
Vol.:(0123456789)1 3

Acta Neuropathologica (2018) 136:901–917 
https://doi.org/10.1007/s00401-018-1922-z

ORIGINAL PAPER

Evidence of intraneuronal Aβ accumulation preceding tau pathology 
in the entorhinal cortex

Lindsay A. Welikovitch1 · Sonia Do Carmo2 · Zsófia Maglóczky3 · Péter Szocsics3 · János Lőke4 · Tamás Freund5 · 
A. Claudio Cuello1,2,6

Received: 13 September 2018 / Revised: 18 October 2018 / Accepted: 18 October 2018 / Published online: 25 October 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Growing evidence gathered from transgenic animal models of Alzheimer’s disease (AD) indicates that the intraneuronal 
accumulation of amyloid-β (Aβ) peptides is an early event in the AD pathogenesis, producing cognitive deficits before the 
deposition of insoluble plaques. Levels of soluble Aβ are also a strong indicator of synaptic deficits and concurrent AD neu-
ropathologies in post-mortem AD brain; however, it remains poorly understood how this soluble amyloid pool builds within 
the brain in the decades leading up to diagnosis, when a patient is likely most amenable to early therapeutic interventions. 
Indeed, characterizing early intracellular Aβ accumulation in humans has been hampered by the lack of Aβ-specific antibod-
ies, variability in the quality of available human brain tissue and the limitations of conventional microscopy. We therefore 
sought to investigate the development of the intraneuronal Aβ pathology using extremely high-quality post-mortem brain 
material obtained from a cohort of non-demented subjects with short post-mortem intervals and processed by perfusion-
fixation. Using well-characterized monoclonal antibodies, we demonstrate that the age-dependent intraneuronal accumu-
lation of soluble Aβ is pervasive throughout the entorhinal cortex and hippocampus, and that this phase of the amyloid 
pathology becomes established within AD-vulnerable regions before the deposition of Aβ plaques and the formation of tau 
neurofibrillary tangles. We also show for the first time in post-mortem human brain that Aβ oligomers do in fact accumulate 
intraneuronally, before the formation of extracellular plaques. Finally, we validated the origin of the Aβ-immunopositive pool 
by resolving Aβ- and APP/CTF-immunoreactive sites using super resolution structured illumination microscopy. Together, 
these findings indicate that the lifelong accrual of intraneuronal Aβ may be a potential trigger for downstream AD-related 
pathogenic events in early disease stages.

Keywords  Intraneuronal Aβ · Aβ oligomers · Tau pathology · Entorhinal cortex · Alzheimer’s disease · Non-cognitively 
impaired

Introduction

The established neuropathological features of Alzheimer’s 
disease (AD) include the presence of extracellular amyloid-β 
(Aβ) plaques and intracellular tau neurofibrillary tangles 
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(NFT). The former is believed to be the result of a lifelong 
buildup of Aβ, whereby the continuous accumulation of 
soluble Aβ peptides leads to the spontaneous aggregation 
and formation of insoluble plaque deposits. It is thought that 
excessive accumulation of toxic Aβ material is the initiat-
ing component in a cascade of events leading to tau hyper-
phosphorylation, NFT formation and progressive cognitive 
decline, better known as the amyloid cascade hypothesis [30, 
61]. This AD-neuropathological cascade is likely triggered 
well before the onset of clinical symptoms, evolving silently 
for decades while causing widespread neural damage [32, 
61]. However, advanced Aβ plaque deposition is a poor cor-
relate of AD-related cognitive decline and NFT density in 
AD-vulnerable brain regions [1, 17, 48, 58]. Although the 
widespread deposition of plaques is inarguably disease-asso-
ciated, it is evident that this insoluble pool may not neces-
sarily be the primary driver of cognitive dysfunction in AD.

Levels of soluble Aβ have proven to be a better predictor 
of synaptic dysfunction, cognitive impairment and concur-
rent neuropathologies when analyzed in post-mortem AD 
brain [2, 37, 46, 48]. Moreover, soluble Aβ oligomers have 
been shown to decrease cell survival and impair synaptic 
function in vitro [41, 56, 64, 75]. Reducing soluble Aβ lev-
els by passive-immunization or genetic modulation of APP 
expression reverses synaptic deficits and cognitive impair-
ments in several AD-animal models, even though established 
plaque pathology remains stable following treatment [19, 
22, 66].

