oligomers. The second trace, taken after 
addition of Aβ oligomers to a concentration of 12 μM, shows a 
current–voltage curve nearly identical in shape to those obtained 
after addition of Aβ oligomers to solutions bathing planar lipid 
bilayers. A fi nal trace was taken after washout.
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The rapid washout of the Aβ-induced conductance 

seen in both bilayers and RBL cells (Fig. 7, A and B) 

suggests that Aβ acts on the surface of the membrane, 

possibly by spreading the lipid head groups apart. This 

would have the effect of forcing the hydrocarbon tails 

of the lipids to fi ll in the spaces between the lipids and 

thus thinning the membrane, lowering the dielectric 

barrier and increasing the conductance.

This is exactly the effect produced by benzyl alcohol on 

membranes formed using squalane as the solvent. Addi-

tion of benzyl alcohol thins the membrane. But in bilay-

ers formed using decane as the solvent, the addition of 

benzyl alcohol thickens the membrane (Ebihara et al., 

1979). The reason for this difference is easy to under-

stand intuitively. When benzyl alcohol is added to squal-

ane bilayers, it intercalates into the membrane and adds 

surface area, but not much hydrocarbon volume. Thus 

the hydrocarbon chains of the host lipids must fi ll in the 

excess volume and the membrane thins. In contrast, 

when benzyl alcohol is added to decane membranes, the 

empty volume must also be fi lled, but now plenty of dec-

ane is available to do so and the hydrocarbon chains need 

not fi ll the void alone. Decane, however, adds a little 

Figure 7. (A) Current recorded in patch-clamped RBL cells during wash in and wash out of 12 mM Aβ oligomers. (B) Increase of bi-
layer conductivity after addition of 4 μM Aβ oligomers to the cis compartment and its decrease after the perfusion of this compartment 
with Aβ oligomer-free solution. The break in the record is due to high noise of bilayer current during the perfusion. The current was 
measured at 150 mV. The bath solution was 10 mM KCl, bilayer composition was PC/PE (1/1, molar).

Figure 8. Immunological specifi city of the Aβ oligomer–induced 
conductance. The fi lled circles show the current increase of a li-
pid bilayer clamped at 150 mV after the addition of Aβ oligomers 
to a concentration of 0.25 μM. In this case there was only a single 
addition. The open circles show the effect of addition of 0.25 μM 
Aβ oligomers preincubated with an excess (4:1 antibody molar ra-
tio to Aβ) of antibody. Subsequent additions (arrows) of Aβ and 
antibody in the same ratio raise the aqueous concentration fi rst to 
0.5 μM and then to 1.0 μM. This result demonstrates the same im-
munospecifi city of the Aβ oligomer–induced conductance seen 
when antibody is added after the establishment of an elevated 
conductance by the addition of oligomer (Kayed et al., 2004).

Figure 9. Effect of charge and cholesterol on the amyloid-
 induced conductance. Currents measured at a voltage of 150 mV 
in bilayers of different lipid compositions versus Aβ oligomer con-
centration in 10 mM KCl.
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 excess volume and the net result is an increase in mem-

brane thickness. Thus, if Aβ is spreading the lipid head 

groups, we would expect it to increase the conductance 

of biological membranes and squalane-formed planar 

lipid bilayers but not of decane-formed lipid bilayers.

We decided to take advantage of the properties of 

lipid bilayers formed using different solvents to test the 

idea that Aβ micelles might act by spreading the head 

groups, thereby increasing the area per molecule of the 

lipids. In this case Aβ should thin squalane-formed bi-

layers, thus increasing their conductance and capaci-

tance. But Aβ should have no effect on the conductance 

of membranes made with decane as the solvent. This 

indeed proved to be true. If membranes are formed 

 using decane as the solvent, there is no increase in 

 conductance even in the presence of very high concen-

trations of Aβ (unpublished data). Moreover, decane 

reverses the effects of Aβ on the conductance and ca-

pacitance of squalane membranes. Fig. 11 shows the ef-

fect of adding a sonicated suspension of decane to a 

lipid bilayer whose conductance has been increased by 

the addition of increasing amounts of Aβ to the aque-

ous solution. Note that as the decane partitions into the 

bilayer, the Aβ-induced conductance drops to control 

values. Fig. 11 also shows that increasing Aβ concentra-

tion increases conductance and capacitance of the 

membrane in parallel.

