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Abstract

Mutations within the Aβ (amyloid β) peptide, especially those clustered at residues 21–23, are 

linked to early-onset AD (Alzheimer’s disease) and primarily associated with cerebral amyloid 

angiopathy. The Iowa variant, a substitution of an aspartic acid residue for asparagine at position 

23 (D23N), associates with widespread vascular amyloid and abundant diffuse pre-amyloid 

lesions significantly exceeding the incidence of mature plaques. Brain Iowa deposits consist 

primarily of a mixture of mutated and non-mutated Aβ species exhibiting partial aspartate 

isomerization at positions 1, 7 and 23. The present study analysed the contribution of the post-

translational modification and the D23N mutation to the aggregation/fibrillization and cell toxicity 

properties of Aβ providing insight into the elicited cell death mechanisms. The induction of 

apoptosis by the different Aβ species correlated with their oligomerization/fibrillization propensity 

and β-sheet content. Although cell toxicity was primarily driven by the D23N mutation, all Aβ 

isoforms tested were capable, albeit at different time frames, of eliciting comparable apoptotic 

pathways with mitochondrial engagement and cytochrome c release to the cytoplasm in both 

neuronal and microvascular endothelial cells. Methazolamide, a cytochrome c release inhibitor, 

exerted a protective effect in both cell types, suggesting that pharmacological targeting of 

mitochondria may constitute a viable therapeutic avenue.
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INTRODUCTION

Aβ (amyloid β) peptide is the major constituent of the fibrils deposited in parenchymal 

plaques and cerebral blood vessels of patients with AD (Alzheimer’s disease) and Down’s 

syndrome. It is an internal processing product of a larger transmembrane precursor molecule 

known as APP (amyloid precursor protein) encoded by a gene located on chromosome 21 

[1,2]. The presence of mutations in the APP gene has been linked to familial forms of the 

disease that typically associate with early onset phenotypes [3,4]. However, the clinical 

manifestations differ with the type of amino acid substitution and the localization of the 

mutated residue within APP. Substitutions flanking the coding region for Aβ affect the 

processing of APP with either overproduction of Aβ or predominant generation of Aβ42, 

and are clinically associated with AD phenotypes. In contrast, mutations located within the 

Aβ sequence, predominantly those clustered at positions 21–23, are primarily linked to the 

development of CAA (cerebral amyloid angiopathy), although, depending on the genetic 

variant, they may manifest with either cerebral haemorrhage or dementia [1,5].

The Iowa variant, an autosomal dominant substitution of an aspartate residue for asparagine 

occurring at position 23 of Aβ (D23N), associates with cognitive impairment. Data from 

affected members showed onset of progressive, AD-like dementia in the sixth to seventh 

decade of life with cerebral atrophy, widespread neurofibrillary tangles, 

leukoencephalopathy and occipital lesions constituted by calcified amyloid-laden meningeal 

vessels. Vascular amyloid deposits together with abundant diffuse pre-amyloid lesions are 

predominant neuropathological features of the disease, significantly exceeding the incidence 

of neuritic plaques [6]. Sections of the cerebral cortex and white matter show severe amyloid 

angiopathy with the majority of meningeal and cortical vessels exhibiting thickened walls 

and reduced lumina, and many small blood vessels appearing entirely occluded. Although 

micro-haemorrhages could be identified by MRI and post-mortem examination, clinically 

manifested intracerebral haemorrhages have not been reported in this kindred. In contrast, a 

second family from Spain carrying the same mutation presented symptomatic cerebral 

haemorrhage in most of the affected members [7], suggesting that the presence of the 

mutation is not in itself sufficient for the induction of a specific clinical phenotype, and that 

other still undefined factors likely contribute to the diverse clinical presentation.

Biochemical analyses after sequential tissue extraction revealed a complex composition of 

the brain Iowa deposits. Amyloid lesions primarily consisted of a mixture of mutated and 

non-mutated Aβ molecules, presenting various degrees of solubility and partial aspartate 

isomerization at positions 1, 7 and 23 [8], all elements with the potential to play a significant 

role in disease pathogenesis. In general terms, the presence of intra-Aβ mutations has been 

shown to correlate in vivo with a decrease in the age of onset of the disease and in vitro with 

accelerated aggregation kinetics [9–11]. The formation of isoD (isoaspartate), a post-

translational change resulting either from isomerization of aspartate or deamidation of 

asparagine residue, both chemically spontaneous non-enzymatic reactions, occurs during 

aging. IsoD has been reported in Aβ deposits in sporadic AD, in which isomerized Aβ 

peptides are found in senile plaques and amyloid-bearing vessels [12], as well as in diffuse 

plaques in Down’s syndrome cases [13]. The presence of isoD introduces an additional 

methylene group in the peptide backbone, with potential to alter structure and function 
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influencing substrate recognition and turnover by proteases. In the present study, we 

analysed the influence of the D23N mutation and the presence of isoD residues on the 

aggregation properties of Aβ, assessing the similarities/differences in oligomerization/

fibrillization kinetics among the different isoforms, and the cell death mechanisms elicited in 

neuronal cells and cerebral microvascular ECs (endothelial cells). The protective effect 

exerted by methazolamide, a CytC (cytochrome c) release inhibitor, highlights the potential 

of mitochondria pharmacological targeting as a viable therapeutic avenue.

MATERIALS AND METHODS

Peptide synthesis

Synthetic homologues of WT (wild-type) Aβ40, Aβ(isoD) (Aβ40 with isoD modifications at 

residues 1, 7 and 23), Aβ-Iowa (Aβ40 containing the D23N genetic variant) and Aβ-

Iowa(isoD) (Aβ-Iowa bearing isoD modifications at residues 1 and 7) were synthesized 

using N-t-butyloxycarbonyl chemistry by James I. Elliott at Yale University (New Haven, 

CT, U.S.A.) and purified by reverse-phase HPLC on a Vydac C4 column (Western 

Analytical). Molecular masses were corroborated by MALDI–TOF-MS and concentrations 

were assessed by amino acid analysis as described previously [14].

Peptide aggregation

Synthetic Aβ homologues were dissolved to 1 mM in HFIP (hexafluoroisopropanol; Sigma), 

a pre-treatment that breaks down β-sheet structures and disrupts hydrophobic forces leading 

to monodisperse Aβ preparations [15]. After overnight incubation and lyophilization to 

remove HFIP, peptides were dissolved to 1.5 mM in 0.1%ammonium hydroxide followed by 

the addition of deionized water and 2-fold concentrated PBS (pH 7.4) to a final 

concentration of 1 mg/ml in PBS. Reconstituted peptides were incubated at 37°C for up to 3 

days for the aggregation studies. Structural properties of the Aβ synthetic homologues at 

different time points were assessed by WB (Western blot) analysis under non-denaturing 

conditions, CD spectroscopy, Thioflavin T binding and TEM (transmission electron 

microscopy) as described below. For cell culture experiments, peptides were dissolved to 2 

mM in 0.1% ammonium hydroxide followed by the addition of deionized water to 1 mM, 

and diluted into the pertinent culture medium at the required concentration.

