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Abstract. Alzheimer’s disease (AD) is a degenerative disease of the central neural system 

which causes irreversible damage to neuron structure and function. The main hypothesis 

concerning the cause of AD is excessive accumulation of amyloid-β peptides (Aβ). There has 

been recently a surge in studies on neuronal morphological and functional pathologies related 

to Aβ-induced mitochondrial dysfunctions and morphological alternations. What is the 

relation between the accumulation of Aβ in mitochondria, decreased production of ATP, and 

the large number of mitochondria with broken or scarce cristae observed in AD patients' 

neurons? The problem is complex, as it is now widely recognized that mitochondria function 

determines mitochondrial inner membrane (IM) morphology and, conversely, that IM 

morphology can influence mitochondrial functions. In our previous work (Khalifat et al., 

Biophys J, 2008) we designed an artificial mitochondrial IM - a minimal model system (giant 

unilamellar vesicle, GUV) mimicking the IM. We showed experimentally that modulation of 

the local pH gradient at the membrane level of cardiolipin-containing vesicles induces 

dynamic membrane invaginations similar to the mitochondrial cristae. In the present work we 

show, using our artificial IM, that Aβ renders the membrane unable to support the formation 

of cristae-like structures when local pH gradient occurs, leading to the failure of this cristae-

like morphology. Fluorescent probe studies suggest that the dramatic change of membrane 

mechanical properties is due to Aβ-induced lipid bilayer dehydration, increased ordering of 

lipids, loss of membrane fluidity, and possibly to Aβ-induced changes in dynamic friction 

between the two leaflets of the lipid membrane. 

 

Keywords: Alzheimer’s disease, mitochondria, amyloid-β (1-42) peptide (Aβ42), biophysical 

phenomena, lipid bilayers, liposomes, pH gradient, videomicroscopy, micromanipulation, 

fluorescence polarization 
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INTRODUCTION 

 

Mitochondria in Alzheimer’s disease and the role of the amyloid-β  peptide 

 

 Alzheimer’s disease (AD) is a degenerative disease of the central neural system which 

causes massive neuronal loss, leading inevitably to progressive degeneration of mental 

capacities, and, ultimately, to death [1]. It is recognized that the progress of AD  leads to  

morphological and functional neuronal pathologies at the extracellular as well at the 

intracellular level, both levels being non-exclusive and probably coupled [2, 3]. It is clear now 

that the increased level of amyloid-β  (Aβ ) peptide monomers, although not inherently 

harmful, leads to the formation of a diversity of Aβ aggregates (oligomers, proto-fibrils, 

fibrils) which are involved in a variety of pathological mechanisms when accumulating in the 

extra- and/or  intracellular space of neurons. Recently, a surge in studies on AD-related 

neuronal pathologies focused on Aβ-induced mitochondrial dysfunctions and morphological 

alterations  [4-10]. The present work examines these problems using, for the first time, a bio-

mimetic artificial membrane approach.  

 The origin of intramitochondrial Aβ is far from certain [11]. The excessive production 

of Aβ  peptide monomers results from the abnormal enzymatic cleavage of the amyloid-β  

protein precursor (AβPP) [12], a trans-membrane protein localized mainly in the cell 

membrane as well as in several intracellular sites, including the Golgi apparatus, endoplasmic 

reticulum, endosomal-lysosomal system and multivesicular bodies [2]. It is also possible that 

previously secreted Aβ, which forms the extracellular Aβ pool, could be taken up by cells and 

internalized into intracellular pools ([2] and articles cited therein). It is logical to presume that 

Aβ might gain access to the mitochondrial matrix by an intracellular trafficking mechanism 

with involvement of a specific transport mechanism on the mitochondrial membrane [10]. 
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Furthermore, it was recently shown that Aβ can be imported from the cytoplasm into 

mitochondria via the translocase of the outer mitochondrial membrane (TOM) machinery 

[13]. The same study also demonstrated that Aβ accumulates in the mitochondrial cristae both 

in vivo and in vitro.   However, with the recent localization of AβPP in mitochondial 

membrane fraction from brain of AD cases [14], the possibility of in situ Aβ production 

within mitochondria should be explored. 

 In comparison with normal specimens, mitochondria from AD patients show a larger 

variety of shapes and sizes  as well as altered cristae morphology. A number of electron 

microscopy morphometric studies have shown mitochondria with broken (disrupted) cristae 

[15-17], see Supplementary-Fig. 1B and Supplementary-Fig. 2. Studies of AD cybrid cells 

proved they contained increased percentage of enlarged or swollen mitochondria that had a 

pale matrix and scarce cristae [16, 18]. Morphologies of “ healthy” and “AD” mitochondria 

are shown in Supplementary-Fig. 1A-1B, respectively. It has been shown as well that in the 

case of AD some mitochondrial DNA (mtDNA) and some respiratory chain proteins, e.g. 

cytochrome oxidase-1, were present in the cytosol, instead of being,  respectively, in the 

mitochondrial matrix and associated with the internal mitochondrial membrane [15]. On the 

other hand, the direct effect of Aβ on mitochondrial properties was further suggested by in 

vitro experiments in which cultured cells or isolated mitochondria were exposed to Aβ. Thus, 

it is now known that the Aβ accumulation in mitochondria promotes free radical generation 

and oxidative damage to all biomolecular types – DNA, RNA, proteins, lipids and sugars [19] 

(see as well Supplementary-Fig. 3).  The altered enzymatic activity of proteins is the main 

result of the oxidative stress in which lipids play an important role in the terms of lipid 

peroxidation and the effect of the latter on protein structure and functions.  

 Surprisingly, the mechanisms relating the accumulation of Aβ in mitochondial cristae 

and matrix to the large number of mitochondria with broken and sparse cristae observed in 
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AD patients' neurons were not evoked. The problem is a challenging one, as it is now widely 

recognized that mitochondria function factors determine the inner membrane morphology 

and, conversely,  that inner membrane  morphology can influence mitochondrial functions 

[20-25] (see as well Supplementary-Fig. 1C). Indeed, it has been shown that cristae have a 

predominantly tubular nature, and, that the tubular structure of  mitochondrial inner 

membrane is dynamic and coupled with the mitochondrial physiological state (in “healthy”, 

as well as in “sick” mitochondria). Oxidative phosphorylation machinery proteins (electron 

transport chain proteins and ATP-synthase dimers) are located mostly in the cristae and the 

efficient work of this machinery, driven by acidity (pH) gradients, requires precise conditions 

regarding inner membrane tubular morphology. 

 What could be the factors that determine the failure of mitochondrial inner membrane 

morphology in the case of AD? Our hypothesis is the following: Aβ-induced  alterations of 

the purely physical properties of the lipid bilayer could be the direct cause for this failure. We 

tested this hypothesis using artificial model system as described below. 

 

Designing GUVs for the study of the dynamics of mitochondrial inner membrane morphology 

 

 In our previous work [26] we offered some original insights into the factors that 

determine the tubular structures of mitochondrial inner membrane cristae. In that study we 

designed a minimal IM model system, namely giant unilamellar vesicles (GUV) made of 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), and cardiolipin (CL), PC /PE / CL 

60:30:10 mol/mol.  We showed experimentally (using micromanipulation and microinjection) 

that the modulation of local pH gradient at membrane level of cardiolipin-containing lipid-

only vesicles induces dynamic tubular membrane invaginations (Supplementary-Fig. 4, and, 

Supplementary Movie1_SF4). These tubular dynamic structures  were called “cristae-like” 
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as they mimic very well the mitochondrial IM morphology revealed by 3D electron 

microscopy (Supplementary Fig. 1-C). Our membrane model system helped reveal the 

inherent capacity of cristae morphology to become self-maintaining and to optimize ATP 

synthesis. Furthermore, our recent work [27] reported a chemically driven membrane shape 

instability (modulated by a source of pH gradient) that triggers the ejection of an 

exponentially-growing tubule. The instability is initiated by a dilation of the exposed outer 

leaflet which is coupled to the membrane spontaneous curvature and slowed down by 

intermonolayer friction. It is to note that the model, presented in details in [27] for the case of 

increasing local pH, is valid as well for the case of decreasing local pH (local acidification).  