The Infl uence of Area Compressibility on the Conductance 
Induced by Aβ
The most dramatic effect of lipid composition is that of 

area compressibility. If the hypothesis put forth in the 

previous section is correct, the effect of Aβ oligomers 

should be greatly affected by the area elastic modulus of 

the lipids forming the membrane, and this appears to 

be the case. Fig. 12 shows dose–response curves of mem-

branes formed from lipids ranging from pure sphingo-

myelin to pure DOPC with a series of intermediate 

compositions. Pure sphingomyelin membranes are almost 

insensitive to Aβ oligomers, while pure DOPC mem-

branes are very sensitive to them. The area compressibility 

Figure 10. Effect of lipid composition on 
the Aβ oligomer–induced conductance 
measured in symmetric and asymmetric 
bilayers. The top panel shows the effect of 
Aβ oligomers additions to the cis and trans 
sides of bilayers formed with pure PS and 
PC. Note that both cis and trans addition 
produced approximately the same in-
crease in conductance. Scales of the left 
and right fi gures differ. The bottom panel 
shows the effect of Aβ oligomers on asym-
metric bilayers with one leafl et containing 
PC and another PS. Note that addition of 
Aβ to the PC side of bilayer produced a 
much greater effect.

Figure 11. The effect of decane on the conductance and capaci-
tance increase induced by Aβ oligomers. Time course of both cur-
rent (open circles) and capacitance (closed circles) with successive 
additions of Aβ followed by the addition of a suspension contain-
ing decane. The current was measured at +150 mV. Bilayer com-
position: PC/ PE = 1/1 (molar). Bath solution 10 mM KCl.
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modulus of sphingomyelin/cholesterol membranes is 

1,734 dynes/cm while that of DOPC is 247 dynes/cm 

(Allende et al., 2005).

If thinning by increase of area per molecule is impor-

tant, we would expect a saturation in the effect as the 

area per molecule approaches an upper limit, but we 

are experimentally limited by the minimum sensitivity 

of our amplifi ers to a concentration of Aβ around 

20–30 μM in soft lipids. Dose–response curves do start 

to show a fl attening out at higher concentrations, possi-

bly suggesting the onset of saturation.

D I S C U S S I O N

The results presented above show that Aβ oligomers, 

and only the oligomers, increase the conductance of 

lipid bilayers and living cell membranes. In addition, 

Aβ oligomers proportionally increase the conductance 

of both cationic and anionic probe species in planar 

lipid bilayers even though the initial conductance in-

duced by the probes is much higher than that of a bare 

bilayer. Because the effect is nonspecifi c and alters the 

conductance of both probe molecules and the bare 

 bilayer in pretty much the same proportion, it seems 

that Aβ oligomers are somehow lowering the dielectric 

 barrier for the translocation of charge across the lipid 

bilayer. Among the possible mechanisms by which Aβ 

oligomers might lower the dielectric barrier are increas-

ing the membrane dielectric constant, introducing lo-

calized defects, and thinning the membrane. These are 

not mutually exclusive and probably operate simultane-

ously, each contributing to the overall effect.

If the principal effect is increasing the dielectric con-

stant of the hydrocarbon portion of the membrane, Aβ 

oligomers would have to intercalate somehow into the 

hydrocarbon region or water would have to partition 

more effectively into the bilayer or both. (A simple calcu-

lation shows that only about a 10% increase in dielectric 

constant at a concentration of 20 μM could account for 

the observed conductance changes.) If amyloid oligo-

mers were intercalated deeply in the hydrocarbon region, 

it would likely be very diffi cult to wash out Aβ rapidly, and 

yet this is exactly what happens experimentally. Thus it is 

unlikely, but still possible, that amyloid oligomers in-

crease the dielectric constant by inserting into the hydro-

carbon portion of the membrane. The rapid washout of 

the effect in both lipid bilayers and living cells suggests 

that the reaction of Aβ oligomers with the membrane is a 

rather superfi cial one, taking place primarily at the sur-

face of the membrane. If this is so, the mechanisms by 

which amyloid peptides could lower the dielectric barrier 

are limited. The effect of Aβ oligomers is nonexistent in 

decane membranes and can be eliminated by adding a 

solution of sonicated decane to the membrane. These re-

sults suggest that amyloid could act by increasing the area 

per molecule of the bilayer, and consequently, because 

the volume of the hydrocarbon moiety is constant, thin-

ning the bilayer. The strain on the bilayer would likely in-

crease the defect density in the hydrocarbon region as 

well. Thinning would contribute to a reduction in the di-

electric barrier by reducing the distance over which im-

age forces can act (Parsegian, 1969).

If one attributes all of the change in specifi c capaci-

tance seen, for example, in Fig. 10 (0.57 to 0.62 μFd.

cm2) to decrease in thickness, the Parsegian expression 

predicts that the conductance should increase by a fac-

tor of three. If on the other hand one attributes all of 

the capacitance increase to an increase in the dielectric 

constant, the Born expression for energy of a charge in 

the membrane predicts the conductance should in-

crease by a factor of 1,000. The actual factor of increase 

for the given change in capacitance is 300. Because 

of the very oversimplifi ed assumptions on which these 

estimates rest, one should not read too much into these 

numbers, but the comparison does suggest that an 

 increase in dielectric constant is probably the major 

 factor causing the amyloid-induced increase in conduc-

tance. We believe the most likely mechanism for this in-

crease is increased partition of water into the membrane 

consequent to an increase in area per lipid molecule. 