CD spectroscopy

Changes in the secondary structure of the different Aβ peptides were estimated by CD 

spectroscopy as described previously [14]. Spectra in the far-UV light (wavelength range 

190–260 nm; bandwidth 1 nm; intervals 1 nm; scan rate 60 nm/min) yielded by the different 

peptides at various time points of aggregation were recorded at 24°C with a Jasco J-720 

spectropolarimeter, using a 0.2 mm path quartz cell and a peptide concentration of 1 mg/ml. 

For each sample, 15 consecutive spectra were obtained, averaged and baseline subtracted. 

Results are expressed in terms of molar ellipticity (°C · cm2 · dmol− 1).

Thioflavin T binding assay

Binding of the different Aβ peptides to Thioflavin T was monitored by fluorescence 

evaluation as described previously [14,16]. Briefly, 6 μl aliquots from each of the peptide 
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aggregation time points were added to 184 μl of 50 mM Tris/HCl buffer, pH 8.5, and 10 μl 

of 0.1 mM Thioflavin T (Sigma). Fluorescence was recorded for 300 s in a LS-50B 

luminescence spectrometer (PerkinElmer) with excitation and emission wavelengths of 435 

and 490 nm (slit width 10 nm) respectively as described previously [17].

TEM

Aliquots (3 μl) of the 3 h and 1 day time-point samples, aggregated at a concentration of 50 

μM in EBM-2 (endothelial basal medium-2), were placed on to carbon-coated 400-mesh 

Cu/Rh grids (Ted Pella) and stained with 1% uranyl acetate in distilled water (Polysciences). 

Stained grids were examined in a Philips CM-12 TEM and images acquired with a Gatan 

(4k×4k) digital camera at the Microscopy Core Facility of NYU Langone Medical Center 

(New York, NY, U.S.A.) as described previously [14].

Native gel electrophoresis and WB analysis

Electrophoretic analysis for assessment of peptide aggregation was performed under native 

conditions using 5–30% gradient polyacrylamide gels, in the absence of SDS, using 25 mM 

Tris/glycine, pH 8.8, as running buffer, and molecular mass markers consisting of proteins 

with acidic pI (human albumin, ovalbumin, soybean trypsin inhibitor, lactoglobulin and 

insulin). Once the proteins reach their pore limit at the end of the run, the log of their 

molecular mass is proportional to the log of the protein’s relative mobility normalized to the 

dye front (RF). Estimation of the molecular mass of the different Aβ species was assessed by 

interpolation of the respective log RF values into the calibration curve generated from the 

standard proteins with the aid of GraphPad Prism software (GraphPad) as described 

previously [18]. Aβ oligomerization patterns were visualized by subsequent WB analysis. 

Briefly, after electrophoretic separation, proteins were electrotransferred on to nitrocellulose 

membranes (0.45 μM pore size; Hybond-ECL, GE Healthcare Life Sciences) at 400 mA for 

2.5 h, using 10 mM Caps [3-(cyclohexylamino)propane-1-sulfonic acid; Sigma] buffer, pH 

11.0, containing 10% (v/v) methanol. After blocking with 5% non-fat dried skimmed milk 

powder in TBST (TBS containing 0.1% Tween 20), membranes were immunoreacted with 

rabbit polyclonal antibodies specific against the C-terminus of Aβ40 (1:1000 dilution; 

Invitrogen), followed by incubation with HRP (horseradish peroxidase)-conjugated F(ab′)2 

anti-(rabbit IgG) (1:5000 dilution; GE Healthcare) [14]. Fluorograms were developed by 

ECL with ECL WB detection reagent (GE Healthcare).

Dot-blot analysis

Oligomer formation during the peptide aggregation experiments was assessed by Dot-blot 

using rabbit anti-oligomer polyclonal (A11) antibody (Invitrogen) [19], as described 

previously [14]. Briefly, 800 ng aliquots of each of the aggregation data point samples were 

loaded on to a nitrocellulose membrane assembled into a Bio-Dot Microfiltration Apparatus 

(Bio-Rad Laboratories) and allowed to diffuse passively for 30 min before vacuum 

application. The membrane was then blocked in situ for 1 h with 1% non-fat dried skimmed 

milk powder in TBST, followed by vacuum application and two subsequent washes with 

TBST. After removal from the dot-blot apparatus and further blocking with 5% non-fat 

dried skimmed milk powder in TBST [1 h at room temperature (21°C)], the membrane was 
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incubated overnight with A11 antibody (1:1000 dilution) followed by HRP-conjugated anti-

rabbit secondary antibody. Immunoreactivity was assessed by ECL as above.

Cell cultures

Immortalized human brain microvascular ECs (HCMEC/D3, abbreviated as ECs) were 

obtained from Babette Weksler (Division of Hematology and Medical Oncology, Weill 

Medical College of Cornell University, NY, U.S.A.) [20] and maintained in complete 

EBM-2 (Lonza) with added growth supplements and 5% FBS. This cell line retains the 

morphological characteristics of primary brain ECs and expresses specific brain endothelial 

markers and cell-surface adhesion molecules. Human neuroblastoma cells (SH-SY5Y) were 

obtained from the A.T.C.C. (Manassas, VA, USA) and maintained in DMEM (Dulbecco’s 

modified Eagle’s medium) (Mediatech) with 10% FBS.

Cell death ELISA

The extent of apoptosis caused by the different Aβ peptides was assessed by quantification 

of histone–DNA complex fragments with Cell Death Detection ELISAplus (Roche) as 

described previously [14,17]. Cells (2×104/well) were seeded on to 24-well plates and 

allowed to attach for 1 day before treatment with the different Aβ peptides. WT Aβ40, 

Aβ(isoD), Aβ-Iowa and Aβ-Iowa(isoD), previously pre-treated in HFIP and solubilized as 

above, were diluted to a final concentration of 50 μM in EBM-2/1% FBS medium for EC 

challenge and DMEM without FBS for SH-SY5Y treatment. Following 1–3-day incubation 

with the various peptide homologues, the plates were centrifuged (for 10 min at 150 g; 

Beckman J-6B, Beckman Instruments) to collect the detached cells. After cell lysis, 

fragmented DNA–histone complexes (mono- and oligonucleosomes) were quantified by 

Cell Death Detection ELISAplus following the manufacturer’s specifications. Briefly, 

nucleosome-containing cell lysates were placed into streptavidin-coated microplate wells 

and added to a mixture of biotin-labelled anti-histone and HRP-conjugated anti-DNA 

antibodies. Following incubation, anti-histone antibodies immunoreact with the histone 

component of the nucleosomes capturing the complex on to the streptavidin-coated wells. 

