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Intracellular ion changes induced by the exposure to beta-amyloid can be explained by the
formation of channels in the lysosomal membranes
Dmitry V. Zaretsky*, Maria V. Zaretskaia
Zarbio, Chapel Hill, NC 27516, USA
ABSTRACT
In this manuscript, we reassess the data on beta-amyloid-induced changes of intracellular ions concentrations
published previously by Abramov et al. (2003, 2004). Their observations made using high-resolution confocal
microscopy with fast temporal resolution of images formed by fluorescent ion-sensitive fluorescent probes in living
cells represent an unequivocal support for the amyloid channel theory. However, closer look reveals multiple facts
which cannot be explained by channel formation in plasma membrane. Recently proposed amyloid degradation
toxicity hypothesis provides the interpretation to these facts by considering that channels are formed in the
lysosomal membranes.
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Amyloid channels and their visual demonstration
using high-resolution microscopy
The amyloid channel theory of Alzheimer’s disease
is the only amyloid-centric theory that identifies the
primary molecular interaction which can be directly
linked to the processes resulting in neuronal
disfunction and eventual cell death. In the 1990s,
several groups used electrophysiological techniques
to demonstrate the formation of ion channels in lipid
membranes by either Aβ1-40, or Aβ1-42, or its short
fragment (Aβ25-35) [4-7, 10, 19, 22-25]. Atomic force
microscopy images of beta-amyloid aggregates [18]
supported the existence of such channels. However,
AFM studies were performed in artificial membranes,
while it was critical to demonstrate unequivocally that
amyloid-induced ion disturbances in living cells can be
attributed to membrane channels.
The studies by Abramov et al. [1, 2] provided the
most visual support for the amyloid channel theory.
Along with numerical data, the authors described and
showed the convincing visual of intracellular ion
concentrations, which at first glance is impossible to
interpret in any other way than a formation of the nonselective amyloid channels in the plasma membrane.
The theory of the methods for measuring intracellular
concentrations of ions is described in the
Supplemental materials for the reference. The cited
publications are unique in that they contain not one but
several key observations which are critical for the
support of the amyloid channel theory.
First, the studies confirmed that the exposure to
beta-amyloid increased intracellular calcium levels.
However, the authors stressed that the responses
were not smooth changes recorded in some studies
[9], but consisted of sporadic fluctuations in

cytoplasmic calcium similar to the observations of
others [8]. These fluctuations looked like waves or
oscillations running over minutes, so they occur over
a much slower time scale compared to typical calcium
changes occurring in these non-excitable cells. Also,
when manganese is present in the incubation medium,
each increase of calcium is accompanied by a
proportionate entry of manganese, which matches the
concept of channel non-selectivity.
Next, using confocal imaging with a high temporal
and spatial resolution, the authors demonstrated that
increased concentrations of cytoplasmic calcium
looked as if they were generated primarily by diffusion
from a local source. The spike originated from a focal
point and spread through the cell. However, unlike
self-propagating IP3 based signals, calcium waves
were decrementing with distance.
Consistent with most studies on cells, the formation
of channels was not immediate. Calcium waves
started to appear at least several minutes after an
addition of the peptide to the incubation medium.
Finally, the concentrations of cytoplasmic calcium
were mirrored by intracellular concentrations of other
ions: sodium, potassium, and protons. Similarly, each
wave of calcium corresponds to the inflow of
manganese. It appeared that once the membrane
becomes permeable to one ion, other ions start flowing
across the membrane as well.
These observations together match the concept of
membrane channel formation well. Nevertheless,
there were some discrepancies between the observed
ion fluxes and those which can be predicted based on
existing ion gradients.
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Figure 1. Schematics of the changes of intracellular ion concentrations induced by Aβ exposure.
A: Theoretical prediction based on the permeabilization of plasma membrane.
B: Experimentally observed changes.
Ion changes do not match theoretical predictions
based on channel formation in plasma membranes
The focal increase in the concentration, which
extends over time and decreases with distance, is so
visual that it is very difficult to reject that the membrane
permeabilization occurs very locally in a specific spot.
