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A B S T R A C T

A causative agent of Alzheimer's disease (AD) is a short amphipathic peptide called amyloid beta (Aβ). Aβ
monomers undergo structural changes leading to their oligomerization or fibrillization. The monomers as well as
all aggregated forms of Aβ, i.e., oligomers, and fibrils, can bind to biological membranes, thereby modulating
membrane mechanical properties. It is also known that some isoforms of the large-conductance calcium-acti-
vated potassium (BKCa) channel, including the mitochondrial BKCa (mitoBKCa) channel, respond to mechanical
changes in the membrane. Here, using the patch-clamp technique, we investigated the impact of full-length Aβ
(Aβ1–42) and its fragment, Aβ25–35, on the activity of mitoBKCa channels. We found that all forms of Aβ inhibited
the activity of the mitoBKCa channel in a concentration-dependent manner. Since monomers, oligomers, and
fibrils of Aβ exhibit different molecular characteristics and structures, we hypothesized that the inhibition was
not due to direct peptide-protein interactions but rather to membrane-binding of the Aβ peptides. Our findings
supported this hypothesis by showing that Aβ peptides block mitoBKCa channels irrespective of the side of the
membrane to which they are applied. In addition, we found that the enantiomeric peptide, D-Aβ1–42, demon-
strated similar inhibitory activity towards mitoBKCa channels. As a result, we proposed a general model in which
all Aβ forms i.e., monomers, oligomers, and amyloid fibrils, contribute to the progression of AD by exerting a
modulatory effect on mechanosensitive membrane components.

1. Introduction

Alzheimer's disease (AD) is a complex and irreversible neurode-
generative disorder manifested by cognitive and memory deterioration
[1–3].

Numerous genetic, biochemical, biophysical, and cell biological
studies support the concept that aggregation-prone amyloid-β (Aβ)
peptides play a key role in the development of AD pathology [1,2,4]. Aβ
readily forms amyloid – a stable fibrillar aggregate [1,2,5] in a process,
called amyloidogenesis, which is strongly influenced by the length of
the Aβmolecule [6]. For example, the major agent in AD is Aβ1–42 – one
of the most frequently found in the various aggregates in the brain of
patients [7]. At the same time, the shortest aggregation-susceptible part
of the molecule consists of only 10 amino acid residues – Aβ25–35 [8].
For decades, induction of cytotoxicity was attributed predominantly to
amyloid fibrils of Aβ [9]; however, recently it was demonstrated that

unstable, transient assemblies of Aβ, called soluble oligomers, are much
more deleterious [10–13].

Aβ in different aggregate forms can affect intracellular organelles
[14]. In particular, a role for Aβ-induced mitochondrial pathology in
AD has been postulated [15–17]. Many mitochondrial targets have been
proposed for the peptide [18], and mitochondrial dysfunction has be-
come a hallmark of Aβ-induced neuronal toxicity [19–21]. This could
be the result of the formation of nonselective ion channels by Aβ oli-
gomers [22] or Aβ interference with some channels in the mitochon-
drial membranes.

One of the targets of Aβ interference is the large-conductance cal-
cium-activated potassium (BKCa) channel found in the mitochondria
(mitoBKCa) of various animal tissues, including the brain and heart
[23,24] that is implicated in cytoprotection during cardiopathology and
neuropathology [25], cell apoptosis and cancer [26,27]. Even though
mitoBKCa channels perform cytoprotective functions during

https://doi.org/10.1016/j.bbamem.2020.183337
Received 28 December 2019; Received in revised form 25 April 2020; Accepted 28 April 2020

⁎ Corresponding author at: Laboratory of Intracellular Ion Channels, Nencki Institute of Experimental Biology PAS, Pasteura str. 3, Warsaw 02-093, Poland.
E-mail address: y.kravenska@nencki.edu.pl (Y. Kravenska).

BBA - Biomembranes 1862 (2020) 183337

Available online 04 May 2020
0005-2736/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/00052736
https://www.elsevier.com/locate/bbamem
https://doi.org/10.1016/j.bbamem.2020.183337
https://doi.org/10.1016/j.bbamem.2020.183337
mailto:y.kravenska@nencki.edu.pl
https://doi.org/10.1016/j.bbamem.2020.183337
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2020.183337&domain=pdf


neuropathology, the contribution of mitoBKCa channels, as well as BKCa

channels in general, to AD remains unknown. Very few studies have
been performed on isolated mitochondria in this context [28]. Other
experiments conducted to study the effect of Aβ on BKCa channels were
carried out with its plasmalemmal isoform in whole neuronal cells
[29–32].

The U-87 MG glioma cell line, because of the high expression level
of BKCa channels both in the plasma membrane and in mitochondria
[23,33], is a convenient cell model to study the physiological role of
this channel. This study aimed to establish the effect of Aβ1–42 on the
mitoBKCa channels in human U-87 MG astrocytoma cells and to de-
termine its possible mechanisms. The mitoplast patch-clamp technique
was used as the method of studying mitoBKCa channel activity. We
conducted comprehensive research, which led to the first description of
the inhibitory effect of monomers, oligomers, and fibrils of the three
types of Aβ (Aβ1–42, Aβ25–35, D-enantiomeric Aβ1–42). We found that all
forms and types of Aβ inhibited the mitoBKCa channel, and we con-
cluded that the main mechanism of mitoBKCa channel blocking was the
interaction of Aβ with the mitochondrial membrane. These results im-
prove our understanding of the molecular mechanisms underlying AD
that can contribute to the development of potential methods for the
prevention and treatment of this pathology.

2. Materials and methods

2.1. Media and cell culture

Human astrocytoma U-87 MG cells were cultured in Dulbecco's
modified eagle medium (DMEM) with 4.5 g/l glucose (Laboratory of
General Chemistry, Ludwik Hirszfeld Institute of Immunology and
Experimental Therapy, Polish Academy of Sciences) supplemented with
10% fetal bovine serum (FBS; Gibco, USA), 100 μM/ml penicillin
(Sigma-Aldrich), 100 μg/ml streptomycin (Sigma-Aldrich) and 2 mM L-
glutamine (Gibco, USA) at 37 °C in a humidified atmosphere with 5%
CO2. The cells were usually reseeded every third day.

2.2. Preparation of Aβ monomers, oligomers, and fibrils

Aβ1–42 (cat. # A-1163-2, rPeptide https://www.rpeptide.com/_
code/_dyn_images/products/specs/A-1163–Beta-Amyloid-1-42.pdf-
new.pdf), Aβ25–35 (cat. # A-1060-1, rPeptide, Fig. S1) and Aβ1–42 (cat.
# AG968, Merck, Fig. S2) peptides were purchased from Analytik Jena
AG and Merck, respectively. The D-enantiomer of Aβ1–42 was synthe-
sized by LifeTein (cat. # 0200046, Fig. S3). Dried samples were dis-
solved in hexafluoro-2-propanol (HFIP) and divided and placed into
Eppendorf tubes. HFIP was evaporated overnight at room temperature.
The dried peptide films were stored in Eppendorf tubes and maintained
at −80 °C until use.