 In the present work, we use  again giant unilamellar vesicles (GUVs) as a biomimetic 

system in order to study the mitochondrial IM. This allowed us to perform direct real time 

visualization of morphological changes induced by the amyloid-β (1-42) (Aβ42). We show 

that Aβ renders the membrane incapable of supporting the dynamics of tubular structure 

formation when a local pH gradient occurs, ultimately leading to the failure of cristae-like 

dynamic morphology. This is the case even when no problems were observed regarding 

membrane static behavior. In order to elucidate the molecular mechanisms underlying the 

failure of tubular structures formation, we carried out fluorescence studies of membrane 

properties involving Aβ42 interacting with artificial membranes mimicking the mitochondrial 

IM (designed as large unilamellar vesicles (LUVs)). The results suggest that dramatic changes 

in membrane dynamic properties at the scale of the entire GUV result from Aβ42-induced 

membrane local dehydration, increased ordering of lipids, and loss of membrane fluidity. 

Aβ42-induced changes in dynamic friction between the two leaflets of lipid membrane may 

take place as well. 

 

 



 7

MATERIALS AND METHODS 

 

Reagents 

 

 Lipids were obtained and used without further purification as follows: egg yolk L-α-

phosphatidylcholine (PC), Sigma; egg L-α-phosphatidylethanolamine (PE), heart bovine 1,3-

bis(sn-3-phosphatidyl)-sn-glycerol diphosphatidylglycerol (cardiolipin, CL), brain porcine L-

α-phosphatidylserine (PS), Avanti Polar Lipids. Fluorescent probes 6-propionyl-2-

dimethylaminonaphthalene (Prodan), 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan) 

and 1,6-diphenyl-1,3,5-hexatriene (DPH) were from Molecular Probes Inc. Invitrogen ; 

Thiofavin T (ThT) - from Sigma. Amyloid-β (1 - 42) peptide (Aβ42), synthetic, was from 

Sigma. Reversed peptide amyloid-β (42-1) (R-Aβ42) was from Invitrogen (gift from Shi Du 

Yan, Columbia Univ. NY). EDTA and Dimethylsulfoxyde (DMSO) were from Sigma. 

HEPES – from Interchim. 

 

Preparation of GUVs modeling the mitochondrial inner membrane (IM) 

 

 Giant unilamellar vesicles (GUVs) were formed from PC/PE/CL 60:30:10 mol/mol by 

the liposome electroformation method [28-30] in a thermostated chamber. The particular 

electroformation protocol established in [26]and used in this work was as follows: single 

lipids as well as lipid mixture solutions were prepared in chloroform/diethyl ether/methanol 

(2:7:1) at 1 mg/ml of total lipid. A droplet of lipid solution (1 µl) was deposited (avoiding 

sliding) on each of the two parallel platinum wires (diameter 0.8 mm, distance between axes 3 

mm) and dried under vacuum for 15 min. An AC electrical field, 10 Hz, 0.26 V pp, was 

applied to the electrodes. Buffer solution (2 ml, pH 7.4, HEPES 0.5 mM, EDTA 0.5 mM, 
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temperature about 25°C) was added (avoiding agitation) to the working chamber. The voltage 

was gradually increased (over 2 h) up to 1 V pp and kept for 15 more minutes before 

switching the AC field off. The GUVs were ready for further utilization. In each preparation 

at least 10 GUVs of diameter 50 - 80 µm were available.  

 

Imaging GUVs  

 

  We use a Zeiss Axiovert 200M microscope, equipped with a CDD camera (Cool 

SNAP HQ). The experiments were computer controlled using the Metamorph software 

(Roper Scientific).The morphological transformation and dynamics of the membrane were 

followed by phase contrast microscopy. 

 

Microinjection 

 

 We made our micropipettes with internal diameter 0.3 µm, by pulling borosilicate 

glass capillaries using Narichige pipette puller PC-10. We used an Eppendorf FemtoJet for the 

local microinjection. The injection pressure was 15 - 25 hPa, and the initial distance from the 

GUV membrane – about 10 µm. The hydrodynamics of the solution injected by the 

micropipette could be visualized and thereby we could estimate that the part of the GUV 

membrane directly affected by the microinjection was about 10%. In fact, we aimed to locally 

modulate the proton concentration in order to create a local pH gradient at membrane level. 

Visualizing the flux from the micropipette also allowed us to estimate the dilution of the acid 

solution after injection. We calibrated the pH as a function of the dilution of 100 mM HCl pH 

1.6 in the buffer in which the GUVs were formed (HEPES  0.5 mM, EDTA 0.5 mM, pH 7.4). 
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That allowed us to estimate the local pH value effectively created at the GUV membrane 

during the HCl delivery to be about pH 4 to 5.  

 

Preparation of LUVs modeling the mitochondrial inner membrane (IM) 

 

 Large unilamellar vesicles (LUVs) were prepared using the extrusion method [31]. 

Samples were prepared by dissolving and mixing lipids PC/PE/CL 60:30:10 mol/mol in 

chloroform / methanol (9.4 : 0.6). Thereafter the solvent was removed under a stream of 

oxygen-free dry nitrogen (30 min). The residues were subsequently maintained under vacuum 

for 2 hours and then HEPES buffer, pH 7.4 (HEPES 5 mM, EDTA 0.1 mM) was added at 

room temperature (23°C) to yield a lipid concentration of 1 mM. The samples were heated at 

30°C for 30 minutes, vortexed for 2 min and left in a sonication bath for 30 min, vortexed 

again for 1 min to ensure more uniform vesicle dispersion, and incubated again at 30°C for 15 

min. The multilamellar vesicles were then extruded with a LiposoFast small-volume extruder 

equipped with polycarbonate filters (Avestin, Ottawa, Canada) as follows: 10 extrusions 

through 800 nm, and after that 21 extrusions through 100 nm filters. LUV average size was 

about 118 nm. The fluorescent probes (Prodan, Laurdan and DPH) were mixed with the lipids 

in the initial organic solution. We used the fluorescent probes at low concentrations in order 

not to perturbed the lipid bilayer native structure (1 fluorophore per 200 lipids in the case of 

Prodan and Laurdan, and 1 fluorophore per 500 lipids in the case of DPH). LUVs samples 

were kept at 4°C, and used for measurements the day after. 

 

Spectrofluorimetry of LUVs 
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  Steady-state fluorescence emission measurements were carried out using a Cary 

Eclipse Spectrofluorimeter equipped with polarizers and a thermostated cuvette holder (± 

0.1°C). 

 

Measurements of Prodan and Laurdan generalized polarization (GP) in relation with lipid 

bilayer order and hydration  

 

 Both fluorescent probes Prodan and Laurdan, [32, 33], contain the same fluorophore 

(dimethylaminonaphthalene) linked to a saturated acyl chain – propionyl (C3) for  Prodan and 

lauroyl (C12) for Laurdan. The fluorescent naphthalene moiety of these probes possesses a 

dipole moment due to a partial charge separation between the 2-dimethylamino and the 6-

carbonyl residues. Upon excitation, this dipole moment increases and may cause reorientation 

of surrounding solvent molecule dipoles. The energy spent for reorientation (dipolar 

relaxation ) of solvent dipoles decreases the probe's excited state energy which is expressed in 

a continuous red shift of the probe's steady-state emission spectrum. Laurdan, due to its lauric 

acid tail, is tightly anchored in the hydrophobic core of phospholipid bilayers, with its 

fluorescent moiety residing at the level of  the phospholipid glycerol back-bone. Prodan, 

however, with its shorter propionyl tail, is more loosely anchored in the bilayer. 