This local disruption of the barrier function does not
spread as it would happen with a lipid vesicle if it was
broken by a physical object. Instead, it is quickly
repaired. Also, as was shown in electrophysiological
studies, the channels permeabilize membranes to
calcium, sodium, potassium, and other ions. The fact
that intracellular ion concentrations mirror each other
is consistent with the non-selectivity of channels. We
cannot find arguments to reject channel formation as
the reason of ion disturbances. However, a closer look
reveals multiple facts that cannot be explained by
channel formation in plasma membrane. The key word
here is “plasma”.

Figure 2. The schematic showing experimental
changes of intracellular calcium concentration
waves coincident with oscillations of intracellular
pH observed after exposure to Aβ.

First, while raising the intracellular calcium matches
the concept of a plasma membrane channel,
concentrations of other ions mirroring the calcium
fluctuations are not consistent with common sense
predictions based on existing transmembrane
gradients. It is typical for the cytoplasm to have sodium
levels below that of the extracellular liquid, while the
intracellular potassium concentration is higher than
the one in cellular surroundings. In this case, opening
the plasma membrane channels should increase
intracellular sodium, but decrease intracellular
potassium (Fig.1A). However, in the cited
manuscripts, Abramov et al. report exactly the
opposite: sodium goes down, while potassium
increases (Fig.1B). Non-specific channels in plasma
membrane cannot explain the observed changes of
ion concentrations.
Second, the calcium influx coincides with
acidification waves (Fig.2). The authors suggested
that this can be explained by Ca2+/H+ exchange [1], but
the degree of synchronization of the flows suggests
that they are driven by the same mechanism, rather
than being caused by one another. The plasma
membrane channel cannot be that mechanism.
Third, the reason for the occurrence of ion
concentration oscillations is not known. If we are to
accept the concept that the outbound change in
concentration is caused by the opening of the channel,
then it would be critical to understand what causes the
restoration of the concentration. At first glance, it is
possible that membrane leakage can be counteracted
by active transmembrane transport. However, we
argue that the recovery is initiated by the inability of
the channel to deliver more ions. Specifically,
manganese, which is entering through the channel,
cannot be taken out, so after it enters the cell and
quenches the calcium-sensitive probe, it remains
intracellularly (Fig.3). If the channel would remain
open to the source of manganese, manganese would
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Figure 3. The schematic showing experimental
changes of intracellular calcium concentration
waves coincident with quenching of Fura-2
fluorescence induced by entering Mn2+ induced by
the exposure to Aβ.
continue to accumulate intracellularly, but that does
not happen. In contrast, other ions, that have active
mechanisms
defining
their
intracellular
concentrations, such as sodium, potassium, and
calcium, return to pre-wave levels.
Quite reasonably, the alternative possibility is that
the restoration of ion gradients is associated with a
closure of the channel. However, this possibility does
not match the frequencies of channel opening-closing
recorded electrophysiologically [4, 6, 22]. In model
membranes, permeability transitions in amyloid
channels occur either in the millisecond range (fast
changes) or in a matter of seconds (slower switching).
In contrast, waves - recorded in living cells - are on a
minute scale. Also, closed channel in model
membranes could become reopen again, but that was
not readily observable in living cells. An alternative
explanation is that the opening of a channel is actually
an average of the channel being in an oscillating openclose state. If so, the restoration of ion gradients can
be explained by a complete closure of the channel, or
more likely its disappearance. This is a reasonable
hypothesis, considering that the plasma membrane is
continuously repaired. The removal of damaged
permeabilized membrane areas is one of the key
repairing strategies which any cell, especially an
excitable cell, needs to have. However, this second
explanation would suggest that such a repair occurs
within seconds after the damage takes place: in the
original recordings, the moment of channel closure is
close to the peak of the wave, which occurs less than
30 seconds after the peak starts (see Fig.2 in Abramov
et al, 2004). In the presented figures, many waves
reach their maximum within 10 seconds. We would not
claim that such fast repair is not possible, but it feels
reasonable to search for an alternative explanation, so
we will present one in the next section.