To prepare monomers, the peptide film was dissolved in 100 μl of
10 mM NaOH and sonicated (10 × 10 s at 25% output intensity; so-
nicator Q125, Qsonica) on ice [34]. Each sample was kept on ice and
used in experiments the same day. To confirm the monomeric state of
the peptide, the transmission electron microscopy (TEM) micrograph
was taken immediately after dissolving of Aβ1–42 (Fig. S4A).

For the preparation of oligomers, the monomers were diluted to
20 μM in the patch-clamp high calcium buffer (150 mM KCl, 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
100 μM CaCl2 at pH = 7.2) and incubated for 2 h at 37 °C in a
Thermomixer C (Eppendorf) with 10-sec orbital shaking (400 rpm)
every 20 min [34]. The sample was kept at room temperature and used
in experiments within 1 h of preparation. The TEM micrograph of
Aβ1–42 oligomers incubated for an additional 1 h indicates that the
oligomers were stable within this period (Fig. S4B).

To obtain amyloid fibrils, the incubation time was extended for at
least 24 h for Aβ1–42 and D-Aβ1–42 and for at least 72 h for Aβ25–35.
Fibrils were centrifuged at 108000 g, 25 °C for 30 min (Sorvall MX 120

Micro-Ultracentrifuge, Thermo Fisher Scientific) followed by re-
suspending in fresh patch-clamp high calcium buffer. Protein con-
centration was determined by the bovine serum albumin (BSA) method.

To study effects of Aβ peptides on mitoBKCa channel activity (patch-
clamp experiments), the same final concentration range (0.1–5 μM) was
used for all types of monomeric peptides and their aggregate deriva-
tives. The concentration of oligomers and fibrils referred to the con-
centration of the (monomeric) peptide used for their production.

2.3. Measurements of thioflavin T fluorescence

To monitor Aβ aggregation kinetics, peptides (20 μM) were in-
cubated at 37 °C in the high‑calcium patch-clamp buffer (150 mM KCl,
10 mM HEPES, and 100 μM CaCl2 at pH = 7.2) containing 10 μM
thioflavin T (ThT) in 96-well plates (Bio-One, Greiner). Fluorescence
was measured for 24 h in a plate reader (Infinite 200Pro, Tecan) at
37 °C with 10-s orbital shaking every 20 min [34]. The ThT fluores-
cence was measured at 485 nm at an excitation wavelength of 440 nm.

2.4. Transmission electron microscopy

For TEM imaging, 400-mesh copper grids covered with Formvar and
carbon (Ted Pella) were used. Ten microliters of sample were spotted
on grids for 40 s. The grids were stained for 20 s with 1% (w/v) uranyl
acetate (SPI Supplies), dried at room temperature and examined using a
JEM 1400 high-performance transmission electron microscope (JEOL
Co.) equipped with an 11-megapixel Morada G2 7 TEM camera (EMSIS
GmbH) [34].

2.5. Isolation of mitochondria

Mitochondria were prepared from the human astrocytoma U-87 MG
cell line as previously described with slight modification [35]. Cells
from one to three 75 cm2 culture flasks were collected in phosphate-
buffered saline (PBS) and centrifuged at 800 g for 10 min (Centrifuge
5804 R, Eppendorf). The cell pellet was resuspended and homogenized
with 8 gentle strokes with a homogenizer (No. 19, Kontes Glass) in a
preparation solution (250 mM sucrose, 5 mM HEPES, and 1 mM ethy-
lene-bis(oxyethylenenitrilo)tetraacetic acid (EGTA) at pH = 7.2). The
homogenate was centrifuged at 9200 g for 10 min. The pellet was again
resuspended and centrifuged at 780 g for 10 min. The supernatant was
centrifuged at 9200 g for 10 min. Finally, the pelleted mitochondria
were resuspended in 15–50 μl of the preparation solution. The protocol
was performed at 4 °C.

2.6. Patch-clamp experiments

Patch-clamp experiments on mitoplasts were performed as de-
scribed previously, with some modifications [35]. Briefly, mitoplasts
were prepared from a 1–3 μl sample of human U-87 MG cells. The
mitochondria were placed in 40 μl of hypotonic solution (5 mM HEPES
and 100 μM CaCl2 at pH = 7.2) for 2 min to induce swelling and
disrupt the outer membrane (Fig. 1A). Then, 10 μl of hypertonic solu-
tion (1.5 M sucrose, 30 mM HEPES, and 100 μM CaCl2 at pH = 7.2)
was added to the medium. A high calcium solution was used (150 mM
KCl, 10 mM HEPES, and 100 μM CaCl2 at pH = 7.2) to fill the patch-
clamp pipette. Mitoplasts (0.5–1 μl) were added directly to the re-
cording chamber. They were easily recognizable by their size, shape,
transparency, and the presence of a “cap”. Mitoplasts' membrane pat-
ches were excised by tapping the microelectrode assembly. The low-
calcium solution (1 μM CaCl2) contained the following: 150 mM KCl,
10 mM HEPES, 10 mM N-(2-hydroxyethyl)ethylenediaminetriacetic
acid (HEDTA) and 1.32 mM CaCl2 at pH = 7.2. While being mixed, all
modulators were added directly to the recording chamber. In some
experiments, 5–10 μM of the specific mitoBKCa channel blocker paxil-
line (cat. # P2928, Sigma-Aldrich) was used. The procedure of washing
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Fig. 1. Single-channel recordings of the activity of mitoBKCa channel from astrocytoma U-87 MG cells. (A). Scheme of the preparation of U-87 MG cells mitochondria,
mitoplasts and the patch-clamp experiment in the inside-out mode. (B). Typical activity of the mitoBKCa channel at different voltages. “–” denotes the closed state of
the channel (C). Current-voltage relationship of single-channel mitoBKCa channel openings with a slope of 287 ± 5 pS (n = 4). (D). The open probability of single
mitoBKCa channels at different voltages in the presence of high (100 μM) and low (1 μM) concentration of calcium ions (n = 6). Data showed in (B–D) were obtained
in the symmetric 150/150 mM KCl solution containing 100 μM Ca2+(B, C) and 1 μM or 100 μM Ca2+ (D).
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out the mitoBKCa channel from the applied substances was carried out
by extensive flushing the bath chamber with not less than a 20-fold
volume of the high calcium solution for 5–15 min. The experiments
were performed in patch-clamp inside-out mode. Occasionally, how-
ever, channels were present in the opposite orientation, as described
earlier [35]. The recordings of channel activity were obtained in the
voltage range from −60 to +60 mV. The demonstrated voltages were
opposite those applied to the patch-clamp pipette interior. Electrical
connections were made using Ag/AgCl and an agar salt bridge (1.5 M
KCl) electrodes. The current was recorded using a patch-clamp ampli-
fier (Axopatch 200B, Molecular Devices Corporation). The pipettes,
made of borosilicate glass, had a resistance of 10–15 MΩ and were
pulled by either P-97 Flaming/Brown (Sutter Instruments) or PC-10
(Narishige) micropipette pullers. The conductance of the mitoBKCa