Following binding of the anti-DNA antibodies to this complex, peroxidase activity, which is 

proportional to the amount of nucleosomes present in the cell lysates, was quantified 

photometrically with ABTS [2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] 

substrate. For 3-day peptide treatments, exhibiting high apoptotic levels, a double volume of 

lysis buffer was used to avoid subsequent saturation of the colorimetric system.

Immunocytochemical evaluation of mitochondrial CytC release

Both EC and SH-SY5Y cells were plated on to glass chamber slides (Thermo Fisher 

Scientific), pre-coated with either collagen-I or poly-D-lysine (for ECs and SH-SY5Y cells 

respectively). After seeding, cells were allowed to attach for 1 day before treatment with the 

different peptides for 1–3 days, as above. Cells were washed with ice-cold PBS, fixed with 

4%paraformaldehyde (10 min at room temperature) and blocked for 1 h with 20 mg/ml BSA 

in PBST (PBS containing 0.3%Triton X-100). Slides were further incubated with mouse 

anti-CytC monoclonal antibody (BD Biosciences; 1:200 dilution in PBST containing 5 

mg/ml BSA; 2 h at room temperature) followed by Alexa Fluor® 488-conjugated anti-
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(mouse IgG) antibody (Invitrogen;1:200 in PBST with 5 mg/ml BSA; 1 h at room 

temperature). Fluorescence signals were visualized in a Nikon Eclipse E 800 deconvolution 

microscope using NIS Elements software (Nikon Instruments) for image acquisition and 

processing, and AutoQuant (Media Cybernetics) for 3D deconvolution.

Inhibition of CytC release by methazolamide

The effect of methazolamide in preventing the Aβ-induced release of CytC from the 

mitochondria into the cytoplasm was evaluated in EC and SH-SY5Y cultures. After peptide 

incubation in the presence and absence of methazolamide (Sigma), release of CytC was 

visualized by immunofluorescence microscopy and WB analysis, and corroborated by 

confocal assessment of CytC in conjunction with the mitochondrial marker MitoTracker®.

Immunofluorescence deconvolution microscopy—Detection of CytC after 1 day 

incubation with the most toxic of the Aβ peptides studied in the present paper, Aβ-

Iowa(isoD), in the presence of methazolamide was performed exactly as described above.

WB analysis—Subcellular distribution of CytC in amyloid-challenged EC and SH-SY5Y 

cells was determined using mitochondrial protein extracts, prepared essentially as described 

previously [21]. Briefly, cells were collected in homogenization buffer [75 mM sucrose, 225 

mM mannitol, 5 mM Tris/HCl, pH 7.4, containing 1 mM PMSF and CompleteTM protease 

inhibitor cocktail (Roche)] and disrupted with the aid of a Dounce glass homogenizer. Cell 

homogenates were centrifuged to remove unbroken cells and nuclei (600 g, 5 min, 4°C) and 

supernatants further centrifuged at 10300 g (5 min, 4°C) to subfractionate the mitochondria. 

The pellet, containing the mitochondrial fraction, was resuspended in homogenization buffer 

and further sonicated (Heat Systems Sonicator W-380, Ultrasonics; three 5 s cycles, power 

setting 8). For WB analysis, typically 10 μg of mitochondrial total proteins, assessed with 

BCA protein assay (Thermo Scientific), were separated on 16.5% polyacrylamide gels and 

electrotransferred to PVDF membranes (Immobilon, Millipore; 0.45 μm pore; 400 mA, 1.5 

h) using Caps buffer, as above. Membranes were blocked with 5% non-fat dried skimmed 

milk powder in TBST, and subsequently immunoreacted with mouse anti-CytC monoclonal 

antibody (1:1000 dilution in 5% non-fat dried skimmed milk powder in TBST, overnight, 

4°C) followed by HRP-labelled anti-(mouse IgG) antibody (1:10000 dilution; GE 

Healthcare), and ECL detection, as above. Densitometric assessment of band intensities was 

performed using ImageJ (NIH) software.

Confocal analysis—EC and SH-SY5Y cells (6×104), plated on to chamber slides coated 

with attachment factor for glass (Cell Systems), were treated with Aβ-Iowa (50 μM; 16 h) in 

the presence and absence of methazolamide (100 and 300 μM). After 30 min incubation with 

MitoTracker® Red CM-H2XRos (Life Technologies; 1.5 μM), cells were washed with warm 

PBS, fixed with 4% paraformaldehyde, and subjected to CytC immunocytochemistry as in 

immunofluorescence deconvolution microscopy. Confocal analysis was performed using a 

Zeiss LSM 510 microscope.
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Prevention of Aβ-mediated apoptosis by inhibition of mitochondrial CytC release

Confirmation of CytC involvement in the Aβ-mediated activation of downstream cell-death 

pathways was achieved through evaluation of the protective effect of methazolamide by Cell 

Death Detection ELISAplus. Aβ peptides were incubated with EC and SH-SY5Y cultures 

under the same conditions listed above, in the presence and absence of 300 μM 

methazolamide, a concentration known to cause maximal inhibition of CytC release in EC 

treated with a different Aβ genetic variant [14]. The length of incubation with the different 

peptides was selected to yield maximal apoptosis in the absence of inhibitor and therefore 

varied depending on the inherent pro-apoptotic capabilities of the different peptides for the 

respective cell types. The most aggressive species, Aβ-Iowa(isoD), required shorter 

challenge (1 day for both EC and SH-SY5Y cells), whereas for the less aggressive peptides 

in all cases longer incubation times were needed [Aβ-Iowa: 2 days for ECs and 3 days for 

SH-SY5Y; Aβ(isoD): 3 days for both EC and SH-SY5Y). Induction of apoptosis was 

evaluated by Cell Death Detection ELISAplus, carried out as above.

Statistical analysis

ANOVA for comparison of multiple groups with Bonferroni or Tukey post-hoc tests was 

performed using GraphPad InStat (GraphPad). Values of P ≤ 0.05 were considered 

significant.