Consequently, it is located closer to the aqueous surface and is able to sense the more freely 

rotating water dipoles. The dipolar relaxation of water molecules surrounding phospholipid 

bilayers containing Prodan or Laurdan occurs in the lipid liquid-crystalline phase but not in 

the gel phase. That makes fluorescence emission maxima dependent on the phase state of the 

lipids: emission is blue (maximum emission Iblue at about 440 nm) in the gel phase and green 

(maximum emission Ired at about 490 nm) in the liquid-crystalline phase. The maximum of 

Prodan and Laurdan excitation for both gel and liquid-crystalline state is about 355 nm. The 
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generalized polarization (GP) function was defined as follows in order to describe the 

intermediate states of lipid membrane structure (states between pure gel and pure liquid-

crystalline phase):   

 

redblue

redblue

II
II

GP
+
−

=  ,  

 

Thus, one has GP = -1 in pure liquid-crystalline, GP = 1 in pure gel phase membrane, and -1 

< GP < 1 in any intermediate (or mixed) membrane states. Therefore, an increase in GP 

indicates, on average, a more ordered and less hydrated lipid membrane structure [33]. 

 

Measurements of DPH anisotropy (rDPH) in relation with lipid bilayer fluidity 

 

 Fluorescent probes can be used to monitor the order and dynamics within the acyl 

chain region of liposome lipid bilayers [34]. One can study the DPH fluorescence anisotropy 

using excitation with polarized light. The excitation probability of a chromophore is 

proportional to cos2θ where θ is the angle between the electric field vector of incident light 

→

E  and electric absorption dipole moment of the chromophore. Therefore, the chromophore 

molecules with absorption dipole moment parallel to 
→

E  will be excited with highest 

probability. The excitation of chromophore population by linearly polarized light leads to 

photo-selection (anisotropy) of  excitation. Furthermore, the plane of polarization of the 

emitted light is not determined by the absorption dipole moment but by the transition dipole 

moment (which is generally not parallel to the absorption dipole moment), and the probability 

of  emission of fluorescence with the plane of polarization at an angle Φ  with respect to the 

transition dipole moment is proportional to sin2Φ. One should note that, even if the absorbers 
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were perfectly aligned with the plane of polarization of the exciting linearly polarized light 

→

E , the emitted fluorescence will not be linearly polarized because of sin2Φ, a property called 

fluorescence depolarization. Many other factors can increase the extent of emitted 

fluorescence depolarization (in other words, can decrease the extent of fluorescence 

polarization, or, anisotropy); the most important one is the motion of the chromophore 

molecule. If the emitter is rotating very rapidly (e.g., due to the Brownian motion)  so that 

there is a substantial change in orientation during the lifetime of the excited state, the 

fluorescence polarization (or, the fluorescence anisotropy) will be further reduced. This is an 

important phenomenon because the extent of this type of depolarization (or, fluorescence 

anisotropy loss) is affected by temperature, solvent viscosity, and the size and shape of the 

molecule containing the emitter. Conversely, a rise in anisotropy indicates increasing 

restrictions in orientation during the lifetime of the fluorophore excited state, and thereby, for 

example, for an increasing viscosity (decreasing fluidity) of the fluorescent probe's 

environment. 

 Fluorescence depolarization can be quantified, for example, by the term: 

  

VHVV

VHVV

GII
GIIr
2+

−
= ,  

 

called fluorescence anisotropy (r). Here, IVV, IVH, IHV, and IHH are the fluorescence intensities 

measured for the corresponding orientations (V, vertical; H, horizontal) of the polarizer (the 

first index) and the analyzer (the second index) in our system. The sensitivity of  the detection 

system for vertically and horizontally polarized light is taken into account by introducing the 

factor  
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G = IHV / IHH.  

 

 In this work we included DPH in our model lipid membranes and measured its 

fluorescence anisotropy (rDPH) in order to study the effects of Aβ on lipid membrane fluidity 

as far as Aβ peptide interactions with lipid membrane might induce changes in lipid bilayer's 

structure, and thereby, change the extent of membrane hydration as well as its fluidity, as 

demonstrated in [35]. 

 

Preparation of Aβ42 peptide and control solutions 

 

 The Aβ stock solution (1 mg/ml ≈ 220 µM Aβ in DMSO): synthetic amyloid-β (1-42) 

peptide (Aβ42) (commercially presented as a dry film at the bottom of the flask) was dissolved 

(at 1 mg/ml ≈ 220 µM, at least 12h before further use) in DMSO, an organic solvent efficient 

for keeping the peptide in monomeric form, as suggested in [36] (this stock Aβ-in-DMSO 

solution was kept at 4°C). The buffer (0.5 mM HEPES, 0.5 mM EDTA, pH 7.4 ): adjusted to 

pH 7.4 with NaOH. The Aβ buffer solution (0.05 mg/ml ≈ 11 µM Aβ peptide, 5 vol% DMSO, 

0.5 mM HEPES, 0.5 mM EDTA, pH 7.4):  aliquots of the Aβ stock solution was diluted at 

5:95 v/v in the buffer. Control solution (5 vol% DMSO, 0.5 mM HEPES, 0.5 mM EDTA, pH 

7.4): DMSO was diluted at 5:95 v/v in the buffer to final DMSO concentration of 5 vol%.  

 

Aβ42 state of aggregation and fibril formation detection 

 

 The process of Aβ monomer aggregation (sample “aging”) starts as soon as the Aβ 

buffer solution is prepared from the stock (Aβ42 in DMSO) solution. It is known that the 

relative fraction of different size aggregates (monomers, oligomers, proto-fibrils, fibrils) 
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changes with the sample “age”, ultimately giving a dominant fraction of large aggregates 

(fibrils) [37]. In particular, studies of the evolution of Aβ solutions  under different physico-

chemical conditions have shown that high peptide concentrations boost the aggregation 

process.  Moreover, it is possible to reconstitute the effects of concentrations on the 

aggregation kinetics by the presence of various amounts of “seeds” (Aβ oligomers, proto-

fibrils) in solutions of the freshly dissolved peptide [38]. Here we would like to stress that 

following simultaneously the kinetics of different size Aβ aggregates (monomers, oligomers, 

proto-fibrils, fibrils) proved to be a complicated technical task [37]. However, following only 

the kinetics of Aβ fibrils formation (i. e., the aggregation final product) is possible using the 

classical (simple) method of Thioflavine T (ThT) fluorescence [37-40] which is also the 

method we have adopted in this study. The ThT bonds specifically to Aβ fibril aggregates but 

not to Aβ monomers neither to Aβ oligomers. The ThT, at concentrations above its CMCThT ≈ 

4 µM, interacts with the β-sheets of Aβ fibril aggregates which leads to changes in ThT 

fluorescence, thus offering a means of studying the kinetics of Aβ aggregation to fibrils. 

(Note that the ThT does not interact with Aβ fibrils at pH ≤ 5, as both species are positively 

charged at that pH range.)  