channel was calculated based on the current-voltage relationship. For
the experiments, channels with a conductance of 250–300 pS were
selected. The probability of channel opening (Po, open probability) was
calculated using the single-channel search mode of Clampfit 10.3 soft-
ware. In the case of more than one channel in the patch, the NPo was

first determined, and then the Po was calculated using the formula
NPo/N, where N is the number of channels. Calculations were per-
formed using short recordings (10 s) at −40 mV or segments of con-
tinuous recordings, lasting at least 90 s. The currents were subjected to
low-pass filtering at 1 kHz and sampled at a frequency of 2.5 kHz. The
recordings were filtered off-line by low-pass (at 250 Hz) and electrical
interference filters. In figures showing single-channel recordings, “–”
indicates the closed state of the channel.

2.7. Statistical analysis

For statistical analysis of the patch-clamp experiments, one-way
analysis of variance (ANOVAs; with Tukey's post hoc test) or t-tests
were used. To perform ANOVAs to create dose-response relationship
curves and to determine half-inhibitory constant (IC50) values,
GraphPad Prism 4 software was used. Normalized Po was calculated as
follows: (PoAβ/Pocontrol)*100%. The rate of Aβ inhibition was calcu-
lated as follows: (Pocontrol–PoAβ/Pocontrol)*100%. The data are re-
presented as the mean ± standard deviation (SD) obtained from at

Fig. 2. Characterization of Aβ aggregates. Typical aggregation kinetics of Aβ1–42 (A, left panel) and D-enantiomeric Aβ1–42 (B, left panel). ThT fluorescence of 20 μM
peptides was monitored during 24 h incubation at 37 °C. The monomers immediately after preparation (1), oligomers after 2 h (2) and fibrils after 24 h (3) of the
incubation were used in patch-clamp experiments. Samples after 2 h (2) and 24 h (3) of the incubation were analyzed by electron microscopy (right panels).
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least three independent experiments. The P-value was considered to be
significant for P ≤ 0.05 (*, #) or P ≤ 0.01 (**, ##).

3. Results

3.1. Monomers and fibrils of Aβ25–35 inhibit the activity of mitoBKCa

channels

Previously published patch-clamp studies regarding the effects of
Aβ peptides on BKCa channels indicated their inhibitory action [31,32].
These experiments were carried out only with very short Aβ31–35 and
Aβ25–35 peptides of undetermined aggregate form and applied directly
to active plasma membrane BKCa channels. The Aβ25–35 peptide
(GSNKGAIIGLM) with a short hydrophilic N- and a larger hydrophobic
C-terminal part, and the ability of Aβ peptides including Aβ25–35 to
interact with membranes let us hypothesize that the effect on BKCa

channel was mediated by direct interaction with membrane. We used
mitoBKCa channels as a potential target and tool to check whether the
inhibitory effect of Aβ peptides depends on their length and the ag-
gregation status.

Patch-clamp experiments were carried out by a standard procedure
(Fig. 1A) with mitochondria isolated from the human U-87 MG astro-
cytoma in which mitoBKCa channel activity is frequently observed. This
mitochondrial channel, characterized by high conductance and calcium
ion dependence, was described previously [23]. The typical activity of
mitoBKCa channels at a range of voltages from −60 to +60 mV is
shown in Fig. 1B–D. Short open times at negative voltages and long
open times at positive voltages can be observed (Fig. 1B). The mean
conductance of the mitoBKCa channels was 287 ± 5 pS (Fig. 1C). One
of the classic characteristics of the mitoBKCa channel is its dependence
on calcium ions [23]. Fig. 1D shows the full activity of the channel at
Ca2+ concentration of 100 μM and its low activity when the Ca2+

concentration is decreased to 1 μM.
Aβ peptides are highly aggregation-prone, and thus, experiments

were carried out with the peptides freshly dissolved in 10 mM NaOH
and kept on ice. These peptides were either added directly to the re-
cording chamber to investigate the impact of their monomeric forms or
preincubated in the patch-clamp buffer for 2 h before the experiment to
obtain oligomers and preincubated for> 24 h to obtain amyloid fibrils
(Fig. S5).

Evidence from monitoring the aggregation state of Aβ25–35 by ThT
fluorescence revealed a slow monotonous increase without any lag
phase (Fig. S5, left panel), which is not characteristic for amyloido-
genesis of the full-length Aβ1–42 (Fig. 2A). In the latter case, an ap-
proximate 4 h lag phase was observed, followed by a rapid increase in
the fluorescence to the defined maximum. After approximately 7 h, a
stable plateau was reached, which may indicate the completion of fi-
brillization (Fig. 2A, left panel). These differences in aggregation ki-
netics were reflected in different aggregate forms, as observed by TEM
after 2 h and 24 h of incubation (Fig. S5, 2A, right panels). After 2 h of
Aβ25–35 incubation, no distinct structures could be observed despite the
marked increase in ThT fluorescence, suggesting the presence of low
molecular weight assemblies. On the other hand, after 24 h, Aβ25–35
formed large ribbon- or sheet-like fibrils (Fig. S5, right panel), as also
reported by others [36]. In contrast, the TEM images obtained for the
Aβ1–42 samples after 2 h and 24 h of aggregating revealed the presence
of oligomers and fibrils (Fig. 2A, right panel). The preparations of oli-
gomers consisted predominantly of short protofibrilar structures of
8–10 nm in diameter and length in the range of 10–40 nm. The pre-
parations of fibrils contained typical amyloid aggregates of 25 nm in
diameter, reaching up to 2 μm in length.