It was first demonstrated over two decades ago that neu-
rons can generate intracellular Aβ peptides in vitro [65, 76, 
79]. It has since been found that Aβ accumulates within 
neurons of AD-vulnerable regions before the formation of 
extracellular plaques, both in transgenic animal models of 
AD and post-mortem human brain, as reviewed in [11, 39]. 
Several transgenic models overexpressing mutated human 
APP or PSEN genes exhibit robust intraneuronal Aβ (iAβ) 
accumulation coincident with the onset of synaptic disrup-
tions, LTP impairment and cognitive deficits in the absence 
of extracellular Aβ plaques [3, 7, 8, 10, 21, 31, 44, 45, 54, 
56, 69, 80]. iAβ material has repeatedly been observed in 
post-mortem brains of patients with mild cognitive impair-
ment (MCI) and AD, as well as cognitively unimpaired 
subjects [12–14, 24, 25, 40, 51], bringing into question the 
physiological and pathological significance of iAβ within 
the brain. It has also been shown that iAβ accumulation 
precedes extracellular plaque deposition in post-mortem 
brains of young Down’s syndrome individuals [6, 28, 52], 
who express the APP gene in triplicate and exhibit increased 
production and aggregation of Aβ early in life [43, 55, 57].

Although the occurrence of iAβ has been reported across 
several brain regions and patient cohorts, findings from these 
studies have been disputed as a result of technical limitations 
and confounding factors [26]. For example, commercially 

available antibodies used to detect the cleaved Aβ peptide 
are unable to differentiate the same epitope located within 
the APP holoprotein or other cleavage products, including 
the C-terminal fragment (CTF) and sAPPα. Double-fluo-
rescent immunolabeling of Aβ and APP is further hindered 
by the fact that widefield and confocal microscopy cannot 
adequately resolve discrete patterns of immunoreactivity 
that result in dense fluorescent signals. Inconsistent fixation 
methods, improper storage conditions and variable immu-
nolabeling techniques may also explain conflicting reports 
on the occurrence of iAβ within the human brain. We have 
previously shown in a transgenic rat model that APP- and 
Aβ-immunoreactive sites represent distinct intracellular 
entities that can only be fully resolved by super resolution 
microscopy [31]; however, it remains poorly understood 
how the intracellular accumulation of soluble Aβ in humans 
contributes to the AD disease-continuum, most importantly, 
during preclinical stages of disease progression. Moreover, 
information on the presence of oligomeric iAβ in the non-
AD brain is limited and contradictory, especially in cases 
with few or no Aβ plaques.

We therefore sought to investigate the occurrence of intra-
cellular Aβ-immunoreactive (IR) material within the control 
human brain using extremely well-preserved post-mortem 
brain tissue and well-characterized monoclonal antibodies. 
We focused our investigation on the intraneuronal accu-
mulation and oligomerization of soluble Aβ in relation to 
the development of insoluble Aβ and tau pathologies in the 
medial temporal lobe (MTL), a brain region which is vulner-
able to early AD pathology. Analysis of brain material from 
non-demented subjects with minimal concurrent AD-related 
pathologies revealed that the accumulation of iAβ is ubiq-
uitous and progressive, even in the absence of extracellular 
Aβ plaques and tau hyperphosphorylation.

Methods

Human tissue

Control human brain tissue samples were obtained from 
male and female subjects (n = 12) who died from causes 
not directly involving brain disease (Table 1). None of the 
subjects had a history of dementia or other neurological dis-
orders. Information about subjects’ level of education and 
cognitive status at the time of death was not available. Sub-
jects were processed for autopsy in Saint Borbála Hospital, 
Department of Pathology, Tatabánya, Hungary. Informed 
consent was obtained for the use of brain tissue after death 
and for access to medical records for research purposes. 
Tissue was obtained and used in compliance with the 1964 
Declaration of Helsinki and its amendments or compara-
ble ethical standards, and all procedures were approved 
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by the Regional and Institutional Committee of Science 
and Research Ethics of Scientific Council of Health [EET 
TUKEB 31443/2011/EKU (518/PI/11)].