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Finally, there are always significant delays in the ion
concentration response after beta-amyloid exposure,
and the length of these delays has a significant
variability. The point of comparison is critical here. In
electrophysiological studies, the formation of
channels, in fact, takes minutes. In studies on lipid
bilayers published by the laboratories of Arispe [6, 7]
and Kagan [20, 22], the appearance of the current
corresponding to the opening of a channel occurs
within minutes after the addition of the peptide to the
incubation medium. By contrast, in studies, that
included lipid vesicles with enclosed fluorescent
probes, the permeabilization was fast – Alarcon et al.
[3] and Zaretsky et al. [30, 31] reported complete
equilibration within seconds after adding the channelforming peptide. This discrepancy is most likely due to
the difference between settings – channel-forming
units made of peptide can quickly enter the
membrane, which happens in liposomes that are
efficiently mixed with the added peptide. In turn, the
fragility of the lipid bilayer does not allow such fast
mixing, so the delay occurs due to the diffusionmediated transport of the peptide to the membrane
surface, but not because of slow channel formation
itself. From this perspective, the plasma membrane of
cells with enclosed fluorescent probe should behave
similarly to liposomes, so the channels should form
quickly, but this is not what is shown experimentally.
As we will discuss below, within our framework of
interpretation of molecular and cellular events, this
delay of response receives its explanation.
To summarize, while the discussed data supports
the amyloid channel theory, there is a list of
observations that cannot be or is difficult to explain by
channel formation in the plasma membranes:
1. Synchronous and mirroring flows of multiple ions,
with the changes in cytoplasmic concentrations
of sodium and potassium which are opposite to
the potential effects of permeabilization of
plasma membranes.
2. Significant intracellular pH oscillations which
mirror calcium waves without any temporal offset.
3. Significant delay in ion responses to betaamyloid exposure.
4. Fast disappearance of calcium inflow and
reversal of the cytoplasmic concentrations to prewave level.
5. Presence of multiple short-lived waves that do
not correspond to known opening-closing
transitions of amyloid channels, which were
studied using electrophysiological methods.
Data interpretation based on amyloid degradation
toxicity hypothesis
The recently developed amyloid degradation toxicity
hypothesis [32] provides the working framework for
interpreting these observations.
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In short, this hypothesis considers that Aβ is taken
inside the cells by endocytosis. After the endosome is
merged with lysosomes, the peptide is degraded by
proteases, which can produce fragments with the
ability to form membrane channels. Lysosomal
membranes carry a significant negative surface
charge, which is needed for the incorporation of the
channel into the membrane - so formed channels
permeabilize lysosomes. Amyloid channels are not
selective, so they can transfer various ions, including
sodium, potassium, and calcium [7]. Lysosomal
permeabilization was well described previously [16,
28, 29] and can result in the leakage of even larger
compounds [16, 27].
How does the transfer of the location of the action
from the plasma membrane to the lysosome fits the
described experimental findings of Abramov et al.?
We will try to explain the five points mentioned above
sequentially.
First, lysosomal permeabilization does not open the
exchange between the extracellular space and the
cytoplasm, so the predictions about the direction of the
ion flows based on concentrations in respective
compartments are not relevant anymore. It is
important to note that we do not have data on
intralysosomal concentrations of sodium and
potassium, so we cannot estimate how lysosomal
permeabilization would affect cytoplasmic sodium and
potassium. Therefore, we cannot assign lysosomal
permeabilization as the reason for the observed
changes in sodium and potassium. The mirroring of
potassium and sodium waves with calcium without
temporal offsets allows us to hypothesize that the
mechanism is similar between all ions, though.
Second, lysosomal permeabilization readily explains
the waves of calcium and counteraction between
calcium and protons (see Fig.4 for the illustration).