When we applied the Aβ25–35 peptide in its monomeric form directly
to active mitoBKCa channels (Fig. S6), we observed an inhibitory effect
at all voltages tested (Fig. S6A, right panel). However, the most ap-
parent blocking was noticed at positive membrane voltages, at which,
in control conditions, the channel had a high probability of opening

(Po). The inhibitory effect of Aβ25–35 monomers was concentration-
dependent (Fig. S6C, D, E), and inspection of longer recordings (at least
90 s, −40 mV) in the presence of 1–5 μM Aβ25–35 indicated that long-
closed dwell times prevailed under these conditions, leading to occa-
sional bursts of mitoBKCa channel activity (Fig. S6C). Low concentra-
tions of monomers (0.1–1 μM) had an inhibitory effect on the channels,
but the minimum value to which the normalized Po was decreased
equaled 53% (Fig. S6D). When 5 μM Aβ25–35 was used, the Po dropped
significantly, to a low of 36% (0.28 ± 0.16, n = 4, P ≤ 0.05), in
comparison to the control (0.75 ± 0.07, n = 6). This inhibitory effect
was fully reversible by washing the Aβ25–35 from the recording
chamber. Under these conditions, the normalized Po was restored to
107% (0.80 ± 0.03, n = 3, P ≤ 0.05) (Fig. S6C, D).

Similar effects were observed for Aβ25–35 preincubated in the patch-
clamp buffer for 2 h before experiments (data not shown); however, due
to aggregate character and featureless appearance of Aβ25–35 in the
TEM images, we were not able to assign this Aβ preparation to any
distinguishable aggregation form.

Surprisingly, the findings revealed that, in addition to the mono-
mers, Aβ25–35 fibrils inhibited the activity of mitoBKCa channels at si-
milar concentrations (Fig. S6D, Fig. S7), despite the different structures
that these two forms represent. In particular, using the highest con-
centration of fibrils, we observed a decrease in normalized Po from
100% (0.75 ± 0.10, n = 3) to 36% (0.27 ± 0.12, n = 3), which was
confirmed by statistical analysis (n = 3, P ≤ 0.05) (Fig. S6D). This
value reached a minimum of only 72% after the fibrils were applied at
lower concentrations. Blocking mitoBKCa channels by Aβ25–35 fibrils
was fully reversible, as washing out the experimental system restored
channel activity to 101% (0.76 ± 0.145, n = 3, P ≤ 0.05) (Fig. S7B,
Fig. S6D).

Using dose-dependent relationship curves, we determined the half-
inhibition constants (IС50), which were equal to 0.6 μM and 1.45 μM for
monomers and fibrils, respectively (Fig. S6E). Thus, we concluded that
the Aβ25–35 monomeric form is only slightly more active than the fibril
form.

It has been established that Aβ25–35 monomers bind to lipid bilayers,
resulting in bilayer destabilization and channel formation [37]. Indeed,
in our experiments, we were occasionally able to observe such mem-
brane destabilization, which appeared as bursts of nonspecific activity
that was different from the typical activity of mitoBKCa channels (Fig.
S6B). This phenomenon, however, was never observed for the Aβ25–35
fibrils.

3.2. Monomers, oligomers, and fibrils of Aβ1–42 inhibit the activity of
mitoBKCa channels

In the next step, we decided to extend our studies by including
pathologically relevant full-length Aβ1–42 in defined aggregate forms.
As indicated above, the aggregation behavior of Aβ1–42 (Fig. 2A) en-
abled us to analyze the impact of the monomers, oligomers, and amy-
loid fibrils on the mitoBKCa channel activity.

As in the case of Aβ25–35, the application of Aβ1–42 monomers led to
the strong inhibition of mitoBKCa channels. Fig. 3A shows an example of
such an experiment with the maximal Aβ1–42 concentration used in the
study (5 μM). The activity of the channel was recorded for 10 s at each
membrane voltage indicated (−60 to +60 mV). The closure of the
mitoBKCa channel induced by Aβ1–42 monomers also was dose-depen-
dent (Fig. 3B–D). Continuous recordings (90 s or more) obtained at
−40 mV made it possible to observe long-closed channel events over
the entire range of the Aβ1–42 concentrations (0.1–5 μM) (Fig. 3B). The
blocking effect of the 5 μM Aβ1–42 monomers was statistically sig-
nificant (Fig. 3C): Po was equal to 0.33 ± 0.08 (normalized to 44%,
n = 5), and for the control, it was 0.75 ± 0.07 (n = 6, P ≤ 0.01).
Such mitoBKCa channel blocking was partially reversed after washing
the peptide out of the chamber (Fig. 3B, C). In particular, the Po value
returned to 0.50 ± 0.08 after the chamber was washed (67%,
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normalized to the control, n = 5). When lower Aβ1–42 monomer con-
centrations were used (0.1–1 μM), the Po of the channel did not de-
crease to< 84% of the control (Fig. 3C). The IC50 for the Aβ1–42
monomers, calculated with the normalized dose-response curve, was
equal to 8.3 μM (Fig. 3D).

Examples of the short recordings at all voltages (Figs. S8A, S10A), as
well as the long recordings taken at −40 mV (Fig. S9, upper panel,
S10B), indicate that the effect of Aβ1–42 oligomers and fibrils was not
only very similar but also more pronounced than that of the monomers.
This finding was confirmed by the statistical analysis of the data
(Fig. 3C). In particular, the decrease in Po caused by the maximal
concentration of the oligomers and fibrils was greater than the caused

when a similar concentration of monomers was used. For the oligomers,
the normalized Po was 30% (0.19 ± 0.10, and for the control, it was
0.63 ± 0.10; n = 3–5, P ≤ 0.05). For fibrils, this value was equal to
31% (0.2 ± 0.12, n = 5), compared to the control (0.66 ± 0.08;
n = 7, P ≤ 0.05). Lower concentrations of both aggregated forms were
also effective, although to a lesser extent (a maximum Po of 63% for
oligomers and 57% for fibrils) (Fig. 3C). An almost complete restoration
of mitoBKCa channel activity after Aβ1–42 was washed out of the
chamber was observed in both cases (normalized to 91% for the oli-
gomers, i.e., 0.57 ± 0.09, n = 5, and normalized to 89% for the fibrils,
i.e., 0.58 ± 0.10, n = 7), although this difference was significant only
for the fibrils (P≤ 0.05) (Fig. 3C). The IC50 for the oligomers and fibrils

Fig. 3. Inhibition of the single-channel activity of the mitoBKCa channels by Aβ1–42. (A). Typical activity of mitoBKCa channel at different voltages in the control
conditions (left panel) or after the addition of 5 μM monomeric Aβ1–42 (right panel). (B). Typical recording of the single-channel activity of the mitoBKCa channel
after the addition of different concentrations of Aβ1–42 monomers. Channel activity was recorded continuously at −40 mV. (C). Dependence of mitoBKCa channel
open probability on the concentration of Aβ1–42 in the monomeric, oligomeric and fibrillar form (n = 3–7). Open probability was calculated for combined short and
long recordings at −40 mV. (D). Dose-response relationship curves and IC50 values of the mitoBKCa channel inhibition by the monomers, oligomers, and fibrils of
Aβ1–42. Normalized Po was calculated as indicated in Experimental Procedures. Data shown in (A–D) were obtained in the symmetric 150/150 mM KCl solution
containing 100 μM Ca2+. In the control conditions, standard patch-clamp buffer without Aβ was used. “–” indicates the closed state of the channel. ** – P ≤ 0.01 (as
compared to the control), # – P ≤ 0.05 (as compared to 5 μM Aβ1–42).
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(0.75 and 1.1 μM, respectively) was also noticeably lower than for the
monomers, another confirmation of the higher effectiveness of these
two forms (Fig. 3D).