RESULTS

Structural analysis of Aβ variant homologues

Changes in the structural conformation and fibrillization propensity of Aβ40 induced by the 

presence of isoD modifications at positions 1, 7 and 23, and by the D23N mutation were 

studied by non-denaturing WB, CD spectroscopy, Thioflavin T binding, dot-blot and TEM, 

following peptide pre-treatment and aggregation as described in the Materials and methods 

section. As illustrated in Figure 1, WB analysis revealed an enhanced aggregation 

propensity of Aβ40 when bearing isoD-modified residues, the Iowa mutation at position 23, 

or a combination thereof. Both Aβ40 and Aβ40(isoD) showed mainly monomeric, dimeric 

and trimeric components up to 3 h incubation, with HMM (high-molecular-mass) species 

becoming evident after 6 h and steadily increasing during the 3-day duration of the 

experiment. However, the HMM signal was more intense for the Aβ(isoD) than for the WT 

counterpart. In the case of Iowa variant peptides, with and without the isoD modification, 

HMM aggregates were clearly noticeable after only 1 h incubation and became more 

relevant towards the end point of the experiment (Figure 1A). Although both Iowa variant 

homologues followed a comparable aggregation profile in WB, the signal intensity was 

more pronounced for the isoD-modified peptide, indicative of a higher content of oligomeric 

components.

Changes in secondary structure at the different time points were analysed by CD 

spectroscopy. After pre-treatment with HFIP, all peptides adopted the same typical α-helical 

conformation, exhibiting the classic scan with 2 minima at 208 and 222 nm (shown as a 

dotted line in Figure 1B for WT Aβ40). Following solubilization in a buffer containing a 

physiological salt concentration, Aβ40 adopted a typical unordered conformation (minimum 
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at 198 nm) that remained unchanged after 1 day (Figure 1B). β-Sheet components (minimum 

at 218 nm) became evident after 3 days, although the presence of remaining negative 

ellipticity values below 200 nm were indicative of the co-existence of some residual random 

structures at this time point. As expected, and corroborating the WB data in Figure 1(A), 

Aβ40(isoD) showed a faster shift to β-sheet conformations compared with the unmodified 

counterpart, with β-structures becoming evident after 1 day; by day 3, residual random 

structures were still present. The aggressive Aβ-Iowa genetic variant, shown previously to 

exhibit higher aggregation tendency than WT Aβ40 [8,22], as well as the Aβ-Iowa(isoD), 

adopted predominantly β-sheet conformations immediately on solubilization, increasing 

their content in β-sheet components after 1 day of incubation and exhibiting positive 

ellipticity values below 210 nm. Both Iowa peptides began losing solubility after 3-day 

incubation, as illustrated by the more flattened spectra at this time point, indicating a lower 

protein concentration in solution. The effect was more pronounced in Aβ-Iowa(isoD) than in 

the peptide containing only the D23N substitution, suggesting that the mutation and the 

post-translational modifications had additive effects on the peptide conformation.

The fibrillization kinetics of the different Aβ species was evaluated with Thioflavin T 

binding, which displays fluorescence following binding to fibrillar and protofibrillar 

amyloid aggregates [14,16]. In accordance with the WB/CD data and its known poor 

fibrillogenic propensity, WT Aβ40 showed very low binding to Thioflavin T (Figure 1C), 

reaching only approximately 30 a.u. (arbitrary units) after 1-day aggregation and 

approximately 90 a.u. after 3 days (Figure 1C, bottom panel). As expected, the fibrillization 

propensity of WT Aβ40 increased with the presence of isoD, although the D23N mutation 

had a more profound structural effect. Thioflavin T binding values of Aβ(isoD) remained 

consistently lower than those obtained for Aβ-Iowa and Aβ-Iowa(isoD) throughout the 

duration of the experiment, with binding levels for the last two peptides reaching a plateau 

with similar fluorescence (~400 a.u.) after only ~15 h aggregation, a clear indication that the 

fibrillization mechanism is mainly influenced by the mutation.

Further analysis of the structures present at the different aggregation time points was 

assessed by TEM and by immunoreactivity with anti-oligomer antibody in dot-blot assays. 

As illustrated in Figure 2(A), TEM analysis indicated that WT Aβ40 formed only scarce 

small globular oligomeric structures, which typically precede the formation of protofibrils 

[23] up to 1-day aggregation. These globular assemblies coexisted with a small number of 

short protofibrils, structures shorter than 200 nm [16], in samples analysed after 3 days of 

incubation (results not shown). Aβ(isoD) showed, after 3 h aggregation, the presence of a 

few protofibrillar elements which increased in length and coexisted with a few slightly 

longer fibrillar elements (>200 nm) after 1 day. In line with the structural data described 

above and confirming their faster aggregation kinetics, Aβ-Iowa and Aβ-Iowa(isoD) showed 

already at the 3 h time point abundant protofibrillar structures coinciding with predominant 

fibrillar elements after 1-day aggregation. The formation of oligomeric assemblies during 

the aggregation experiments was evaluated by dot-blot using A11 anti-oligomer antibody as 

described previously [14]. This conformational antibody is known to recognize soluble 

oligomeric intermediates while failing to immunoreact with both low-molecular-mass 

oligomers as well as with Aβ fibrillar species [19]. As illustrated in Figure 2(B) and in 
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agreement with the data shown above, Aβ-Iowa(isoD) aggregated aggressively, with strong 

oligomer formation after only 1 h, whereas Aβ-Iowa presented signals for A11-positive 

intermediate-size oligomers slightly later, after 6 h and 1 day. In agreement with TEM 

images illustrating an increase in fibrillar components with time, both Aβ-Iowa and Aβ-

Iowa(isoD) A11 signals decreased at 3 days. Consistent with the slower oligomerization/

fibrillization kinetics shown in Figure 1 and Figure 2(A), Aβ(isoD) exhibited A11 

immunoreactivity at 1 and 3 days, without reaching the intensity of the Iowa peptide signals, 

whereas WT Aβ40, in line with its slower aggregation, presented oligomeric species 

detectable by A11 only after 3-day aggregation.

Aβ-mediated induction of apoptosis and mitochondrial CytC release in neuronal cells and 
microvascular ECs

The ability of the different Aβ variants studied in the present paper to induce DNA 

fragmentation, an event indicative of apoptosis, in SH-SY5Y and cerebral microvascular 

ECs was assessed at peptide concentrations typically used in in vitro assays measuring 

induction of cell death mechanisms by Aβ [24–27], with some studies testing concentrations 

even higher [9,28]. The actual levels of Aβ present in vivo in parenchymal and CAA lesions 

is very difficult to assess, but is by far much higher than the physiological concentration of 

soluble Aβ in biological fluids. In addition to the anticipated discrepancies on the basis of 

different areas of affected brains, individual and genetic differences among patients, and 

years of disease progression, many differences in the extraction procedures, biochemical and 

structural characterization of the different Aβ species, and methods used for evaluation of 

extracted materials contribute to obscuring the problem. Among the few quantitative data 

available, the amount of Aβ retrieved from brain deposits could reach an impressive ratio of 

140 μg per gram of tissue depending on the brain area selected for analysis [29]. To increase 

the complexity of the problem, the actual in vivo ratio among the broad spectrum of Aβ 

oligomer species identified to date and their relevance to human disease [30] is also poorly 

defined. Findings aiming to categorize and quantify the different types of in vivo assemblies 

are scant, albeit recent reports indicate for a single type of oligomeric aggregate a 

concentration of 10 μg/ml in the Alzheimer’s brain [31]. All of these values are within the 

comparable micromolar range of our experimental dose.