Brains were removed 2–5 h post-mortem, both the inter-
nal carotid and vertebral arteries were cannulated, and the 
brains were perfused first with physiological saline contain-
ing 0.33% heparin (1.5L in 30 min), followed by fixative 
solution containing 4% paraformaldehyde, 0.05% glutar-
aldehyde, and 0.2% picric acid in 0.1 M phosphate buffer 
(4-5L in 1.5-2 h). The MTL was dissected after perfusion 
and post-fixed in the same fixative solution overnight, but 
without glutaraldehyde [74]. Once received at McGill Uni-
versity, tissue blocks were frozen over liquid nitrogen and 
stored at − 80 °C before being cut into 40-μm-thick sections 
using a freezing microtome (Leica SM 2000R, Germany). 
Free-floating brain sections were stored in cryoprotectant 
solution (1.1 M sucrose, 37.5% ethylene glycol in phosphate 
buffer saline [PBS]) at − 20 °C until processed for immuno-
histochemistry (IHC).

Brightfield immunohistochemistry

Tissue sections were washed of cryoprotectant with PBS 
and subjected to heat-induced antigen retrieval (HIAR) by 
treatment with Tris–EDTA buffer (pH 9.0) for 30 min at 
90 °C. After cooling for 20 min, endogenous peroxidase 
activity was quenched with 3% H2O2 and 10% methanol in 
PBS for 30 min at room temperature. Tissue sections were 
blocked with 0.1 M lysine and 10% normal goat serum 
(NGS) in PBS with 0.2% Triton X-100 (PBS-T) for 24 h 
at 4 °C to reduce non-specific antibody-binding. Immuno-
labeling was then performed using the following primary 
antibodies in 5% NGS in PBS-T overnight at 4 °C: anti-Aβ 
mouse monoclonal antibody, McSA1 (1:4000; Medimabs, 

Canada) [27]; anti-APP/CTF rabbit polyclonal antibody, 
pab27576 (1:1000; provided by Dr. Gerhard Multhaup, 
McGill University) [20, 31, 34]; anti-paired helical fila-
ment (PHF) mouse monoclonal antibody, NOAL (1:10; 
provided by Dr. Michal Novak, Slovak Academy of Sci-
ence) [49, 81]. Aβ oligomers were detected using the well-
characterized mouse monoclonal antibody, NU1 (1:500; 
provided by Dr. William Klein, Northwestern University) 
[42], in sections that were not subjected to HIAR before 
immunolabeling. Phosphorylated tau was detected using 
anti-phospho-tau (Ser202 and Thr205) mouse monoclonal 
antibody, AT8 (1:2000; Thermo Fisher Scientific, USA), 
for 40 h at 4 °C, as described by Braak et al. [4]. To verify 
antibody specificity, McSA1 and pab27576 antibodies 
were incubated with 5ug of human Aβ1-42, Aβ1-16 or Aβ17-42 
peptide (rPeptide, USA) for 1 h at room temperature with 
head-over-tail shaking before performing IHC. Tissue sec-
tions were then incubated with the following secondary 
antibodies: goat anti-mouse-IgG (1:100; MB Biochemi-
cals, Canada), biotinylated goat anti-rabbit-IgG (1:200; 
Vector Laboratories, USA), and bi-specific monoclonal 
antibody, MCC10 [36, 50, 62], pre-incubated with 5 ug/
mL horseradish peroxidase (HRP). Control experiments 
performed in the absence of primary antibodies showed no 
cross-reactivity of secondary antibodies. Signal amplifica-
tion was performed with either mouse anti-HRP mono-
clonal antibody (1:30) pre-incubated with 5 µg/mL HRP 
(MAP kit, MediMabs, Canada) or Vectastain ABC-HRP 
kit (Vector Laboratories, USA). Stainings were developed 
with 0.06% 3,3′-diaminobenzidine as a chromogen and 1% 
H2O2. Sections were mounted on gelatin-coated slides, 
dehydrated with a graded ethanol series, delipidated in 
xylene and cover-slipped with Entellan (MilliporeSigma, 
USA). Images were acquired using an Axio Imager M2 