Thus, we have proven that all aggregate forms of Aβ1–42 cause
closure of the mitoBKCa channel. In this case, however, the monomers
exhibited a less pronounced inhibitory effect.

In most patches, mitoBKCa channels exhibit characteristic voltage
dependence with short open-dwell times at negative membrane vol-
tages and long open-dwell times at positive membrane voltages, as well
as calcium ion sensitivity. However, in a small fraction of patches, the
mitoBKCa channels were not sensitive to calcium ions and demonstrated
reversed voltage characteristics, evidence that, from time to time, we
obtained patches in outside-out mode. Remarkably, the channels in the
opposite orientation were also blocked by the oligomers and fibrils of
Aβ1–42 (Fig. S11). These observations confirmed our hypothesis that no
specific peptide-protein interactions are involved, or mitoBKCa channel
blocking might be due to the binding of Aβ to mitochondrial mem-
branes.

3.3. Enantiomeric forms of Aβ1–42 exhibit the same inhibitory properties
towards mitoBKCa channels

To ultimately test our hypothesis that mitoBKCa channels are in-
hibited as a consequence of Aβ-membrane interactions, we used en-
antiomeric Aβ1–42 consisting of D-amino acids (D-Aβ1–42) [38] In the
ThT fluorescence assay, D-Aβ1–42 aggregated with the characteristic lag
phase (Fig. 2B, left panel), and the TEM images showed that the oli-
gomers and fibrils of native form, L-Aβ1–42, and D-Aβ1–42, analyzed at
the same time intervals (2 h and 24 h), were alike (right panels of
Fig. 2).

In addition, the observed inhibitory effect of D-Aβ1–42 against
mitoBKCa channels was similar to that of the Aβ1–42. The D-Aβ1–42
monomers, oligomers, and fibrils in identical concentrations blocked
the channel both during the short-term (Figs. 4A, S8B, S12A) and long-
term application (Figs. 4B, S9, lower panel, Fig. S12B). In particular, in
the presence of 5 μM peptide in the recording chamber, the normalized
Po decreased to the following values: 50% for monomers (0.40 ± 0.15
compared to the control of 0.81 ± 0.095, n = 4, P ≤ 0.01), 28% for
oligomers (0.22 ± 0.11 compared to the control of 0.77 ± 0.07,
n = 4, 6, P≤ 0.01) and 23% for fibrils (0.165 ± 0.10 compared to the
control of 0.71 ± 0.075, n = 4, 6, P ≤ 0.01) (Fig. 4C). Other con-
centrations were also found to be effective, especially when the fibrils
were used. In this case, the minimal normalized Po was equal to 46%.
As with the previous two types of peptides, the inhibitory effect of D-
Aβ1–42 was almost completely reversible after washing it from the
chamber (Figs. 4B, C, S9, lower panel, Fig. S12B). Thus, in the case of
the monomers, the channel activity was restored to 97% (0.78 ± 0.07,
n = 4, P ≤ 0.01), after washing out the oligomers – to 114%
(0.88 ± 0.06 n = 3, P ≤ 0.01), and after washing out the fibrils – up
to 96% (0.68 ± 0.07, n = 5, P ≤ 0.01) (Fig. 4C). The calculated IC50

values were 2.7 μM, 1.5 μM, and 0.6 μM for the monomers, oligomers,
and fibrils of D-Aβ1–42, respectively (Fig. 4D).

Taken together, the data indicate that the monomeric form of D-
Aβ1–42 was slightly less effective than oligomers and fibrils of D-Aβ1–42,
but it still significantly blocked mitoBKCa channels.

As a result of our studies, three forms of Aβ peptides in two or three
aggregate states were compared. All the peptides had inhibitory activity
against mitoBKCa channels. Fig. 5 presents a comparison chart of the
maximum channel inhibition by 5 μM Aβ peptides. Aβ25–35 monomers
and fibrils were equal in their inhibitory effects (64% and 63%, re-
spectively). In the case of Aβ1–42 and D-Aβ1–42, the results showed si-
milar tendencies. That is, the monomers were the weakest inhibitors
(57% and 55%, respectively), while the oligomers (71% and 68%, re-
spectively) and fibrils (73% and 79%, respectively) showed slightly
more pronounced effects. Nevertheless, it should be emphasized that
the overall range of inhibition (55%–79%) was not very wide.

Additionally, no statistical significance for the rate of inhibition by the
monomers vs. oligomers vs. fibrils was obtained. Taken together, these
findings may be evidence of a common mechanism of blocking the
mitoBKCa channel by the studied peptides in all their forms, despite the
physicochemical differences between their aggregate forms. We believe
that the membrane-mediated inhibition of the studied channel explains
the results described above.

4. Discussion

4.1. Alzheimer's disease and mitochondria

One of the most prominent hallmarks of AD is the impairment of
mitochondrial function [39,40]. This impairment includes the upregu-
lation of mitochondria-endoplasmic reticulum contacts in AD patients
[41], disturbances to the lysosome-to-mitochondria signaling pathway
[42], blocking of mitochondrial biogenesis and dynamics and, most
notably, increased oxidative stress [43]. Consistent with these ob-
servations is the knowledge that Aβ is present not only in extracellular
fluids but also accumulates in various intracellular compartments, in-
cluding the endoplasmic reticulum, Golgi, endosomes, lysosomes [44],
exocytotic vesicles and mitochondria [45,46], and it seems to pro-
foundly impair the functions of some of these organelles, especially
mitochondria [15,47,48] and lysosomes [49,50]. For example, the
connection between Aβ-induced neuronal necrosis and the activity of
the mitochondrial permeability transition pore has been demonstrated
[20]. Furthermore, Aβ causes neuronal death by activating the caspase
pathway, promoting mitochondrial fission, increasing reactive oxygen
species production and disrupting mitochondrial membrane perme-
ability [21].