As shown in Figure 3, the time frame for induction of DNA fragmentation in both cells, 

assessed by Cell Death Detection ELISAplus, was consistent with the aggregation propensity 

of the peptides and suggested that the initiation of the apoptotic pathway occurred in the 

presence of HMM aggregation species (large oligomers and protofibrils). As illustrated in 

Figure 3(A), SH-SY5Y cells challenged with WT Aβ40 for up to 3 days showed no increase 

in DNA fragmentation compared with control cells, consistent with the poor aggregation/

fibrillization properties of the peptide. A 3-day treatment with Aβ(isoD) generated a clear 

apoptotic phenotype, consistent with the appearance of oligomers before the 3-day time 

point in the post-translationally modified variant. Results were more dramatic when Aβ 

peptides carrying the D23N Iowa mutation, alone or in combination with isomerized 

residues at positions 1, 7 and 23, were tested. The aggressive AβD23N Iowa mutant induced 

comparable levels of apoptosis after 2-day challenge, whereas the combination of D23N 

mutation plus isoDs, in line with the higher rate of oligomerization illustrated by the dot-blot 
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and WB data, caused enhanced DNA fragmentation in only 1 day. Similar results were 

obtained for ECs (Figure 3B).

One of the main events driving the execution of apoptosis is the release of CytC from the 

mitochondria into the cytoplasm [14]; thus, assessment of CytC localization by 

immunofluorescence deconvolution microscopy was employed to corroborate the Cell Death 

Detection ELISAplus data. Figures 4 and 5 illustrate the shift from a punctate mitochondrial 

localization to a diffuse cytoplasmic CytC staining observed in both SH-SY5Y and ECs 

after 1 day of treatment with Aβ-Iowa and Aβ-Iowa(isoD) respectively. Whereas after a 

more prolonged treatment (3 days) with these aggressive peptides, cells detached from the 

plates and showed evidence of advanced stages of apoptosis (results not shown), 3-day 

challenge with Aβ(isoD) (Figure 6) induced in both cell types a release of CytC analogous to 

the 1-day treatment with Aβ-Iowa and Aβ-Iowa(isoD); CytC release was not evident in cells 

treated with WT Aβ40 under identical experimental conditions. Interestingly, the pattern of 

CytC release, as well as the time course of DNA fragmentation, was very similar in both 

ECs and neuronal cells, suggesting that the Aβ peptides in the present study induce similar 

cell death pathways in diverse cell types within time frames consistent with the aggregation/

oligomerization properties of the different peptides.

Protection from apoptosis induced by Aβ-Iowa and isoD-modified Aβ peptide by treatment 
with the CytC release inhibitor methazolamide

Methazolamide, a pharmacological compound known to inhibit CytC release in isolated 

mitochondria [32,33], was shown in our previous study to exert a protective effect on the 

pro-apoptotic events elicited by specific vasculotropic Aβ variants in cerebrovascular cells 

[14]. As indicated above and in Figure 4, incubation of Aβ-Iowa(isoD), the most effective of 

the peptides in the present study, with neuronal and EC cultures resulted in a dramatic 

release of CytC from the mitochondria after 1 day. Co-incubation of the peptide with 

methazolamide completely prevented CytC release restoring the mitochondrial localization 

of the protein and rendering comparable immunofluorescence images with those of 

untreated control cells (Figure 7A). Quantitative evaluation of the number of cells exhibiting 

diffuse cytoplasmic CytC staining showed that the 4–5-fold increase induced by Aβ-

Iowa(isoD) in both cells was abrogated by co-incubation with methazolamide, restoring 

levels close to the no-peptide controls (Figure 7B). Inhibition of CytC release by 

methazolamide was confirmed via WB experiments in enriched mitochondrial preparations 

(Figure 7C). Exposure of both cell types to Aβ-Iowa(isoD) resulted in a decrease in 

mitochondrial CytC after 1 day of incubation, an effect that was reversed by methazolamide. 

Interestingly, a reduction in the mitochondrial marker VDAC (voltage-dependent anion 

channel) was also observed on incubation with the peptide, suggesting that this treatment 

may have affected either the number of structurally intact mitochondria or the mitochondrial 

ratio within the subcellular fraction preparation, issues that are currently under investigation.

Mitochondrial changes induced by Aβ were further visualized by confocal analysis of CytC 

and the mitochondrial marker MitoTracker®. As illustrated in Figures 8 and 9 for neuronal 

cells and ECs respectively, control untreated cells exhibited the characteristic punctate CytC 

and MitoTracker® signals which significantly overlapped in the merged images. Treatment 

Fossati et al. Page 10

Biochem J. Author manuscript; available in PMC 2015 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with Aβ-Iowa resulted not only in release of CytC, but also in a less intense more diffuse 

MitoTracker® staining indicative of the poor localization of the oxidized dye to the 

organelles, which is dependent on mitochondrial membrane potential. In this line, it is 

noteworthy that Aβ treatment also appeared to affect levels of VDAC (Figure 7), a 

mitochondrial protein in which the function is also sensitive to changes in the organelle 

membrane potential. Co-incubation with methazolamide not only preserved the subcellular 

localization of CytC, but restored the mitochondrial membrane potential as visualized by the 

localization of MitoTracker® to the organelles, a feature that also occurs at a lower 

methazolamide concentration (100 μM).

Inhibition of CytC release into the cytoplasm was sufficient to protect neuronal cells and 

ECs from apoptosis, as evaluated by Cell Death Detection ELISAplus (Figure 10). Notably, 

300 μM methazolamide, a concentration that did not cause toxicity in either cell line, 

reduced the amount of fragmented DNA to the levels of untreated controls for all the 

peptides studied in both neuronal cells and ECs. Whether therapeutic doses in humans will 

allow reaching a methazolamide brain concentration capable of preventing/ameliorating the 

effect of Aβ under disease conditions remains to be elucidated. Nevertheless, it should be 

noted that methazolamide long-term treatment in mouse models of Huntington disease and 

stroke, using significantly lower concentrations, were sufficient to exert a neuroprotective 

effect in vivo [33].

DISCUSSION

The mechanisms leading to amyloid deposition in AD are highly complex and interlink an 

array of molecular pathways, ultimately resulting in cell toxicity and death. 