 ThT fluorescence is characterized by two types of spectra: (i)  the characteristic 

spectrum of free ThT in aqueous solution (in absence of Aβ fibrils) with λex/λem 330/445 nm; 

(ii) the characteristic spectrum of ThT linked to Aβ fibrils (in presence of Aβ fibrils) with 

λex/λem 450/482 nm [37, 40, 41]. In order to study the kinetics of Aβ fibrils formation, we 

added (at given times) aliquots of the Aβ42 buffer solution to ThT aqueous solutions (ThT 35 

µM, 270 µl, at 25°C) and checked for the characteristic fluorescence of  the two states of ThT 

fluorophores presented in the medium: the free ThT , and, the ThT linked to Aβ fibrils. Thus, 

we always measured the total ThT fluorescence in the three cases: in the Aβ buffer solution 
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(11 µM Aβ42 peptide, 5 vol% DMSO, 0.5 mM HEPES, 0.5 mM EDTA, pH 7.4), in the 

control  solution (5 vol% DMSO, 0.5 mM HEPES, 0.5 mM EDTA, pH 7.4), and, in the buffer  

(0.5 mM HEPES, 0.5 mM EDTA, pH 7.4). The variation of linked ThT emission (λex/λem 

450/482 nm) as a function of time (given in relative units as emission intensity of  ThT in the 

Aβ buffer solution / ThT in the control solution) represents the kinetics of Aβ fibrils 

formation. 

 

RESULTS 

 

Aβ42 induces failure of GUVs cristae-like morphology  

 

 Fig. 1 represents the kinetics of Aβ42 fibrils formation using the data shown in 

Supplementary-Fig. 5 where the total ThT fluorescence for a sample of an Aβ42 buffer 

solution is presented after aging 4h, 22h, 47, and 95h, respectively (as described in Materials 

and Methods). Fibril formation proved to be fast under the given conditions (11 µM Aβ42 

peptide, 5 vol% DMSO, 0.5 mM HEPES, 0.5 mM EDTA, pH 7.4, T=25°C);  practically no 

lag time was observed. This result suggests the possible presence of “seeds” (Aβ42 oligomers) 

in the initial Aβ buffer solution, according to [42]. Fibril formation reaches saturation at an 

“age” of ~ 40h in our peptide buffer solution. The dashed lines indicate the state of the two 

kinds of Aβ42 buffer solutions (aged about 1h, and about 48h, respectively) used in this work 

for studying Aβ42 peptide interactions with model membranes. According to previous studies 

[37], one can conclude that the Aβ42 peptide was present mainly in fibrils at saturation in our 

Aβ42 buffer solutions aged 48h (henceforth referred to as “aged” Aβ), while the fibrils were 
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still  rare (a dominating fraction of monomers, oligomers and some protofibrils) in the Aβ42 

buffer solutions aged 1h (henceforth referred to as “fresh” Aβ). 

 Our GUVs (modeling the mitochondrial inner membrane leaflet which is exposed to 

cytoplasmic pH) were prepared from PC /PE / CL 60:30:10 mol/mol in buffer at pH 7.4 by 

the electroformation method [28] and observed directly using optical video microscopy 

system. We started the study of Aβ42 / membrane interactions by adding locally at the GUV 

exterior Aβ42 buffer solution (using a micro-pipette, injection time ≈ 40 min) and observing 

the resulting GUV behavior during the following 2h. We then induced local acidification 

(adding locally by a micro-pipette, outside the GUV, 10 to 100 mM HCl solutions) in order to 

test the capacity of this GUV to develop the characteristic cristae-like morphology. Tests 

were carried out in a manner similar to our experiments studying the dynamics of 

mitochondrial IM morphology described in the introduction as well as in [26], and illustrated 

in Supplementary-Fig. 4 (Supplementary Movie1 – SF4). In this manner, we tested the 

capacity of GUVs, pretreated with either “aged” or “fresh” Aβ42 buffer solution, to develop 

the characteristic dynamic cristae-like morphology. 

 The capacity of the GUV (pretreated with Aβ42 peptide) to develop cristae-like 

morphology failed in both cases, but in a different manner, as described below. That was 

probably due to different underlying mechanisms, as we shall discuss further. 

 (i) The case of “aged” Aβ. Fig. 2 and Supplementary Movie2_F2 present GUV 

mimicking the internal mitochondrial membrane being treated locally with an “aged” Aβ42 

buffer solution. A peptide-induced increase of membrane thermal fluctuations indicated a 

lowering of GUV global membrane tension which can be due to increasing GUV excess area. 

The vesicle shape changed from quasi-spherical (frame: 0s) to flaccid (frame: 390s). No 

visible changes were observed further up to about 40 min treatment with the Aβ solution. No 

membrane local deformation was observed. The vesicle preserved its integrity, and no visible 
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membrane damage occurred. The Aβ  fibrils can associate initially with the GUV membrane 

by electrostatic interactions (the protein and the membrane exhibiting positive and negative 

surface potentials, respectively, at pH 7.4), as suggested in [43, 44]. After this electrostatic 

adsorption, a partial penetration of the fibril's hydrophobic face into the lipid bilayer takes 

place [44] as indicated by the increase in membrane thermal fluctuations. Next, we tested the 

capacity of this GUV to develop cristae-like morphology upon local acidification (see Fig. 3 

and Supplementary Movie3_F3). The local acidification (adding 10mM HCl by 

micropipette) initiated local membrane deformation (frame: 4.7s) followed by brutal 

macroscopic rupture of the membrane zone affected by the acid (frame: 5.2s), and explosion 

of the GUV (frame: 6s). When acid addition was stopped, the damaged membrane zone 

“healed”, forming a kind of “scar” (dense clumps), (frame: 46.5s). No cristae-like 

morphology was developed. 

 We interpret the observed brutal membrane rupture as isoelectric precipitation upon 

the local acidification of the Aβ fibrils previously associated with the GUV membrane. 

Indeed, it was shown that upon acidification Aβ is susceptible to isoelectric precipitation 

when the peptide is near to its pI of 5.5 [45]. In such a case, a greater fraction of peptide is 

converted into a “mat” of amorphous filamentous aggregates having hydrophobic surfaces 

and agglomerating into insoluble structures, being distinctly different from fibrils formed at 

pH 7 to 8 [45, 46]. Regarding our experiment, such hydrophobic amorphous Aβ aggregates 

probably form on the membrane upon the local acidification, and, instantaneously, they try to 

occupy the hydrocarbon core (hydrophobic aliphatic chains) of lipid bilayer, destabilizing it, 

and, inducing catastrophic consequences for the membrane integrity. 

 (ii) The case of  “fresh” Aβ . Fig. 4 and Supplementary Movie4 _F4 present a GUV 

mimicking the internal mitochondrial membrane being treated locally with “fresh” Aβ42 

buffer solution. In the beginning, vesicle size (frame: 0s) slightly decreased (frame: 193.3s). 
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No visible further changes were observed up to about 40 min treatment with the Aβ solution. 

Like in the case of treatment with “aged” Aβ buffer solution (Fig. 2), no local membrane 

deformation was observed, the vesicle preserved its integrity, and no visible membrane 

damage occurred. We next tested the capacity of this GUV to develop cristae-like 

morphology upon local acidification (see Fig. 5 and Supplementary Movie5 _F5). The local 

acidification (with up to 100 mM HCl) induced no visible effects to the GUV membrane, in 

contrast with the brutal rupture (achieved when adding HCl solution of only 10 mM), 

observed in the case of acidification, after treatment with “aged” Aβ (Fig. 3).  Nevertheless 

no visible membrane damage occurred, and the local acidification of GUV pre-treated with 

“fresh” Aβ42 did not induce any local membrane invagination. No cristae-like morphology 

was developed, in contrast ton the case of local acidification of the control “healthy” GUV 

(all other parameters being equal). 