Table 1   Demographic and 
medical information of case 
studies

List of cases. Case number, subject identifier, age in years, gender (F female, M male), post-mortem delay 
(h:min) and cause of death

Case Subject identifier Age Sex Post-mortem 
delay (h:m)

Cause of death

1 SKO2 74 M 4:55 Bronchopneumonia
2 SKO13 60 F 3:25 Respiratory arrest
3 SKO7 55 M 3:39 Pulmonary embolism with acute pul-

monary heart disease
4 SKO14 66 M 3:25 Conduction disorder
8 SKO8 70 F 2:38 Myocardial infarction
6 SKO3 59 F 5:05 Cardiogenic shock
7 SKO17 75 F 4:35 Acute transmural myocardial infarction
8 SKO11 77 M 2:55 Cardiac arrest, cause unspecified
9 SKO5 77 F 4:04 Heart failure, unspecified
10 SKO18 85 M 2:52 Congestive heart failure
11 SKO16 72 M 2:22 Respiratory arrest
12 SKO10 83 M 4:03 Cardiac arrest, cause unspecified
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microscope equipped with an AxioCam 506 color digital 
camera (Carl Zeiss, Germany).

Quantification of AD‑related pathologies in the EC

Relative intensity of neuronal McSA1‑IR

To quantify and compare levels of iAβ between subjects, 
we used a highly specific monoclonal antibody, McSA1, 
which targets the N-terminal amino acids 1–12 of human 
Aβ. Following IHC, we performed a semi-quantitative analy-
sis measuring the relative intensity of neuronal McSA1-IR. 
Images focused on layer II of the EC were acquired using 
a 20× objective, converted to 8-bit and variably thresh-
olded using ImageJ software (National Institutes of Health, 
USA) so neurons could be precisely delineated and manu-
ally selected as regions of interest (ROI) using the ‘Analyze 
Particles’ function. The integrated density and area of each 
ROI (i.e., each McSA1-IR neuron) were measured and sum-
mated (Σ integrated density/Σ area) to produce one value 
representing the total signal intensity for each image (y). 
Chromogen intensity was quantified using the reciprocal 
intensity (r) method [53]. Briefly, the relative “darkness” of 
each image is calculated using r = 255 – y, where 255 is the 
maximum intensity of unstained or “white” areas, and ‘y’ 
is the staining intensity of the ROIs being considered. As 
a result, higher ‘r’ values are associated with more intense 
chromogen staining. All tissue sections were processed 
simultaneously to maintain identical immunolabeling and 
staining conditions.

Surface area of McSA1‑IR Aβ plaques and AT8‑IR neuropil 
threads and cells

Using McSA1 to immunolabel Aβ plaques, images acquired 
using a 10x objective were again converted to 8-bit and 

variably thresholded to delineate plaque deposits within the 
EC (Fig. 1). The total surface area occupied by Aβ plaques 
across all layers of the EC was measured using the ‘Analyze 
Particles’ function and expressed in mm2. A similar analysis 
was performed within the same region by measuring the 
surface area occupied by AT8-IR neuropil threads and cells; 
this value was normalized according to the size of the region 
measured and expressed in mm2.

Fluorescent immunohistochemistry

Tissue sections were subjected to HIAR as described above, 
permeabilized with 50% ethanol and blocked overnight with 
0.1 M lysine in 10% NGS. Double-immunolabeling was per-
formed using McSA1 (1:250) and pab27576 (1:500) pri-
mary antibodies in 5% NGS overnight at 4 °C, followed by 
incubation with Alexa Fluor 488 goat anti-mouse and Alexa 
Fluor 568 goat anti-rabbit antibodies (1:400; Life Technolo-
gies, USA) for 2 h at room temperature. To abolish tissue 
auto-fluorescence associated with lipofuscin, sections were 
incubated with 0.3% Sudan Black in 70% ethanol for 15 min 
at room temperature with fast shaking. Finally, sections were 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI) 
for 3 min at room temperature before being mounted and 
cover-slipped with Aqua Polymount (Polysciences Inc., 
USA). Images were acquired using a super resolution Del-
taVision OMX V4 Blaze system (Applied Precision, GE 
Healthcare, UK).