Lysosomes are a well-known storage of calcium, with
intralysosomal concentrations exceeding cytoplasmic
concentrations by up to two orders [11]. Obviously, the
permeabilization of a single lysosome will result in a
local spike of calcium concentration (exactly as
observed by Abramov et al.). Similarly, intralysosomal
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content is acidic, with pH levels below 5 [21], which
corresponds to the proton concentration being almost
three orders higher than in the cytoplasm. The inflow
of protons into the cytoplasm will mirror the inflow of
calcium.
Third, along the amyloid degradation toxicity
hypothesis, the delay in ion responses after the
addition of beta-amyloid to cells is due to the time
required for the endocytosis of extracellular amyloid
and its digestion into fragments. In fact, endocytosed
beta-amyloid accumulates in the lysosomes and
remains associated with lysosomal markers for
extended periods of time. After uptake, the
concentrations of intracellular beta-amyloid fall just
below 50% in 24 h [28]. Each permeabilized lysosome
does not kill the cell; it requires either the cumulative
effect of the failure of multiple organelles or the
creation of an extremely large membrane channel that
releases lysosomal proteases initiating apoptotic and
necrotic mechanisms [14, 15, 17, 26]. Therefore, this
slow time course also explains why the decrease in
cell survival requires long incubations (in contrast,
large plasma membrane channels should kill exposed
cells quickly).
Forth, the influx of calcium into the cytoplasm from a
permeabilized lysosome is limited by the storage
volume of this lysosome, so the end of the wave will
not require any changes to the channel itself – the
wave would be short-lived due to the limited amount of
calcium stored inside particular lysosome. Importantly,
the recovery of pre-wave levels of both calcium and
pH could occur due to the active processes of
transmembrane transport controlling the intracellular
milieu, but in the case of a single wave, also through
existing buffering systems for both ions. Within this
framework, if manganese was present in the
incubations solution, the ion will be trapped in the
endosomes together with endocytosed Aβ. Lysosomal
permeabilization by non-selective channels would
release the trapped manganese and result in stepwise
decreases of total fura-2 fluorescence (measured by
excitation at 360 nm), occurring simultaneously with
calcium spikes (measured ratiometrically). Due to the

Figure 4. A: Distribution of calcium concentrations and pH in cytoplasm and lysosomes. B: The direction
of ion flows after a channel is formed in lysosomal membrane. C: The changes of cytoplasmic calcium
and pH after lysosomal permeabilization (compare with experimental changes depicted at the Fig.2.
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absence of mechanisms that remove manganese from
the cytoplasm, this quenching will not look like
oscillations or waves, but rather steps.
Finally,
the
appearance
of
multiple
waves/oscillations in this scenario is most likely the
result of the sequential permeabilization of multiple
lysosomes inside a single cell. Studies using
fluorescently labeled Aβ demonstrate multiple
endocytic vesicles that also carry lysosomal markers
[28]. Similarly, a fluorescent membrane-impermeant
marker such as Lucifer Yellow also accumulates in
lysosomes of cultured cells [16]. If cells pre-loaded
with Lucifer Yellow are exposed to the exogenous Aβ,
the leakage of the dye is visible on confocal images
[16, 29]. Importantly, within each cell, it looks like
multiple lysosomes become permeabilized, which
matches the observation of multiple oscillations of
calcium in the discussed studies [1, 2].
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Conclusions
Two manuscripts from Abramov et al. provide very
visual support of the existence of amyloid channels.
For obvious reasons, when cells are exposed to the
exogenous amyloid, readers are prone to assume that
the target for channel formation is in the plasma
membranes of the exposed cell. Due to the
incompatibility of this assumption with experimental
observations, the results of the outstanding
experimental project did not fill the gaps in our
knowledge about amyloid toxicity. In this review, we
attempted to correct this omission.
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Supplemental materials
Fluorometric methods of measuring intracellular
ion concentrations
To interpret the data of Abramov et al. [1, 2] properly,
it is important to understand the methods which were
used to measure the concentrations of intracellular
ions.