Thus our model can be viewed as a special way of look-

ing at membrane defects: the more defects, the more 

water, the more water, the higher the dielectric constant 

and the more conductance. This view is further sup-

ported by the observation that membranes that require 

considerable energy to increase the area per molecule 

(those with high area elastic moduli) are far less sensi-

tive to Aβ oligomers than membranes that expand  easily 

(Fig. 11). Whether or not this mechanism is correct 

 remains to be seen, but our data strongly argue that 

 amyloid oligomers act by reducing the dielectric barrier 

for ion translocation in some fashion.

Figure 12. Aβ oligomers are ineffective in sphingomyelin bilay-
ers. A series of dose–response curves for Aβ oligomers in mem-
branes ranging from pure PC to pure SM. Currents were measured 
at 150 mV in 10 mM KCl.



646 Amyloid Oligomers Increase Conductance

The action of amyloids need not be (and almost cer-

tainly is not) confi ned to the effect we describe in this 

paper. There is considerable literature on formation of 

ion channels by amyloids in lipid bilayers (Pollard et al., 

1995; Hirakura et al., 2000; Zhu et al., 2000; Kourie et al., 

2001; Lin et al., 2001; Kagan et al., 2002; Kourie and 

Henry, 2002; Quist et al., 2005). We do not see such chan-

nels in the vast majority of our experiments. We have 

seen channels after addition of our oligomeric amyloid 

preparation in no more than three experiments out of 

more than 100 experiments where oligomers were pres-

ent. In these instances, the conductance increase we de-

scribe here was also present. In our experiments we 

found the amyloid oligomer–induced conductance in-

creased monotonically (and approximately proportion-

ately) with the aqueous concentration of oligomers. The 

amyloid channel literature presents very few dose re-

sponse curves showing an increase in conductance or 

number of channels with increased aqueous concentra-

tions. The single channel conductances reported vary 

from 3,000 to 400 pS in 140 mM KCl (Arispe et al., 1993a) 

to 10 pS in 100 mM KCl (Quist et al., 2005), so clearly 

there is precedent for the same material producing dif-

ferent results under different conditions. We see conduc-

tances on the order of 10−9 to 10−8 S with amyloid 

oligomer preparations containing concentrations on the 

order of 1 to 10 μM (concentrations given as moles of 

monomer, though the majority of material is in the oligo-

meric form). At similar concentrations of amyloid in 

the monomer form, the channel literature reports mem-

branes containing only single channels with conduc-

tances from tens to hundreds of picosiemens. This leads 

us to believe that the channels reported in the literature 

are comparatively rare events with an undetermined 

number of amyloid monomers forming each channel.

We feel that the lack of a concentration–effect rela-

tion is an important omission in the amyloid channel 

studies we have seen. To our knowledge there has never 

been a demonstration that the single channel proper-

ties determined from studies on a membrane contain-

ing only a few amyloid-induced channels explain the 

properties of a membrane containing many channels. 

In fact there are almost no reports describing the prop-

erties of many-channel membranes. These criticisms 

aside, the potential role of amyloid channels in Alzheim-

er’s pathology should not be ignored nor should the 

potential of the mechanism of amyloid action we pro-

pose here. The two are clearly not mutually exclusive.

No matter what the mechanism of the conductance 

increase we observe turns out to be, it has immuno-

logical specifi city relating it to the presence of a particu-

lar oligomeric amyloid form (Fig. 8). Reduction in the 

dielectric barrier and subsequent increase in  membrane 

conductance can account for many of the pathological 

symptoms observed in Alzheimer’s disease, including 

the observed increase in cytoplasmic calcium levels. The 

dielectric energy of translocation increases with the 

square of the charge. Thus the reduction in energy for 

the translocation of calcium will be four times that for a 

monovalent ion. Our mechanism also suggests that in so 

far as gating charges of voltage-dependent channels are 

exposed to the lipid environment their normal move-

ments could be perturbed by the presence of amyloid 

oligomers. Disturbance of voltage-gated calcium chan-

nels, essential for proper synaptic function, is a likely 

consequence of our proposed mechanism. Our pro-

posed mechanism also suggests that  Alzheimer’s toxicity 

could be prevented by three different sorts of interven-

tion: breaking up Aβ oligomers or preventing their for-

mation; preventing the surface interaction of oligomer 

interaction with membranes (as our antibody does; 

Kayed et al., 2003, 2004); or preventing the thinning of 

the membrane induced by oligomers as decane does.
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