4.2. The physiological role of mitochondrial BKCa channels as potential
targets in AD

Ion channels are potential targets for Aβ in mitochondria taking into
account the importance of their functions. BKCa channels are involved
in many cellular processes [51]. Being in the plasma membrane, they
regulate, for instance, the resting membrane potential, smooth muscle
contraction, and neuron firing. In lysosomes, BKCa channel forms a
complex with the transient receptor potential cation channel, member 1
(TRPML1) and provides positive feedback for Ca2+ release by TRPML1,
enabling an influx of K+ into the lysosomes and leading to hyperpo-
larization [52]. In mitochondria, the mitoBKCa channel, which consists
of pore-forming α subunits as well as modulatory β4 subunits, is ad-
ditionally associated with complex IV of the respiratory chain and mi-
toBKCa channel activity is modulated by electron transport chain sub-
strates probably by a redox mechanism [33]. In this context interesting
is a fact that activation of mitoBKCa channels is an important factor for
the recovery of cardiac function after ischemia/reperfusion injury when
reactive oxygen species production is significantly increased [53,54]. It
was found that gain-of-function mutations resulting in activation of
mitoBKCa channels reduced the amount of reactive oxygen species
produced by complex I and complex II/III in transgenic mouse hearts
after ischemia/reperfusion, and this production was further decreased
with ischemic preconditioning. Although the presence of mitoBKCa

channels in brain mitochondria has been well-established [55,56],
mitoBKCa channel involvement in neuroprotection is inferred only from
pharmacological studies [57,58].

In general, taking into account multiple functions played by BKCa

channels localized in different compartments, as well as the presence of
Aβ in these compartments, blocking the activity of BKCa channels by Aβ
peptides must have important consequences. Nevertheless, only a few
reports indicate the role of the BKCa channel located in the neuronal
plasma membrane in the etiology of AD [31,59–61]. It was found that
the application of Aβ25–35 or Aβ1–40 to acutely isolated rat neurons
caused a reduction in whole-cell voltage-activated BKCa currents. This
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effect was specific to cholinergic but not to gamma aminobutyric acid-
generating neurons [30]. Using the patch-clamp technique on inside-
out excised membrane patches, Qi and Qiao [31] discovered that very
short Aβ fragments (25–35) and (31–35) blocked the activity of the
plasmalemmal BKCa channels what was confirmed by recordings of the
activity of BKCa channels in whole hippocampal neurons [32]. Sur-
prisingly, no full-length Aβ1–42 was tested in these studies, nor was the
mechanism or physiological significance investigated. Yamamoto et al.

described Aβ1–42-induced changes in Ca2+ influx into neurons via
voltage-dependent Ca2+ channels and showed the dependence of this
process on BKCa modulators [59]. In addition, the role of calcium-ac-
tivated potassium currents in hippocampus-dependent learning was
investigated with hippocampal neurons of a TG2576 transgenic AD
mouse model [62]. Other authors used the TgCRND8 mouse model of
AD to show the connection between field excitatory postsynaptic po-
tential and the activity of BKCa channels in the hippocampus [63].

Fig. 4. Inhibition of the single-channel activity of mitoBKCa channels by D-enantiomeric Aβ1–42. (A). Typical activity of a mitoBKCa channel at different voltages in
the control conditions (left panel) and after addition of 5 μM monomeric D-Aβ1–42 (right panel). (B). Typical recording of the single-channel activity of the mitoBKCa

channel after the addition of different concentrations of D-Aβ1–42 monomers. (C). Dependence of mitoBKCa channel open probability on the concentration of D-Aβ1–42
in the monomeric, oligomeric and fibrillar form (n = 3–6). (D). Dose-response relationship curves and IC50 values of mitoBKCa channel inhibition by the monomers,
oligomers, and fibrils of D-Aβ1–42. Data shown in (A–D) were obtained in the symmetric 150/150 mM KCl solution containing 100 μM Ca2+. ** – P ≤ 0.01 (as
compared to the control), ## – P ≤ 0.01 (as compared to 5 μM of D-Aβ1–42). See Fig. 3 for full description.
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In the context of mitoBKCa channels, Jafari and colleagues [28]
described changes in the mitoBKCa channel properties associated with
β4 and α subunit expression and increased production of reactive
oxygen species. The authors used an animal model of AD in which
Aβ1–42 was injected intracerebroventricularly.

4.3. Impact of membrane mechanics on the activity of BKCa channels

Several studies have shown that BKCa channels, both in the plasma
membrane [64–68] and in the mitochondrial membrane [35], are me-
chanosensitive, meaning that their activity is dependent on the local
tension within the membrane [69,70]. Most mechanosensitive channels
open in response to mechanical stretching and bending of the mem-
brane when some physicochemical parameters of the membrane are
altered, including lipid packing and mobility or membrane thickness
[71]. Indeed, it was shown that the activity of the BKCa channel is
modulated by changes in bilayer thickness [72]. However, the same
effects could be the result of the binding of cations such as Mg2+, Ca2+,
and Gd3+ [73,74] and the insertion of small molecules into the mem-
brane [75]. Gd3+ blocks the activity of BKCa channels [68], empha-
sizing the fact that this channel is influenced by the physical state of the
membrane [76]. BKCa channels are activated by conical and amphi-
pathic small molecules such as chlorpromazine [77], or ethyl-L-(((4-
chlorophenyl)amino)oxo)-2-hydroxy-6-trifluoromethyl-1H-indole-3-
carboxylate (CGS7184) [35,78]. They also open bacterial [79,80] and
eukaryotic [81] mechanosensitive channels, underscoring their indirect
(membrane-mediated) but not the direct (protein-mediated) me-
chanism. These data indicate that BKCa channels are sensitive to “un-
specific” membrane modifiers.

4.4. Binding of Aβ to lipid membranes

Aβ may be considered as membrane modifying molecule. Numerous
studies provide evidence that monomeric Aβ binds to lipid membranes.
For instance, the results from small-angle neutron scattering and neu-
tron membrane diffraction revealed that the monomeric Aβ could an-
chor to the negatively charged bilayers, affecting the lateral motion of
the membrane lipids [82]. It also seems likely that Ca2+ ions can in-
crease Aβ-bilayer interactions by making the dimyristoyl phosphati-
dylglycerol bilayer partially cationic and thus attractive to the anionic
Aβ peptide [83]. Nuclear magnetic resonance spectroscopy performed
at low temperatures to stabilize monomeric Aβ showed that initial in-
teractions between Aβ and the lipid membranes are predominantly
controlled by the surface features of the membrane rather than the
hydrophobic characteristics [84]. It has been demonstrated that
monomers of Aβ bind to membranes. Is it, however, true for all ag-
gregate forms of Aβ, including amyloid fibrils? Indeed, not only the Aβ
monomers [85], but also oligomers [86], and fibrils [87] bind to
membranes, although the mechanisms of binding could differ between
these forms. For instance, atomic force microscopy studies indicated
that the Aβ fibrils embed laterally into the membrane, displacing the
upper leaflet of the bilayer [86] and suggesting that the tension profile
of the bilayer is affected. On the other hand, the Aβ oligomers impact
the bilayer in a detergent-like fashion [86].