 We suggest that, in the case of “fresh” Aβ pretreatment, the membrane shape becomes 

“inert” with respect to creation of local pH gradient because of formation of microscopic 

(molecular scale) pores due to small Aβ42 aggregates (Aβ42 oligomers) insertion into the lipid 

bilayer. The proton gradient, induced by the local addition of acid solution, might rapidly 

dissipate across the membrane due to the presence of these pores without any macroscopic 

(vesicle scale) damage. The possibility of small ion channels formation in the case of “fresh” 

Aβ42 is supported by the results presented in [47-49]. The experimental procedures described 

therein show that the interaction of Aβ with a variety of membranes, both artificial and 

natural, results in the subsequent formation of Aβ ion channels. Moreover, molecular 

dynamics modeling results support as well the hypothesis that small Aβ oligomers can form 

ion channels in model membranes [50, 51]. 
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The similarity between the “aged” Aβ42 induced failure of GUV cristae-like morphology,  and 

the morphological features coupled with mitochondrial dysfunctions in AD presented in the 

Introduction (mitochondria with broken, disrupted, or scarce cristae), is striking. It may 

possibly be due to similar Aβ induced changes to the molecular structure and the physical 

properties of the lipid membrane. This made us extend our artificial membrane study as 

presented in the next part. 

 

Aβ42  fibrils induce lipid bilayer dehydration and decreasing membrane fluidity to LUVs that 

model mitochondrial inner membrane  

 

 The transverse profile of the lipid bilayer represents a complex environment of 

decreasing polarity starting from the polar lipid heads, through the glycerol moieties, and 

down to the furthest extent of the hydrophobic aliphatic chains. Water molecules penetrate 

into the lipid to a certain extent depending on lipid molecule organization which can be more 

or less ordered [32, 33]. The structure of the lipid bilayer is linked, in particular, to its fluidity 

(or, viscosity) [34]. Aβ peptide interactions with the lipid membrane might induce changes in 

the lipid bilayer structure, thereby changing the extent of its hydration and its fluidity [35]. 

Here we present our exploration of microscopic (molecular level) effects induced by “aged” 

Aβ42 buffer solutions on LUVs (PC / PE / CL 60:30:10 mol/mol) modeling the mitochondrial 

inner membrane and containing lipophilic fluorescent probe (Prodan, Laurdan, or, DPH). 

These fluorescent molecules localize at different depths in the lipid bilayer, thereby yielding 

information on the lipid membrane's global properties, as explained in the Materials and 

Methods.  

 We present below fluorescence spectra properties of Prodan as well as those of 

Laurdan in terms of generalized polarization (GP). The effects of Aβ42 peptide induced at the 
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level of polar lipid heads (GPPRODAN), and at the level of glycerol moieties (GPLAURDAN) are 

presented in Fig. 6 A, B. We studied generalized polarizations for different total peptide / 

lipid ratios (0; 1/100, 2/100, and 4.4/100 mol/mol). One can see that, in absence of Aβ42 

peptide, as well as for Aβ42 of low concentrations, the GPs were practically constant or 

slightly rising with time (at least up to 4h), Fig. 6 A-left, B-left. In any case, the higher the 

peptide / lipid ratio was, the faster the GP increase over time. For example, after 4h 

incubation at a peptide / lipid ratio of 4.4/100 mol/mol, the GPPRODAN  increased from -0.18 (t 

= 0h) to -0.05 (t = 4h), and the GPLAURDAN  increased from +0.015 (t = 0h) to +0.057 (t = 4h).  

Recall that an increase of  GP  indicates a more ordered and less hydrated lipid membrane 

structure [32, 33]. After kinetics measurements (lasting 4h), we gradually lowered the pH of 

the Aβ42-LUV samples by adding aliquots of acid solution (100 mM HCl), Fig. 6 A-right, B-

right. The GPs of both probes were rising when pH was decreasing. The pH effect was 

stronger at higher peptide/lipid ratio. For example, at peptide/lipid ratio 2/100 mol/mol, the 

GPPRODAN  raised from -0.15 (pH 7.4) to +0.13 (pH 3), and the GPLAURDAN  raised from +0.01 

(pH 7.4) to +0.26 (pH 3). Our experiments involving Prodan and Laurdan fluorescence reveal 

that increasing the total peptide/lipid ratio of Aβ42 fibrils, as well as decreasing the pH of the 

medium, lead to dehydration and increasing apolarity (structuring) close to the water/lipid 

interface of lipid bilayers modeling the mitochondrial inner membrane. The pH effect  was 

stronger at higher peptide/lipid ratios. Fig. 6 C presents the anisotropy of DPH (rDPH), giving 

information about membrane hydrophobic core fluidity. Adding Aβ42 to the LUV suspension 

induced a gradual increase in DPH anisotropy with the time, Fig. 6 C-left. The vesicle 

membrane becomes more viscous (less fluid) due to its interaction with the peptide, the later 

being predominantly presented as fibrils in our “aged” peptide solution. The effect is stronger 

at higher peptide/lipid ratios. After kinetic measurements (lasting 4h), we gradually lowered 

the pH of the Aβ-LUV samples by adding aliquots of acid solution (100 mM HCl), Fig. 6 C-
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right. The gradual decrease of bulk pH induces a gradual increase in DPH anisotropy. The 

rise of  rDPH was stronger for higher peptide to lipid ratios. For example, at total peptide to 

lipid ratio of 4.4/100 mol/mol,  rDPH  increases from +0.15 (t = 0h) to +0.26 (t = 4h), and, 

from +0.26 (pH 7.4) to +0.30 (pH 3). Recall that the more viscous the lipid bilayer, the less 

mobile the fluorescent probe, and the higher the anisotropy, as explained in the Materials and 

Methods. These results suggest that the DPH molecular motion is restricted by the increased 

order of the lipid fatty acid chains. 

 These results are coherent with several previous findings. Indeed, some studies 

regarding the effect of  Aβ aggregation state on the membrane fluidity, assessed by 

monitoring the anisotropy of DPH [35, 52] embedded in model membranes (POPC, POPG, 

POPC/POPE/POPS/Chol (36:36:10:18 w/w), and, POPC/POPE/POPS/Chol/gangliosides 

(33:33:10:16:8 w/w)), reported that aggregated, but not monomeric, Aβ at pH 7 induced 

decreases in membrane fluidity in all types of liposome preparations investigated. Apart from 

the studies of Aβ interactions with model membranes, reduction of Aβ induced membrane 

fluidity was found in human cortex [53] membranes. Aβ40 decreases the fluidity of mouse 

brain membranes in a concentration-dependent fashion [54]. On the other hand, the 

generalized polarization of Laurdan measurements [52] in non-CL containing lipid 

membranes led authors  to conclude that Aβ induced little to no change in membrane structure 

or water penetration near the bilayer surface. In contrast, our experiments involving Prodan 

and Laurdan fluorescence in CL containing lipid bilayers modeling mitochondrial inner 

membrane (PC/PE/CL 60:30:10 mol/mol) reveal that increasing the total peptide to lipid ratio 

of Aβ fibrils, as well as lowering the pH of the medium, lead to progressive dehydration and 

increasing apolarity (structuring) close to the water/lipid interface. This is compatible with 

[43] which reported that the fibrillation of Aβ was found to be increased significantly in the 

presence of anionic phospholipids i.e., PA, PS, CL and PIs (PI, PIP, PIP2). The effect on Aβ 
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fibrillation was dependent on the number of phosphate groups in the phosphoinositides (note 

that the CL has 2 phosphate groups).  

 

The failure of GUVs cristae-like morphology is induced specifically by the Aβ42 

 

 We carried out control experiments, using the reversed peptide R-Aβ42 (amyloid-β 

(42-1)), in order to check the specificity of Aβ42 to induce failure of the cristae-like 

morphology. Under the same experimental conditions, we tested the capacity of a GUV (pre-

treated with either “aged”, or, “fresh” R-Aβ42 buffer solution) to develop cristae-like 

morphology upon local acidification. The GUVs, upon subsequent local acidification, 

maintained their capacity to develop cristae-like tubular invaginations similar to those of  the 

“healthy” (not pre-treated with any Aβ) GUV. However, the profile and the dynamics of the 

pH-induced membrane structures was different. So, in the case of “aged” R-Aβ (Fig. 7 and 

Supplementary Movie6_F7) the pH-induced tubular structures were thicker, shorter and less 

dynamic compared to those of “healthy” GUVs, while in the case of “fresh” R-Aβ (Fig. 8 and 

Supplementary Movie7_F8) the initial tubular structures fragmented rapidly giving 

endocytic vesicles (non-reversible process). This indicates that the R-Aβ42 interacts with the 

GUV membrane but does not have the specific “fatal toxicity” impact on the cristae-like 

morphology as the native peptide (the Aβ42 ) does.  