Histopathological, genetic, biochemical and physicochemical studies, together with 

information obtained from transgenic animal models, strongly support the notion that 

abnormal aggregation/fibrillization and subsequent Aβ tissue accumulation are key players 

in the disease pathogenesis. The aggregation process is usually initiated by partially or 

completely unfolded forms of the peptides. Along this line, it is known that mutations 

affecting the mean hydrophobicity of proteins, the propensity to generate β-structures or 

those reducing the net charge of the molecule favour peptide aggregation from unfolded 

states which exist in dynamic equilibrium with folded structures [34]. In the case of the Iowa 

mutation in the present study, the D23N substitution greatly enhanced the oligomerization/

fibrillization propensity of the molecule, as demonstrated by WB, Thioflavin T binding, 

TEM and dot-blot studies. The amino acid change occurring in Iowa kindred is similar to 

that introduced by the Dutch mutant; in both cases there is a loss of a negatively charged 

residue occurring at adjacent locations in the molecule (D23N compared with E22Q). 

Probably as a result of these similar changes, synthetic homologues of the D23N variant 

display comparable high content of β-sheet secondary structures and rapidly assemble in 

solution to form typical amyloid fibrils, as described previously for the E22Q substitution 

[22]. Supporting these findings, experimental and MD simulations with a set of Aβ21–30 

decapeptides containing known mutations involved in familial AD have shown that the turn 

in the Val24–Lys28 region is destabilized by the presence of both D23N and E22Q 

substitutions. These conformational changes result in intramolecular interactions between 

the Aβ21–30 region and the rest of the full-length peptide that facilitate oligomerization and 
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fibril formation [35]. This decapeptide region also forms a variety of loop structures and at 

least three types of metastable β-hairpins, motifs typically occurring as part of hydrogen-

bonded strands comprising β-sheet structures. Notably, both the Iowa and Dutch mutations, 

in part as the result of the hydrophobic packing of side chains, generate β-hairpin structures 

with longer lifetimes, suggesting that these metastable structures may enhance pathogenicity 

of the peptides in vivo [36]. The contribution of the D23N mutation to the formation of 

intermediate metastable structures is also highlighted by recent magnetic resonance studies 

[37], demonstrating that, in contrast with full-length WT Aβ fibrils that mainly exhibit a 

supramolecular organization of parallel β-sheet structures, peptides bearing the Aβ-Iowa 

mutation are capable of forming both parallel and antiparallel β-sheet architectures [37]. Of 

interest for the present work, the antiparallel Aβ-Iowa components, which are 

thermodynamically metastable and transition to the more stable parallel structures, are also 

highly neurotoxic for SH-SY5Y cells, likely representing additional toxic intermediates in 

the aggregation process to the oligomeric assemblies capable of eliciting the cell death 

mechanisms described.

Contributing to the complexity of Iowa amyloid lesions, a considerable proportion of the 

deposited Aβ molecules exhibit, in addition to the mutation, partial isomerization of aspartic 

acid residues at positions 1, 7 and 23 [8]. This post-translational modification, fostered by 

aging, is also found in sporadic AD, in which it is known to modify both tau protein in PHFs 

(paired helical filaments), as well as deposited Aβ molecules [38]. In general terms, protein 

isomerization, together with post-translational modifications induced by oxygen radicals, 

protein truncations and formation of pyroglutamate have all been speculated as enhancers of 

aggregation likely to participate in disease pathogenesis. In the case of isoD formation, some 

conflicting data have been reported regarding the effect of amino acid isomerization on fibril 

formation, as well as its final role in the induction of neurotoxicity [39,40]. The results 

presented herein illustrate the structural effects introduced by the presence of isoD in WT 

Aβ40, demonstrating that the in vitro aggregation kinetics is clearly influenced by the post-

translational modification resulting in a higher propensity for oligomerization/fibrillization 

compared with the unmodified WT counterpart, consistent with some of the previously 

reported findings [38]. Notably, in the case of the D23N mutated peptides, the additional 

presence of isoD modestly added to the exacerbated conformational changes induced by the 

mutation in itself, suggesting that the in vivo pathogenesis, although primarily driven by the 

presence of the genetic mutation, may also be partially influenced by the degree of aspartic 

acid residue isomerization.

Typically, the presence of accelerated oligomerization/ fibrillization correlates with 

enhanced amyloid-mediated cell toxicity. In the case of the D23N Iowa variant, previous 

studies in vascular smooth muscle cells demonstrated a significant loss of cell viability and 

proteolytic breakdown of vascular smooth muscle cell actin [22], similar to the effects 

caused by the E22Q substitution [27]. However, both mutations associate in vivo with very 

different clinical phenotypes. Whereas the Dutch variant associates with massive cerebral 

haemorrhagic episodes, the Iowa kindred presents with an AD-like dementia phenotype with 

dys-trophic neurites and neurofibrillary tangles coexisting with CAA and 

microhaemorrhages [6]. Thus it was relevant to analyse the effect of these peptides on 
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endothelial and neuronal cells, for which very limited information is available. Although no 

studies have been published to our knowledge on EC, the reports on neurons are limited to 

the analysis of rat PC12 cells viability after challenge with Aβ42 D23N [9], a minor 

component of the brain Iowa deposits [8]. In the present study, we have used the more 

relevant Aβ40 D23N, more than 20-fold more abundant than the 42-residue-long isoform 

[41], and tested the additional effect of isoD modifications on microvascular endothelial and 

neuronal cells. In line with our aggregation studies, the presence of the D23N mutation 

significantly increased the peptide toxicity for both neuronal and ECs, whereas the isoD 

modification rendered both WT- and Iowa-Aβ more toxic than their unmodified 

counterparts. To date, the precise chronology for the deposition of the various Aβ species 

remains poorly defined. However, the presence of isoD has been reported in Congo Red (−) 

diffuse deposits in the Iowa kindred [41], as well as in Down’s syndrome [13], an indication 

that isomerization occurs before fibrillization. These results suggest that the presence of 

isoD-modified peptides in the Iowa peptidome may be an important, albeit unrecognized 

pathological factor contributing to the pathological features of the Iowa cases likely to 

enhance the aggregation properties of more soluble species through seeding mechanisms 

[42]. Once in the deposits, the isomerization contributes further to the stability of the 

deposits increasing their resistance to proteolytic degradation, a feature that limits the 

removal of the peptide by normal clearance mechanisms [43–45] promoting the 

accumulation of pathogenic species in affected brains and contributing to the disease 

pathogenesis.

Increasing evidence suggests that apoptotic biochemical cascades play pivotal roles in the 

cellular dysfunction and death observed in AD and related neurodegenerative disorders. The 

major form of apoptosis in mammalian cells proceeds through the mitochondrial pathway 

and is typically modulated by the Bcl-2 family of proteins involving mitochondrial outer 

membrane permeabilization and the release of proteins, including CytC, to the cytoplasm. 