Structured illumination microscopy 
and colocalization analysis

To resolve McSA1 and pab27576 fluorescent-IR sites, we 
employed super resolution SIM. Three tissue sections per 
subject (n = 6) were immunolabeled as described. For each 
tissue section, 5–8 images centered on 1–2 neuronal cell 

Sub

CA1

CA2/3

DG

EC

McSA1 AT8 NOAL

Fig. 1   Quantifying AD-related pathologies within the medial tempo-
ral lobe of non-demented cases. 40 μm-thick tissue sections compris-
ing the EC, subiculum (Sub), CA regions, and dentate gyrus (DG) 
were subjected to HIAR and IHC. To quantify the extent and severity 
of Aβ and tau pathologies, Aβ was probed using McSA1; phospho-

tau (Ser202 and Thr205) was probed using AT8; and tau PHF were 
probed using NOAL. Images from comparable regions of the EC 
(denoted above) were acquired by brightfield microscopy and quan-
tified by ImageJ software. Unless otherwise specified, quantification 
was performed across all cell layers of the EC (scale bar = 50um)
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bodies were acquired in the EC and CA1 using a 100× 
objective lens. To adequately capture the depth of the 
cell nucleus and cytoplasm, 3-μm z-stacks were gener-
ated using the following channel settings: mode, EMCCD 
5 MHz; EMCCD Gain, 170; Exposure, 10 ms; Percent 
transmission for lasers 405, 31.3%; 488, 1.0%; 568, 10.0%. 
To measure the extent of colocalization between McSA1- 
and pab27576-IR areas, Pearson and Manders’ correla-
tion coefficients were calculated using the JACop plugin 
in ImageJ software. The Pearson coefficient describes the 
linear relationship between fluorescent signals and var-
ies between 1 and -1. Manders’ M1 and M2 coefficients 
represent the fraction of colocalized fluorescent signals, 
where 0 is defined as no colocalization and 1 is defined as 
perfect colocalization. To offset background fluorescence 
inherent to human brain tissue, images acquired within the 
EC and CA1 were set at a threshold of 16/12 and 16/16, 
respectively, for McSA1/pab27576 channels prior to colo-
calization analysis. Using the Volocity 3D image Analysis 
Software (PerkinElmer, USA), serial z-planes were also 
reconstructed and assembled to form a representative 3D 
model.

Results

Whole‑tissue perfusion of post‑mortem human 
brain material

The ability to reliably detect proteins in post-mortem 
human brain tissue by IHC is largely dependent on the 
quality of the material being used. Therefore, to study the 
occurrence of iAβ within the human brain, we used well-
preserved post-mortem brain tissue from non-demented 
subjects who died of causes unrelated to neurological dis-
ease (Table 1). Tissue harvest was performed on samples 
with an average post-mortem delay of 3.65 h (ranging 
between 2 and 5 h for all cases), thus limiting possible 
tissue damage and protein degradation. Perfusion via the 
carotid and vertebral arteries, a technique not commonly 
used, ensured that all contents of the brain’s vasculature 
were eliminated and that a continuous flow of fixative 
solution was applied to achieve complete, rapid and even 
tissue fixation. For this study, we used material from the 
MTL and adjacent areas comprising the complete circuitry 
of the entorhinal cortex (EC), subiculum, cornu ammonis 
(CA) regions, and dentate gyrus (DG). Using tissue sec-
tions from these samples, we investigated the accumula-
tion of Aβ and phosphorylated tau by IHC, which are clas-
sical molecular hallmarks of AD-related pathologies, as 
illustrated in Fig. 1.

Soluble iAβ accumulation is predominant in the EC 
compared with insoluble Aβ plaque and tau 
pathologies

To characterize the neuronal accumulation of soluble Aβ in 
relation to the development of insoluble Aβ and tau patholo-
gies, we performed quantitative analyses of McSA1, AT8 
and NOAL immunolabeling within the EC (Fig. 1), a brain 
region regarded as ‘ground-zero’ for NFT formation and 
subsequent spread of tauopathy in the MTL [4, 5].

First, we used a well-characterized monoclonal anti-
body, McSA1, to detect Aβ-burdened neurons in layers 
II–VI of the EC. All neurons in this region were immuno-
positive for McSA1 across all subjects (Fig. 2; Supplemental 
Fig. 1). Cell-number quantification revealed an average of 
3030 Aβ-burdened neurons per 10 mm2 of tissue analyzed 
(Table 2).