 It is interesting to note that the findings presented recently in [55] demonstrate that 

even at low concentrations, Aβ42, as compared with the reversed peptide R-Aβ42, significantly 

impairs synaptic mitochondrial distribution and axonal mitochondrial mobility and, in 

addition, induces changes in mitochondrial morphology involving increased axonal 

mitochondrial fragmentation.  
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DISCUSSION 

 

 When developing our model systems, we aimed to mimic the following scenario:  the 

Aβ42 peptide, as presented in cytosol at pH 7.4, attains the mitochondrial inner membrane. 

When local acidification starts, as a result of the work of electron transport chain proteins, the 

inner  membrane cristae should normally develop. Our task was to investigate, by means of 

our artificial model system, whether the peptide might thwart the dynamics of the 

characteristic cristae-like membrane deformation. We took into account that the interaction of 

Aβ peptide with the membrane might depend on peptide aggregation state [35, 44] as well as 

on the local pH and temperature [38], and, that the Aβ aggregation and interaction with the 

membrane might be specifically catalyzed by the lipid bilayer [56-59]. One should emphasize 

that the state of aggregation of Aβ at the level of mitochondrial inner membrane in biological 

samples is still very difficult to determine because of the extremely low Aβ concentrations in 

this case. Additionally no experimental method exists so far for revealing the state of Aβ 

aggregation directly on the IM of unique mitochondria. The advantage of our biomimetic 

experiments is that the effects of Aβ  solutions on lipid bilayer properties and membrane 

shape transformations can be directly visualized and studied in both cases of  fibril (“aged”) 

as well as oligomer (“fresh”) Aβ. 

 In the above framework, we have shown that Aβ interaction with lipid bilayers 

mimicking the mitochondrial IM may take place without macroscopic (vesicle scale) 

membrane damage. Notwithstanding this “peaceful” (at first sight) association of the peptide 

with the lipid membrane, the Aβ thwarted the formation of cristae-like membrane structures 

upon later local acidification. Interestingly, the failure of the dynamics of cristae-like 

deformations happened in a different manner depending on whether the membrane was pre-

treated with “aged” or with “fresh” Aβ solution. In the first case macroscopic the membrane 
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was brutally ruptured as soon as membrane tubular deformation started, while in the second 

case no membrane deformation was initiated. The rupture of cristae-like tubules, due to  

pretreatment with “aged” (fibril containing) Aβ solution, was remarkably similar to the 

morphological features coupled with mitochondrial dysfunctions in Alzheimer’s disease:  

mitochondria with broken (disrupted) cristae [15-17] (see Supplementary-Figure 2), and 

mitochondria with a pale matrix and scarce cristae [16, 18] (see Supplementary-Fig. 1B).  

 We think that the remarkable potency of “aged” Aβ42 to induce mechanical damage  

(harsh disruption) of a GUV, when fast membrane shape transformation is driven by the local 

acidification (Fig. 3), might be explained by the combination of: (i) the strong capacity of 

Aβ42  fibrils to rigidify the lipid membrane, as fibrils dehydrate the membrane and decrease its 

fluidity, (ii) the specificity of Aβ42 fibrils / membrane interactions due to the presence of CL 

in the lipid bilayer, and,  (iii) the mechanical stress imposed to the membrane due to fast 

isoelectric precipitation of membrane surface bound Aβ42 fibrils, leading to peptide sinking 

into the membrane hydrophobic core. We would like to point out that, in terms of “Material 

Science and Membrane Mechanics”, the combination of rigidity and stress leads to integrity 

failure.  

 In the case of pre-treatment with “fresh” Aβ42, our results reveal a different 

mechanism for inducing failure to create a cristae-like morphology where no membrane 

deformation was initiated upon a subsequent local acidification. We could explain the 

observed lack of membrane shape “response” to the pH gradient by the possibility that small 

Aβ42 aggregates (Aβ42 oligomers) insert into the lipid bilayer and form microscopic 

(molecular scale) pores in this case. The proton gradient, induced by the local addition of acid 

solution, may rapidly dissipate across the membrane due to the presence of these pores 

without any occurrence of macroscopic (vesicle scale) membrane event. A direct test for Aβ -

induced ion channels formation in our GUVs might be designed using patch-clamp 
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techniques, similar to electrophysiological tests performed, e.g., in [60]. The practical 

realization of this task however demands careful consideration in adapting our artificial 

membrane system to the specific ionic conditions for patch-clamp recordings. 

 Finally, no matter the predominant presence of Aβ42 fibrils and / or Aβ42 oligomers, 

the result regarding our model membrane was essentially the same: the lipid membrane failed 

to develop cristae-like morphology upon local acidification. The failure of GUVs cristae-like 

morphology was induced specifically by the Aβ42 since we demonstrated that neither the 

“aged” nor the “fresh” reversed peptide (R-Aβ42) abolished the membrane capacity to develop 

cristae-like tubular invaginations. At the same time the profile and the dynamics of the pH-

induced membrane structures in the case of pretreatment with R-Aβ42 was different from 

those of  the “healthy” GUV. After all, it is not surprising that adding an amphiphilic peptide 

to the membrane would affect somehow the membrane; the point however is “what is the 

specific effect?”. Our control experiments with the reversed protein R-Aβ42 clearly show the 

beta-amyloid inhibition of cristae-like structures has a significant degree of sequence and 

structure specificity. 

  

Our work puts forward several new ideas which might be biologically relevant.  

 First, the Aβ fibril aggregates might change directly (without lipid biochemical 

degradation) the global physical properties of the mitochondrial inner membrane by 

decreasing membrane core fluidity, inducing lipid bilayer dehydration and increasing 

apolarity (structuring) close to the water/lipid interface of the lipid bilayer. Of course, the 

oxidative stress related to the specific function of the mitochondrial IM and the related lipid 

biochemical degradation (lipid peroxidation) enhance these lipid-based effects. It is 

interesting to point out in this context that significant reduction of membrane fluidity in 

membranes of mitochondria extracted from different areas of AD brains was reported in [61]. 
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The authors’ explanation was  that this might be caused by a greater lipid peroxidation of 

biological membranes.  

 Second, we suggest  that changes in lipid bilayer physical properties induced by 

Aβ fibrils may play a special direct role in membrane functions involving rapid membrane 

shape changes, this being typically the case of the mitochondrial inner membrane. In fact, the 

membrane, being “normally” visco-elastic, becomes more viscous then elastic and loses its 

capacity to respond quickly to the mechanical constraint imposed by local acidification. The 

direct consequence of these alternations could be a harsh membrane rupture due to the rapid 

membrane shape changes driven by local acidification.  

 Third, Aβ oligomers might insert themselves into the lipid bilayer and form pores (ion 

channels) in the mitochondrial inner membrane. These pores can have dramatic consequences 

regarding mitochondrial functions:  decreased mitochondrial trans-membrane potential, 

decreased capacity to accumulate calcium, and uncoupling of respiration [62, 63]. 

 

CONCLUSION 

 

 The mechanisms affecting mitochondria in AD remain controversial: any deterioration 

of mitochondrial functions may cause neuronal deficiency. Our biomimetic studies involving 

artificial membranes encourage us to put forward an original hypothesis regarding 

mitochondria deficiency and Alzheimer’s disease: AD might be a consequence of the failure 

of fundamental physical, purely mechanical properties of the mitochondrial inner membrane. 