These events facilitate downstream cell death cascades leading to sequential caspase 

activation, DNA fragmentation and formation of apoptotic bodies. Our data clearly 

demonstrate that comparable pre-fibrillar assemblies elicited by the presence of the Aβ 

D23N mutation and specific isoD post-translational modifications in the Aβ40 molecule are 

strong inducers of endothelial and neuronal cell apoptosis as indicated by the presence of 

cytosolic CytC and nuclear DNA fragmentation, the latter indicative of the execution phase 

of apoptosis. The fact that, in our studies, the induction of CytC release and the initial phases 

of toxicity closely followed the appearance of HMM oligomers and protofibrils for each 

variant, similar to our previous findings for Dutch and Piedmont mutants [14,46], suggested 

that these HMM species are also responsible for cell toxicity in the Iowa cases. Whether the 

induction of mitochondrial apoptotic pathways results from the primary involvement of 

death receptors, as demonstrated previously for the Aβ Dutch and Piedmont variants in 

microvascular endothelial and smooth muscle cells [14,46], or whether the mitochondria 

engagement is initiated through intracellular events, an intrinsic pathway, independently of 

death receptor signals, remains to be elucidated. Consistent with our findings in cell culture 

models, transgenic mice expressing the Iowa mutation in combination with the Dutch 

substitution (TgSwDI) present with robust and progressive accumulation of microvascular 

Aβ and exhibit apoptotic vascular cells in combination with cerebral vascular cell loss, 
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features that highlight the in vivo relevance of these mutations in the induction of cell death 

pathways [47]. Although apoptosis indicators have not been investigated in familial cases 

exhibiting the D23N mutation, it is noteworthy that studies in AD patients have 

demonstrated alterations in the expression of apoptosis-related genes, many of them active 

participants in the mitochondrial cascade [48,49], suggesting that this process is also 

relevant in vivo.

Targeting mitochondrial dysfunction and preventing leakage of CytC into the cytoplasm 

with its detrimental downstream effects and critical contribution to cell death programmes 

are potentially effective therapeutic strategies. A number of drugs are currently available 

with the capacity to inhibit the release of CytC, one being methazolamide. This compound is 

capable of crossing the blood–brain barrier [32] and is currently FDA (Food and Drug 

Administration)-approved for use in the treatment of glaucoma owing to its capability to 

reduce aqueous fluid production and intraocular pressure. Confirming the crucial role of 

CytC release in amyloid-induced apoptosis, our results clearly demonstrated that specific 

inhibition of the process by methazolamide exerts a protective effect ameliorating 

endothelial and neuronal cell toxicity induced by pre-fibrillar assemblies of Iowa and isoD-

modified Aβ, as we reported previously for the E22Q Dutch mutant [14,46]. Whether the 

agent will also display beneficial effects in animal models exhibiting Aβ deposition is 

currently under investigation. Nevertheless, it should be noted that methazolamide has been 

successfully employed previously in a transgenic mouse model of Huntington’s disease, in 

which intraperitoneal inoculation of the drug resulted in a significant dose-dependent delay 

of disease onset and mortality [32], highlighting the importance of this therapeutic strategy 

for neurodegenerative disorders.

Overall, our data highlight the contribution of HMM oligomeric/pre-fibrillar Aβ elements to 

the initiation of neuronal and cerebral microvascular EC apoptosis, demonstrating that 

genetic variants and/or post-translational modifications capable of accelerating the formation 

of intermediate-aggregation-state components are able to elicit comparable cell death 

responses. Through the induction of cellular dysfunction, Aβ likely plays a key role in 

altering the functionality of the neurovascular unit, a dynamic entity that regulates CNS 

development, modulates cerebral blood flow and influences the permeability properties of 

the blood–brain-barrier. The beneficial effect of methazolamide in preventing Aβ-mediated 

mitochondrial dysfunction will certainly contribute to preserving the cross-talk among the 

various cellular components (ECs, astrocytes, pericytes and neurons), indispensable for the 

maintenance of brain homoeostasis and the functional integrity of the neurovascular unit.
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AD Alzheimer’s disease

APP amyloid precursor protein

Aβ(isoD) Aβ40 with isoD modifications at residues 1, 7 and 23

Aβ amyloid β

Aβ-Iowa(isoD) Aβ-Iowa bearing isoD modifications at residues 1 and 7

Aβ-Iowa Aβ40 containing the D23N genetic variant

CAA cerebral amyloid angiopathy

Caps 3-(cyclohexylamino)propane-1-sulfonic acid

CytC cytochrome c

DMEM Dulbecco’s modified Eagle’s medium

EBM-2 endothelial basal medium-2

EC endothelial cell

HFIP hexafluoroisopropanol

HMM high-molecular-mass

HRP horseradish peroxidase

isoD isoaspartate

PBST PBS containing 0.3 % Triton X-100

TBST TBS containing 0.1 % Tween 20

TEM transmission electron microscopy

VDAC voltage-dependent anion channel

WB Western blot

WT wild-type
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Figure 1. Influence of aspartate residue isomerization and the D23N mutation on the structural 
properties of A β40
(A) Native WB analysis. Samples collected at different aggregation time points (0–3 days) 

were separated on non-denaturing 5–30 % gradient gels, electrotransferred on to 

nitrocellulose, and membranes were probed with an antibody recognizing the C-terminus of 

Aβ40. Electrophoretic mobilities of monomers (m), dimers (d), trimers (t) and HMM species 

are indicated. (B) Secondary structure analysis by CD spectroscopy. CD studies were 

performed after incubation of the different synthetic homologues at 37 °C for up to 3 days. 

Data represent means of 15 scans after subtraction of background readings of buffer blanks. 

HFIP consistently induced α-helical structure formation in all peptides tested (exemplified 

for Aβ40). (C) Oligomerization/fibrillization analysis via Thioflavin T binding. 

Fluorescence evaluation (excitation 435 nm/emission 490 nm) of Thioflavin T binding at 

different time points during peptide aggregation was performed as described in the Materials 

and methods section. Upper panel, fluorescence kinetic measurements within the first 24 h. 