In only two cases, it was not possible to definitively quan-
tify the number of McSA1-IR neurons. In subject SKO2, 
the contrast between intraneuronal and extraneuronal 
immunostaining was too low to accurately identify immu-
nopositive cells in entorhinal layers III and V. Additionally, 
extensive plaque pathology in subject SKO10 occluded the 
accurate quantification of neurons in entorhinal layers II–VI, 
although neurons could still be clearly visualized in plaque-
free areas and exhibited intense McSA1-IR (Supplemental 
Fig. 1).

iAβ was also observed in the MTL of one subject diag-
nosed with AD (76 years old; Supplementary Fig. 1). This is 
consistent with previous studies that have demonstrated the 
occurrence of iAβ within the AD brain. Neuronal McSA1-
IR was found throughout all regions of the MTL, although 
Aβ-burdened neurons within the EC were notably sparse 
due to the presence of advanced plaque pathology, as well 
as frank neuronal loss and degeneration.

We then measured the intensity of neuronal McSA1-IR in 
layer II of the EC using the reciprocal intensity (r) method, 
and subjects were classified in increasing order of iAβ-
burden (Fig. 2; Table 2). Layer II neurons were consistently 
and clearly visualized in nearly all cases.

Next, we quantified the extent and severity of insolu-
ble Aβ and tau pathologies across all layers of the EC to 
assess the possible development of concurrent AD-related 
pathologies in these non-demented cases. Four subjects 
exhibited limited plaque pathology that was restricted to the 
EC (Table 2). As described, case SKO10 displayed more 
advanced plaque deposition, which extended to most regions 
of the MTL. The remaining seven subjects did not exhibit 
any Aβ plaques within the EC or hippocampus.

We also quantified established tau pathology by meas-
uring the surface area occupied by AT8-IR (Table 2). In 
most subjects, AT8-IR neuropil threads (NT) and NFT were 
observed only within the EC (Fig. 2), with few AT8-IR 
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neurons found in regions extending beyond CA1. Two sub-
jects were completely devoid of AT8 immunolabeling within 
the EC (SKO3 and 16). Additionally, only one case exhib-
ited more extensive tau pathology characterized by the pres-
ence of NT and NFT in the subiculum and all CA regions 
(SKO7).

Lastly, to reveal more advanced pathological tau struc-
tures, we used a rat monoclonal antibody, NOAL, raised 
against pronase-resistant tau PHF [49, 81]. Only four sub-
jects exhibited immunopositive cell bodies containing stable 
PHF, which were relatively sparse and limited to layer II of 
the EC (Fig. 2; Table 2).

Overall, we found that the neuronal accumulation of 
Aβ-IR material was significantly more pervasive than insolu-
ble Aβ and tau pathologies. McSA1-IR neurons within the 
EC far-outnumbered those immunolabeled with AT8 or 
NOAL, and all 12 subjects exhibited detectable levels of 
neuronal McSA1-IR, independent of other AD-related 

pathologies (Table 2; Fig. 2). Importantly, two subjects 
exhibited significant iAβ accumulation and few Aβ plaques 
in the absence of detectable AT8-IR in the EC (SKO3 and 
16). Conversely, three subjects exhibited strong neuronal 
McSA1-IR while devoid of Aβ plaques and with minimal 
AT8-IR in the same region (SKO13, 14 and 11). Addition-
ally, the relative intensity of neuronal McSA1-IR did not 
appear to correlate with Aβ plaque-load, tau AT8-IR or PHF 
(Table 2). These results suggest that the neuronal accumula-
tion of soluble Aβ likely precedes both Aβ plaque and tau 
tangle formation in the EC.

iAβ accumulation increases as a function of age 
in the EC

Although the presence of iAβ within the EC was ubiquitous 
across all subjects, independent of concurrent Aβ plaque 
and tau pathologies, we observed significant variability in 