We will call the specific Aβ toxicity in this case “mechanical toxicity”. Thus, Aβ induced 

“mechanical toxicity” could lead to a membrane inability to support the shape dynamics 

underlying, and inherent to, normal  functioning of the mitochondrial inner membrane.  
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 In addition, Aβ−fibril induced membrane dehydration, ordering, and increased 

membrane viscosity might cause membrane protein malfunctions, thereby contributing 

indirectly to the insufficiency of respiratory chain protein functions and ATP synthesis. On 

the other hand, Aβ oligomers might induce ion channels formation, compromising the driving 

force behind the characteristic tubular cristae morphology, abolishing mitochondrial 

transmembrane potential, decreasing the capacity to accumulate calcium, and uncoupling 

respiration. 
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FIGURE LEGENDS 

 

Fig. 1. Kinetics of Aβ42 fibril formation. Fibril formation was followed by the emission 

variation of ThT linked to Aβ fibrils (λex/λem 450/482 nm) as a function of time. The ThT-Aβ 

complex specific fluorescence is given in relative units, i. e., corresponding to the intensity of  

ThT in Aβ buffer solution (35 µM ThT, 11 µM Aβ42 peptide, 5 vol% DMSO, 0.5 mM 

HEPES, 0.5 mM EDTA, pH 7.4) divided by the intensity of ThT in control solution (35 µM 

ThT, 5 vol% DMSO, 0.5 mM HEPES, 0.5 mM EDTA, pH 7.4) at a given time. Each point 

has an error ≈ ± 12 %. One can notice that under the given conditions, fibril formation reaches 

saturation at sample “age” of about 40h. The dashed lines indicate the state of the two kinds 

of Aβ buffer solutions, “fresh” and “aged” Aβ buffer solutions (aged of about 1h, and of 

about 48h, respectively) used in this work for studying Aβ42 peptide interactions with model 

membranes.  

 

Fig. 2. Effect of “aged” Aβ42 buffer solution on a GUV mimicking mitochondrial inner 

membrane (PC/PE/CL 60:30:10 mol/mol). See also Supplementary Movie2_F2. Local 

treatment (frames: 57 to 374s) with “aged” (48h after preparation) Aβ42 buffer solution (11 

µM Aβ, 5 vol % DMSO, 0.5 mM HEPES, 0.5 mM EDTA, pH 7.4). GUV, made from 

PC/PE/CL 60:30:10 mol/mol in buffer 0.5 mM HEPES, 0.5 mM EDTA, at pH 7.4, as a model 

of the mitochondrial inner membrane leaflet exposed to cytoplasm pH. Peptide-induced 

increase of membrane thermal fluctuations indicating lowering of GUV global membrane 

tension. Vesicle shape changed from quasi-spherical (frame: 0s) to flaccid (frame: 390s). No 

local membrane deformation was observed. The vesicle preserved its integrity, no visible 

membrane damage occurred. T = 25°C.  
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Fig. 3. Test of  the capacity of a GUV, pre-treated with “aged” Aβ42 buffer solution 

(shown in Fig. 2), to develop cristae-like morphology upon local acidification. See also 

Supplementary Movie3_F3. Adding locally 10 mM HCl (outside the GUV by a 

micropipette) initiated local membrane deformation (frame: 4.7s), followed by harsh rupture 

of the membrane zone affected by the acid (frame: 5.2s), and explosion of the GUV (frame: 

6s). As soon as acid addition was stopped, the damaged membrane zone “re-healed”, forming 

dense clumps (frame: 46.5s). No cristae-like morphology developed. T = 25°C, pH 7.4.  

 

Fig. 4. Effect of “fresh” Aβ42 buffer solution on a GUV mimicking mitochondrial inner 

membrane (PC/PE/CL 60:30:10 mol/mol). See also Supplementary Movie4_F4. Local 

treatment (frames: 15.9 to 168.9s) with 'fresh' (1h after preparation) Aβ  buffer solution  (11 

µM Aβ42, 5 vol % DMSO, 0.5 mM HEPES, 0.5 mM EDTA, pH 7.4). GUV was made from 

PC/PE/CL 60:30:10 mol/mol in buffer 0.5 mM HEPES, 0.5 mM EDTA, at pH 7.4, as a model 

of the mitochondrial inner membrane leaflet facing cytoplasm pH. Vesicle size (frame: 0s) 

slightly decreased (frame: 193.3s). Like in the case of  treatment with “aged” Aβ buffer 

solution (Fig. 5), no local membrane deformation was observed, the vesicle preserved its 

integrity, no visible membrane damage occurred. T = 25°C.  

 

Fig.  5. Test of  the capacity of a GUV, pre-treated with “fresh” Aβ42 buffer solution 

(shown in Fig. 4), to develop cristae-like morphology upon local acidification. See also 

Supplementary Movie5_F5. The local acidification (with up to 100 mM HCl) induced no 

visible effects to the GUV membrane, in contrast with the brutal rupture (achieved adding 

HCl solution of only 10 mM), observed in the case of acidification, after treatment with 'aged' 

Aβ buffer solution (Fig. 3). On the other hand, local acidification of GUV pre-treated with 

fresh Aβ buffer solution did not induce any local membrane invagination, no cristae-like 
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morphology was developed.  This is in contrast with the case of local acidification of GUV 

not pre-treated with any Aβ, which does develop cristae-like morphology, as in 

Supplementary-Fig. 4, and [26], all other parameters being equal. T = 25°C, pH 7.4.  

 

Fig. 6.   Effect of  “aged” Aβ42  (fibril containing) buffer solutions on lipid bilayer 

microscopic properties of LUVs mimicking mitochondrial inner membrane (PC/PE/CL 

60:30:10 mol/mol). (A) and (B) - variation of the generalized polarization of Prodan, 

GPPRODAN , and Laurdan, GPLAURDAN  (1 fluorophore par 200 lipids); (C) DPH anisotropy, 

rDPH  (1 fluorophore par 500 lipids). (left) as a function of time, and, (right) as a function of 

the pH of the medium. Total peptide / lipid ratios ( − 0,  ~ − 1/100, Î− 2/100, and,  

Ο − 4.4/100 mol/mol. T = 25°C. First, we followed during 4h the kinetics of Aβ42 interaction 

with LUVs, then we gradually lowered the pH of the Aβ42 -LUV samples by adding aliquots 

of acid solution.  

 

Fig. 7.   Test of  the capacity of a GUV, pre-treated with “aged” reversed-Aβ42 (R-Aβ42 ) 

buffer solution, to develop cristae-like morphology upon local acidification. See also 

Supplementary Movie6_F7. The GUV, upon subsequent local acidification (100 mM HCl), 

maintained its capacity to develop cristae-like tubular invaginations similar to those of  the 

“healthy” (not pre-treated with any Aβ) GUV. However, the pH-induced tubular structures 

were thicker, shorter and less dynamic compared to those of “healthy” GUVs. T = 25°C, pH 

7.4. 

 

Fig. 8.   Test of  the capacity of a GUV, pre-treated with “fresh” reversed-Aβ42 (R-Aβ42 ) 

buffer solution, to develop cristae-like morphology upon local acidification. See also 
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Supplementary Movie7_F8. Contrary to the case of pretreatment with the native “fresh”  

peptide, the GUV (upon local addition of 100 mM HCl) maintained its capacity to respond to 

the local pH gradient, thereby developing cristae-like tubular invaginations similar to those of  

the “healthy” (not pre-treated with any Aβ) GUV. However, in the case of pretreatment with 

R-Aβ42 , the initial tubular structures fragmented rapidly giving endocytic vesicles (non-

reversible process). T = 25°C, pH 7.4. 
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SUPPLEMENTARY  DATA 

 

SUPPLEMENTARY  - FIGURE LEGENDS: 

 

Supplementary-Fig. 1.  