A number of studies point to membrane gangliosides (more speci-
fically GM1) as significant players in binding and inducing the ag-
gregation pathway of Aβ [88,89]. However, gangliosides are not nor-
mally detectable in mitochondrial membranes [90]. The studies by
Sahoo et al. [91] with the use of lipid nanodiscs of different composi-
tions showed that all of them promoted Aβ aggregation indicating that
GM1 is not exclusively needed for this process. However, the presence
of GM1 might be important for the outcome of Aβ interactions with the
membranes. Sciacca et al. [92] demonstrated that membrane disruption
by Aβ occurs by a two-step process – first, soluble oligomers bind to
membranes to form small channel-like pores; second, Aβ fibril elon-
gation results in membrane fragmentation through a detergent-like
mechanism. Furthermore, it was shown that pore formation occurs at a
lower level in the absence of gangliosides while membrane disruption
by fibrils is completely dependent on gangliosides. It seems that binding
of Aβ to mitochondrial membranes might have a different outcome in
comparison to the process observed for the plasma membrane. In this
case, mitochondrial membranes will induce aggregation of Aβ without
the formation of channels or membrane disruption. Indeed, we did not
observe in our electrophysiological study any membrane disruption
with the native full-length Aβ1–42.

Another key player in modulating the pathway of amyloid forma-
tion on the lipid bilayers seems to be its thickness [93] and aggregation
of amyloids on bilayers can reduce local bilayer thickness via me-
chanical strain [94]. Binding of Aβ can also increase membrane visc-
osity and curvature. For instance, a study in which so-called viscosity-
sensing fluorophores were employed revealed a decrease in bilayer
viscosity upon incubation of giant unilamellar vesicles with Aβ1–42
oligomers, while Aβ1–42 fibrils did not affect their microviscosity [95].
It was proposed that fluorescent probe diffusion does not measure
viscosity but the free volume of the membrane, which is related to the
membrane tension [96] – indicating that Aβ alters this characteristic. In
another study it was shown on cell-sized liposomes that Aβ monomers
induced budding transformation of membrane domains indicating for
changes in tension and curvature [97].

4.5. Mechanism of inhibition of mitoBKCa by Aβ

In our studies, we observed inhibition of mitoBKCa channel activity
by all Aβ forms. We started experiments with the simplest amyloid beta
fragment, Aβ25–35, which previously was shown to inhibit plasma-
lemmal BKCa channels [31,32]. This short fragment was reported to be

Fig. 5. Comparison of the inhibitory effect of all used in the study structural
forms of Aβ25–35, Aβ1–42, and D-enantiomeric Aβ1–42 in the concentration of
5 μM. The rate of inhibition of the single-channel activity of the mitoBKCa

channels was normalized to the control (standard patch-clamp buffer without
Aβ addition) (n = 3–6) (see Materials and Methods). The effect of paxilline
(5 μM) represents the full blocking of mitoBKCa channel activity. Open prob-
ability was calculated for short and continuous recordings at −40 mV. Data
were obtained in the symmetric 150/150 mM KCl solution containing 100 μM
Ca2+. P > 0.05 for the rate of inhibition by the monomers vs. oligomers vs.
fibrils.
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present in AD patients' brains [98,99]. It is also an established model
preserving the main features of Aβ – aggregation, and toxicity [100].
Both, short peptide Aβ25–35 monomers and fibrils decreased the activity
of mitoBKCa channels. The Aβ25–35 monomers were the most effective
species in channel blocking, with an IC50 of 0.6 μM, i.e., they were>
10-fold more effective than Aβ1–42 monomers. This fact was correlated
with the membrane-destabilization potential of Aβ25–35 monomers
which formed active channels at concentrations ≤5 μM. Similar effect
has not been observed for Aβ1–42 in our experiments. Aβ25–35 seemed to
undergo oligomerization that differed from that of Aβ1–42 since no
visible lag phase was observed during the aggregation process. For this
reason, no experiments with forms defined as Aβ25–35 oligomers were
reported in our study.

Likewise, above-mentioned Aβ25–35, Aβ1–42 inhibited mitoBKCa

channels. We noticed only small quantitative differences in the effec-
tiveness of mitoBKCa channel blocking, and these differences could
depend on the Aβ aggregation state. The inhibition of the channels by
Aβ1–42 oligomers and fibrils was stronger when compared to the in-
hibition by the respective monomers. In particular, the affinity (char-
acterized by IC50), as well as the effect on mitoBKCa channels at the
maximal concentration (5 μM), for Aβ1–42 monomers was approxi-
mately 1.5- to 10-fold lower than it was for the oligomers and fibrils.
This observation is consistent with that of a study proving that the
oligomeric Aβ adsorbs to liposomes or cortical homogenates to a
greater extent than its monomeric form [101]. Thus, it seems that the
conformation and aggregation states of Aβ are important in regulating
the degree of interaction with lipid membranes. Solvent-exposed hy-
drophobic domains were detected in the oligomeric Aβ but were not
present in either the monomeric Aβ or in mature amyloid fibrils [102].

It has to be noticed that the concentration of fibrils used in our
experiments is based on the molar concentration of Aβ monomers.
However, due to the polymeric structure of the fibrils, their effective
molar concentration is several orders of magnitude lower. As a con-
sequence, if a defined binding site on a mitoBKCa channel protein was
the target for both monomers and fibril binding, the fibrils would be
several orders of magnitude less effective at inhibition than monomers.
However, since both forms are effective to a similar extent, one can
assume that the area or volume occupied by Aβ peptides determines
their effectiveness, not their concentration level, further supporting the
membrane-mediated mechanism explanation. It is also to be noticed
that the Aβ25–35 fibrils displayed notably different morphology in
comparison to that of the fibrils of the full-length Aβ1–42, nevertheless,
both forms were effective towards mitoBKCa channels to a very similar
extent (IC50 of Aβ25–35 and Aβ1–42 fibrils equal to 1.45 and 1.1 μM,
respectively).

In summary, it should be stressed that, despite the uncertainties of
the mechanism by which Aβ alters properties of membranes [103] and
the different modes of binding by different aggregate forms of Aβ, the
mechanical properties of the membrane were profoundly affected by all
of them. In addition, since each of these forms exhibits distinct struc-
tural features [104], it is not conceivable that Aβ binds to the mitoBKCa

channel directly at a defined site, instead, the membrane-mediated
mechanism should be considered.

The definitive evidence for a membrane-mediated mechanism of Aβ
peptide blocking of the mitoBKCa channels is found in our experiments
with the enantiomeric form of Aβ1–42 (i.e., D-Aβ1–42). Studies of this
kind in different experimental systems have been previously carried
out. For instance, it was found that D-Aβ1–42 forms channels, with be-
havior in the lipid bilayer that was indistinguishable from that, de-
scribed earlier for the L-Aβ enantiomer [102]. D-Aβ channels were
blocked by Zn2+, a known blocker of L-Aβ channels. Molecular dy-
namics simulations further verified the existence of β barrel-like Aβ
channels with D- as well as L-enantiomers. Since these channels can
directly mediate Aβ effects, even in the absence of direct receptor-
peptide interaction, it was suggested that Aβ toxicity is mediated
through a receptor-independent, nonstereoselective mechanism [105].