Bottom panel, Thioflavin T binding data after 3-day aggregation. In both cases, results are 

expressed in a.u. Data are presented as means ± S.D. for duplicate independent experiments.
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Figure 2. Structure of the different Aβ variants assessed by TEM and A11-immunoreactivity in 
dot-blot
(A) TEM. Analysis of the structure of the different Aβ homologues was performed after 

aggregation for 3 and 24 h as described in the Materials and methods section. Images were 

acquired following negative staining with 1 % uranyl acetate, using a Philips CM-12 

microscope equipped with a Gatan (4k×4k) digital camera. Magnification 88 000×; scale bar 

is 200 nm in all images. (B) Dot-blot. Nitrocellulose membranes, loaded with WT Aβ, 

Aβ(isoD), Aβ-Iowa and Aβ-Iowa(isoD) pre-aggregated 0–3 days, were probed with anti-

oligomer (A11) antibody. Images illustrate oligomer immunoreactivity at selected 

aggregation time points for each variant tested. Left-hand panel, ECL signals of WT Aβ40 

(D), and Aβ(isoD); right-hand panel, immunoreactivity of Aβ-Iowa (D) and Aβ-Iowa (isoD).
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Figure 3. Apoptosis induction by the different Aβ species in neuronal cells and cerebral 
microvascular ECs
Cultures were challenged with 50 μM Aβ40, Aβ(isoD), Aβ-Iowa and Aβ-Iowa(isoD), and 

apoptosis was evaluated after 1–3 days by Cell Death Detection ELISAplus. (A) SH-SY5Y 

cells; (B) microvascular cerebral ECs. Results are expressed as fold change of nucleosome 

formation compared with no-peptide controls (Cnt) at the respective time points. Data are 

representative of at least three independent experiments performed in duplicate. Bars 

represent means ± S.E.M. *P < 0.05, **P < 0.01.
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Figure 4. Mitochondrial CytC release in SH-SY5Y cells after 1 day of peptide challenge
Immunocytochemical evaluation of CytC in SH-SY5Y following 1 day of treatment with 50 

μM Aβ40, Aβ(isoD), Aβ-Iowa or Aβ-Iowa(isoD). Green fluorescence highlights CytC 

localization; punctate staining represents mitochondrial localization, whereas diffuse green 

staining indicates release into the cytoplasm. Blue fluorescence represents nuclear DNA 

counterstained with DAPI. Magnification 40 ×. Middle panel illustrates enlarged cell images 

highlighting CytC subcellular localization. Cnt, control.
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Figure 5. Mitochondrial CytC release in ECs after 1 day of Aβ challenge
Immunocytochemical evaluation of CytC following 1 day of EC incubation with 50 μM 

Aβ40, Aβ(isoD), Aβ-Iowa or Aβ-Iowa(isoD). Green fluorescence illustrates CytC 

immunostaining; blue fluorescence represents nuclear DNA counterstained with DAPI. 

Magnification 40×. Middle panel depicts enlarged cell images illustrating the CytC 

intracellular staining pattern. Cnt, control.
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Figure 6. Release of mitochondrial CytC in SH-SY5Y and ECs after 3 days of peptide challenge
Immunocytochemical evaluation of CytC localization in SH-SY5Y and ECs treated for 3 

days with the less aggressive Aβ40 and Aβ(isoD) peptides (50 μM). Green fluorescence 

depicts CytC immunostaining, as in Figures 4 and 5; punctate staining represents 

mitochondrial localization, and diffuse green staining indicates cytoplasmic release. Blue 

fluorescence signal depicts nuclear DNA counterstained with DAPI. Magnification 40×. 

Cnt, control.
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Figure 7. Protective effect of methazolamide on Aβ-mediated mitochondrial CytC release
SH-SY5Y and ECs were treated with 50 μM Aβ-Iowa(isoD) in the presence (300 μM) and 

absence of methazolamide, followed by CytC visualization by deconvolution microscopy 

and WB after separation of mitochondrial fractions. (A) Immunofluorescence evaluation. 

Green signal illustrates CytC staining as above. Magnification 100×. (B) Quantification of 

cells depicting cytoplasmic CytC localization. Histograms represent the number of cells 

exhibiting cytoplasmic CytC diffuse staining by immunofluorescence, expressed as a 

percentage of total cells. Results illustrate cell counts in at least three 40× magnification 

fields. Bars represent means ± S.E.M. (C) WB analysis of mitochondrial fractions. CytC 

immunoreactivity in SH-SY5Y and ECs treated with Aβ-Iowa(isoD) in the presence and 
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absence of methazolamide was assessed in mitochondrial fractions [(+) for VDAC; (−) for 

the cytoplasmic protein HSP90 (heat-shock protein 90)], prepared as described above. 

Histograms on the right-hand panels of each WB represent the densitometric quantification 

of the CytC band intensity normalized to the respective VDAC bands. Data are presented as 

means ± S.E.M. for at least three independent experiments. In (C) Aβ indicates Aβ-

Iowa(isoD), M represents methazolamide (300 μM) and Cnt represents control.
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Figure 8. Confocal microscopy evaluation of the effect of methazolamide in preventing CytC 
release and restoring mitochondrial membrane potential in SH-SY5Y
After treatment with Aβ-Iowa (50 μM, 16 h) in the presence (100 and 300 μM) and absence 

of methazolamide, SH-SY5Y cells were incubated with MitoTracker® Red CM-H2XRos, 

followed by CytC immunocytochemistry, as above. Top panel, green fluorescence highlights 

CytC; middle panel, red fluorescence depicts the signal of oxidized MitoTracker®, the 

localization of which to the mitochondria is dependent on maintenance of the organelles’ 

membrane potential; bottom panel, merged images. Cnt, control; M, methazolamide. 

Magnification 40×.
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Figure 9. Confocal microscopy assessment of the effect of methazolamide in preventing Aβ-
mediated CytC release and restoring mitochondrial membrane potential in ECs
ECs, challenged with Aβ-Iowa (50 μM, 16 h) in the presence and absence of methazolamide, 

were incubated with MitoTracker® Red and further immunostained for CytC, as above. Top 

panel, green fluorescence depicts CytC; middle panel, red fluorescence illustrates the signal 

of oxidized MitoTracker®, the localization of which to the mitochondria is dependent on the 

organelles’ membrane potential; bottom panel, merged images. Cnt, control; M, 

methazolamide. Magnification 40×.
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Figure 10. Protective effect of methazolamide on Aβ-mediated apoptosis induction
Cell cultures were treated with the different Aβ peptides at a concentration of 50 μM, in the 

presence (300 μM) and absence of methazolamide, and apoptosis induction was evaluated 

by Cell Death Detection ELISAplus. The length of incubation with the different peptides was 

selected to yield maximal apoptosis in the absence of inhibitor and therefore varied 

depending on the inherent pro-apoptotic capabilities of the different peptides, as described in 

the Materials and methods section. (A) SH-SY5Y cells. (B) Cerebral microvascular ECs. 

Results are expressed as fold change compared with no-peptide controls in the absence of 

inhibitor (Cnt) and are representative of three independent experiments performed in 

duplicate. Data are presented as means ± S.E.M. for duplicate experiments.
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