(A) Conventional transmission electron microscopy (TEM) of a normal (healthy) 

mitochondrion - a typical text book image. This electron micrograph, taken from Fawcett, 

A Textbook of Histology, Chapman and Hall, 12th edition, 1994, 

http://cellbio.utmb.edu/cellbio/mitoch1.htm, shows the organization of the two membranes;  

(B) TEM micrograph of Alzheimer’s disease mitochondria. AD cybrid cells contained 

increased percentage of enlarged or swollen mitochondria, which had a pale matrix and only a 

few remaining cristae. Bar, 1 µm. Reprinted with permission from [18]. 

(C) Electron microscopy tomography images of a normal (“healthy”) mitochondria. In 

living cells, mitochondria are usually tubular (1 to 2 µm long and 0.1 to 0.5 µm large) and 

interact with other cellular components, especially with the cytoskeleton and endoplasmic 

reticulum [64, 65]. Normally functioning mitochondria oscillate between (a) condensed and 

(b) orthodox state morphology, depending on their respiratory rate. Mitochondria performing 

maximum respiratory rate (in excess ADP and respiratory substrate) present condensed 

(matrix contracted) morphology (a). Their cristae are swollen cisterns or sacs connected to the 

peripheral part to the IM by narrow tubular segments (cristae junctions), Fig. 1(C-a) - the 

large white arrow. The cristae in orthodox (matrix expanded) morphology are narrow, 

flattened or almost tubular (b). OM diameter in (a) is 1.5 µm, in (b, lower) – 1.2 µm. (a) - © 

1998-IOS Press, reprinted from [66] with permission of IOS Press.  (b) - Copyright © 1994 

WILEY-LISS, INC., reprinted from [22] with permission of Wiley-Liss, Inc., a subsidiary of 

John Wiley & Sons, Inc.  
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Supplementary-Fig. 2.  Electron micrographs of mitochondria from a patient with AD 

and from a normal control patient. (a) - Polymorphism of mitochondria in a dendritic 

profile of a neuron of the globus pallidus in a patient with AD aged 62 years ;  the majority of 

AD patient mitochondria were small and round or elongated; a substantial number of them 

showed disruption of the cristae. (b) -  Mitochondria in the soma of a neuron of the globus 

pallidus in a control patient, aged 62 years. Reprinted with permission from [16]. 

 

Supplementary-Fig. 3.  The neurotoxic action of Aβ involves generation of reactive 

oxygen species and disruption of cellular calcium homeostasis. Interactions of 

Aβ oligomers and Fe2+ or Cu+ generates H2O2. When Aβ aggregation occurs at the cell 

membrane, membrane-associated oxidative stress results in lipid peroxidation and the 

consequent generation of 4-hydroxynonenal (4HNE), a neurotoxic aldehyde that covalently 

modifies proteins on cysteine, lysine and histidine residues. Some of the proteins oxidatively 

modified by this A -induced oxidative stress include membrane transporters (ion-motive 

ATPases, a glucose transporter and a glutamate transporter), receptors, GTP-binding proteins 

(“G proteins”) and ion channels (VDCC, voltage-dependent chloride channel; NMDAR, N-

methyl-d-aspartate receptor). Oxidative modifications of tau by 4HNE and other reactive 

oxygen species can promote its aggregation and may thereby induce the formation of 

neurofibrillary tangles. Aβ can also cause mitochondrial oxidative stress and deregulation of 

Ca2+ homeostasis, resulting in impairment of the electron transport chain, increased 

production of superoxide anion radical and decreased production of ATP. Superoxide is 

converted to H2O2 by the activity of superoxide dismutases (SOD) and superoxide can also 

interact with nitric oxide (NO) via nitric oxide synthase (NOS) to produce peroxynitrite 

(ONOO*). Interaction of H2O2 with Fe2+ or Cu+ generates the hydroxyl radical (OH*), a 
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highly reactive oxyradical and potent inducer of membrane-associated oxidative stress that 

contributes to the dysfunction of the ER. Reprinted with permission from  [1].  

 

Supplementary-Fig. 4. Design of a minimal model membrane system exhibiting dynamic 

cristae-like morphologies (a “healthy” GUV). See also Supplementary-Movie1_SF4. 

Modulation of local pH gradient at membrane level of a cardiolipin containing vesicle induces 

dynamic cristae-like membrane invaginations. GUV is made of PC / PE / CL 60:30:10 

mol/mol in buffer at pH 8. The local delivery of HCl (100 mM pH 1.6 in the micropipette), 

which lowers the local pH down to about 5 to 4 at the membrane, is carried out by a 

micropipette (its position is pointed by the arrow in frame t=0 s).The induced membrane 

invagination (frame 22.8 s) is completely reversible (frames 38.7 to 66.4) as soon as the acid 

delivery is stopped. Deflated GUVs yield cristae-like morphology with large tubes and 

vesicular shape segments. Reprinted with permission from [26].  

 

Supplementary-Fig. 5.  Spectra of ThT total fluorescence for Aβ42 buffer solution at 

different times after solution preparation. Aliquots of peptide buffer solution were taken 

and mixed with aliquots of ThT solution (resulting sample: 35 µM ThT, 11 µM Aβ42 peptide, 

5 vol % DMSO, 0.5 mM HEPES, 0.5 mM EDTA, pH 7.4) at 4h, 22h, 47h, and 95h, 

respectively. T = 25°C. The ThT fluorescence in the control solution is shown only for 4h 

(4h-control) as it was not changing significantly during the time of our experiment. It was as 

well practically the same as for the ThT fluorescence in the just buffer (no DMSO), data not 

shown, both being very low regarding the characteristic band for ThT linked to Aβ fibrils 

(λex/λem 450/482 nm). The two vertical arrows indicate the two bands of ThT characteristic 

fluorescence corresponding respectively to the two states of ThT fluorophores eventually 
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presented in the sample: the free ThT (λex/λem 330/445 nm) and, the ThT linked to Aβ fibrils 

(λex/λem 450/482 nm). 

 

SUPPLEMENTARY – MOVIE LEGENDS: 

 

Movie1_SF4. Design of a minimal model membrane system exhibiting dynamic cristae-like 

morphologies (a “healthy” GUV), corresponding to Supplementary-Fig. 4. 

 

Movie2_F2. Effect of “aged” Aβ42 buffer solution on a GUV mimicking mitochondrial inner 

membrane, corresponds to Fig. 2 in the main text. 

 

Movie3_F3. Test of  the capacity of a GUV, pre-treated with “aged” Aβ42 buffer solution 

(shown in Movie_F2), to develop cristae-like morphology upon local acidification., 

corresponds to Fig. 3 in the main text. 

 

Movie4_F4. Effect of “fresh” Aβ42 buffer solution on a GUV mimicking mitochondrial inner 

membrane, corresponding to Fig. 4 in the main text. 

 

Movie5_F5. Test of  the capacity of a GUV, pre-treated with “fresh” Aβ42 buffer solution 

(shown in Movie_F4), to develop cristae-like morphology upon local acidification. 

corresponding to Fig. 5 in the main text. 

 

Movie6_F7. Test of  the capacity of a GUV, pre-treated with “aged” reversed-Aβ42 (R-Aβ42) 

buffer solution, to develop cristae-like morphology upon local acidification, corresponding to 

Fig. 7 in the main text. 
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Movie7_F8. Test of  the capacity of a GUV, pre-treated with “fresh” reversed-Aβ42 (R-Aβ42) 

buffer solution, to develop cristae-like morphology upon local acidification, corresponding to 

Fig. 8 in the main text. 
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