Calcium measurements using Fura-2. This
fluorescent probe binds calcium with the dissociation
constant in the sub-micromolar range [12, 13]. After
binding calcium, the absorption maximum of Fura-2
shifts into shorter wavelengths, while the emission
maximum remains relatively unchanged. If the
emission is measured at 510 nm, then the maximal
absorption (and excitation maximum as well) of
calcium-free probe occurs at a wavelength of just
above 360 nm and of calcium-bound – at 340 nm. Due
to this property, the ratio of fluorescence intensities at
maxima corresponding to the free anion form and
calcium complex form allows to determine the percent
of calcium complex independent of the amount of
probe, absolute sensitivity of sensors, etc. To make
the ratio most sensitive to the calcium concentration,
two fixed wavelengths are used for Fura-2: 340 and
380 nm. Ratiometric probes are preferred for use in
cultured cells, where loading with the probe (using
membrane-permeable esterified analogs which are
converted into non-permeable fluorescent probes by
intracellular esterases) can be variable. The spectra of
Fura-2 in solutions with various concentrations of free
calcium are shown at Fig.A1. This ratio is not
dependent on the amount of working probe, so can be
used to estimate free calcium concentrations in the
presence of quenchers of fluorescence, which make
some fura-2 molecules unable to bind calcium.
Fura-2 is charged and is not permeable through
undamaged membranes. To load cells with the probe,
the neutral cell-permeable acetoxymethyl (AM) ester
form (Fura-2AM) is used. After Fura-2AM diffuses
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Figure A1.
Fluorescence excitation spectra of
fura-2 in solutions containing 0–1350 nM free Ca2+.
Emission is measured at 510 nm.
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across the plasma membrane, cytoplasmic esterases
cleave AM groups. After enzymatic hydrolysis, the
charged compound remains entrapped inside the cell
and its fluorescence can be used to measure the
cytoplasmic concentration of free calcium (as a ratio
F380/F340).
Due to the unidirectional entry of Fura-2AM into the
cells, the intracellular concentration of the probe can
significantly exceed the extracellular concentration. By
binding calcium, the probe can become a calcium
buffer, which would smooth the changes of
intracellular calcium. Such smoothing can explain why
the oscillatory changes were observed as a uniform
increase in some studies.
Quenching of Fura-2 with manganese. If the
fluorescence is excited at 360 nm, its intensity does
not depend on calcium concentration (isosbestic point)
and can be used to estimate the amount of the probe
available for the measurements. If manganese (Mn2+)
is added to quench the fluorescence of Fura-2, the
ratiometric measurement is still providing the
concentration of free calcium, but the fluorescence
excited at 360 nm can inform about the degree of
quenching. The decrease of Fura-2 fluorescence after
the addition of Mn2+ can be used as a measure of the
quencher availability in the vicinity of the probe. The
addition of extracellular manganese does not affect
the fluorescence of the intracellular probe until
manganese is transferred into the cytoplasm through
some mechanism.
Measurement of intracellular pH and other ions. The
principles of measuring pH using BCECF are the same
as those of measuring calcium with Fura-2 – the
excitation spectrum of this fluorescein derivative
changes over the pH range that is close to
physiological levels. The principles of pH
measurements using SNARF-1 are very similar,
except that the spectral shift induced by pH changes
affects the emission spectrum of the fluorescent probe
(not excitation as in case of Fura-2 or BCECF).
Similarly, SBFI to measure sodium and PBFI to
measure potassium concentrations are ratiometric
probes (excitation spectra shift after binding
corresponding cation).
Unlike Fura-2 and all other used probes, the
calcium-sensing probe Fluo-4 does not change the
fluorescence spectra after binding calcium. It is
essentially non-fluorescent in calcium-free form, but
becomes fluorescent after binding calcium. The
appearance of fluorescence can be used to monitor
free calcium concentrations. Considering the
dissociation constant of Fluo-4 with calcium, it can
detect increases of calcium concentration below 1 µM.
All probes are loaded into cells using their respective
AM-forms.
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