However, several in vitro studies with L- and D-Aβ enantiomers gave
somewhat contradictory results. In a study by Cribbs et al. [38], both
enantiomers induced similar toxicity in cultured hippocampal neurons.
In contrast, in another study on cortical neurons, only L-Aβ1–42 was
neurotoxic, as indicated by the inhibition of long-term potentiation and
phosphatidylserine was identified as a potential stereospecific target
[106]. Similarly, in a study carried on PC12 cells, L-Aβ1–42 induced
approximately 40% of the maximum lactic acid dehydrogenase (LDH)
release, whereas D-Aβ1–42 was much less effective, inducing 10% of
LDH release, indicating some stereospecific action [107]. Interestingly,
the complete lack of stereospecificity was observed in the case of in-
hibition of the PIEZO1 channel by Aβ1–42. The mechanosensitive
PIEZO1 channel is gated by membrane tension and curvature
[108,109]. Using fluid shear stress as a stimulus, Maneshi et al. [110]
discovered that Aβ1–42 monomers inhibit PIEZO1 channels at low
femtomolar concentrations, while the Aβ1–42 oligomers proved to be
much less effective. Presumably, the impact of Aβ on PIEZO1 gating did
not involve peptide-protein interactions since the D- and L-enantiomers
had similar effects. Studies with fluorescently labeled Aβ and PIEZO1
revealed that Aβ can localize in the same regions of the membrane as
PIEZO1 does, suggesting the modulation of cell membrane mechanics
[111]. PIEZO1 is also inhibited by another membrane-binding peptide,
GsMTx4, in a nonstereospecific way [112]. Both enantiomeric forms –
the native L-GsMTx4 and the D-GsMTx4 – modify the gating of the
PIEZO channels, which is a finding inconsistent with the lock-and-key
model of ligand-protein interactions.

In the case of Aβ inhibition of mitoBKCa channels by direct protein-
peptide binding, one might expect that this interaction would be ste-
reospecific. However, it was not observed in our experiments given that
both enantiomers (L- and D-Aβ1–42) were effective. Channel blocking
was obtained for the monomeric, oligomeric and fibrillar forms of D-
Aβ1–42 with characteristics similar to the blocking attributed to Aβ1–42.
In contrast to our results there are studies on cholesterol derivative 24S-
hydroxycholesterol, a membrane component, that blocks BKCa channels
by stereospecific binding to channel protein within the membrane
[113–115]. Taken together, these findings indicate the membrane-
binding propensity of Aβ, but not specific Aβ structure, played a crucial
role in mitoBKCa channel blocking.

The importance of the action of Aβ on a membrane channel-forming
protein as a target in mitochondria is underscored by the fact that we
never observed ion channel activity of Aβ1–42 itself, although the ac-
tivity of such channels in the plasma membrane exposed to the oligo-
mers of Aβ1–42 has been reported and was attributed to Aβ1–42 toxicity
[22,86]. Our observation could be partially explained by the lack of
GM1 ganglioside mentioned above or findings of a study by Wong et al.
[116], who showed that membrane binding and pore formation by
Aβ1–40 proceeds in two distinct steps. In their investigation, oligomers
of Aβ1–40 interacted preferentially with negatively charged membranes
in the gel, liquid-crystalline, and liquid-ordered phases, which changed
the peptide conformation to a similar extent. However, membrane
permeabilization was highly dependent on the fluidity/phase of the
membrane, as a decrease in its fluidity was associated with reduced
permeability. Therefore, under our experimental conditions at room
temperature (c.a. 21 °C), Aβ1–42 might not have been able to perforate
the membrane patches. In agreement with this finding, Aβ1–42 did not
exhibit any effect on Δψmt when incubated with isolated mitochondria
at 30 °C, even at high concentrations [117]. This finding differs from
that of Aβ25–35, which frequently caused the destabilization of mem-
brane patches and erratic currents in agreement with previous studies
showing fast membrane permeabilization by this peptide [37]. In the
end, we cannot exclude the possibility that ion channels are formed by
oligomers of Aβ1–42 in mitochondrial membranes in vivo at 37 °C;
however, a growing number of new studies (showing that not only
oligomers but also monomers and fibrils of Aβ1–42 are toxic) have in-
dicated that Aβ oligomer ion channel-related toxicity is not the only
possible pathological mechanism in AD.
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Despite the strong evidence for a membrane-mediated action of Aβ
peptides towards mitoBKCa channels, we cannot completely exclude
some interactions between the peptides and the channel proteins. The
Aβ interactome is very large, and Aβ binding to some proteins resulted
in their co-aggregation, including glyceraldehyde-3-phosphate dehy-
drogenase [118], α-synuclein [119], prion protein (PrP) [120,121],
neuroserpin [122], and LL-37 [123]. Also, it was found that Aβ induced
the aggregation of bovine serum albumin, insulin, myoglobin, cyto-
chrome c or lysozyme or even simple aromatic amino acids such as Tyr,
Trp, or Phe through a cross-seeding mechanism [124]. The fact that a
large number of proteins interact either with Aβ or other amyloidogenic
proteins [125] calls for basics mechanism what is supported by studies
in which co-aggregation was also found in an artificial model of beta-
sheet fibril-forming proteins [126].

Irrespective of the fact that some peptide-protein interactions be-
tween Aβ and BKCa channels can take place, we argue that the mem-
brane-mediated inhibition mechanism is more plausible. First, the in-
hibition was caused by all aggregate forms of Aβ. Second, the blocking
effect of Aβ was observed, irrespective of the side of the membrane to
which it was applied. Third, the inhibition was similar for both en-
antiomeric forms. Moreover, Aβ-membrane interaction seems to be
more physiologically relevant. Based on our results, we propose a
simple membrane-mediated mechanism in which the area occupied by
Aβ at the membrane determines the extent of mitoBKCa channel

inhibition (Fig. 6).

5. Conclusions

We have provided strong evidence that Aβ blocks the mitoBKCa

channel by a membrane-mediated mechanism. We also argue that the
results of our studies have a broader impact on the understanding of AD
etiology, as the mitoBKCa channel could be considered not only a de-
fined target in mitochondria but also as a common model of other BKCa

channel isoforms, such as those located in lysosomes and the plasma
membrane. Furthermore, in the prevalent model of AD, oligomers of Aβ
are considered to be the main neurotoxic species; however, in the
context of our studies, the monomers and amyloid fibrils might also
contribute to the progression of AD by exerting a modulatory effect on
membrane components.
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