Fig. 2   Neuronal accumula-
tion of Aβ material occurs in 
all subjects, independent of 
insoluble Aβ and tau patholo-
gies. To evaluate the accumu-
lation of iAβ in the EC with 
respect to concurrent insoluble 
pathologies, iAβ and extracel-
lular plaques were detected 
using McSA1; phospho-tau, 
NT and NFT were detected 
using AT8; and tau PHF were 
detected using NOAL (scale 
bar = 100 μm). Subjects are 
arranged in order of increas-
ing iAβ burden in layer II, as 
described in Table 2

SKO3

SKO11

SKO5

Aβ P-Tau
Low iAβ

High iAβ

SKO8
PHF
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the intensity of neuronal McSA1-IR between cases. Inter-
estingly, we noticed that neurons within the EC exhibited 
stronger immunostaining and tended to be more clearly 
defined in older subjects compared with younger subjects 
across all entorhinal layers (Fig. 3a). Additionally, three 
cases with the most advanced age at death exhibited higher 
levels of iAβ compared with three cases with the least 
advanced age (Fig. 3b). To validate this observation, we 
performed a linear regression analysis assessing the rela-
tionship between subject-age and neuronal McSA1-IR (r) 
in layer II of the EC (n = 10), as described in Table 2. Sta-
tistical analysis revealed an R2 value of 0.379 that was just 
below the threshold of statistical significance (p = 0.058), 
suggesting that iAβ accumulation increases with age in this 
patient cohort (Fig. 3c). Two subjects were excluded from 
the analysis due to advanced plaque deposition coinciding 
with erratic immunolabeling in the region analyzed (SKO2 
and 10; Table 2). These results suggest that the progressive, 
lifelong buildup of iAβ may contribute to the pathogenic 
mechanisms that confer age as a risk factor for the develop-
ment of AD.

iAβ is pronounced in AD‑vulnerable regions, 
but is largely absent within the cerebellum

Similar to what was observed in the EC, we found that neu-
rons within the subiculum, CA regions, and DG exhibited 
significant accumulation of iAβ material (Fig. 4a). In gen-
eral, the intensity of neuronal McSA1-IR in the hippocam-
pus paralleled that observed in the EC: those subjects with 

higher levels of iAβ in the EC exhibited higher neuronal 
McSA1-IR in other regions of the MTL. Of the cases with-
out extracellular plaque deposition, one subject was devoid 
of AT8-IR within the hippocampus (SKO3), while three 
additional cases presented with few sparse AT8-IR neu-
rons in the absence of NT (SKO13, 14 and 5). Given that 
iAβ could consistently be visualized in this cohort of non-
demented cases, even in the absence of Aβ plaque and tau 
pathologies, our results suggest that the neuronal accumula-
tion of soluble Aβ may precede the development of insoluble 
AD-related pathologies within the hippocampus. In addition, 
the fact that McSA1-IR could be detected in all neurons of 
the MTL indicates that the intracellular accumulation of Aβ 
may be a characteristic of neurons within AD-vulnerable 
regions.

To investigate the occurrence of iAβ in brain regions 
differentially affected by AD pathology, we probed tis-
sue sections from the cerebellum of these same cases 
by IHC. In this region, Aβ plaque deposition and tissue 
atrophy are typically only observed at very late disease 
stages without NFT formation or tauopathy [71, 78]. We 
therefore analyzed the cerebellar grey matter of four non-
demented cases to evaluate the occurrence of iAβ accumu-
lation in cerebellar neurons. McSA1-IR within this region 
was relatively homogenous and cell bodies could not be 
distinguished from the surrounding neuropil (Fig. 4b). 
Aβ-immunoreactive neurons were detected in only one 
case: these neurons were faintly immunostained and were 
identified as small granule neurons (Fig. 4b). Interest-
ingly, we noted that this unique case corresponded to one 

Table 2   Assessment of 
AD-related neuropathologies 
in the non-demented entorhinal 
cortex

*Diminished and erratic intraneuronal IR across entorhinal layers
a Number of McSA1-IR neurons, AT8-IR neurons and NOAL-IR paired-helical filaments (PHF) across lay-
ers II–VI, expressed per 10mm2

b Intensity of intraneuronal McSA1-IR in layer II, expressed as the reciprocal integrated density/area (r)
c Total surface area occupied by extracellular Aβ plaques (mm2) across layers II–VI
d Surface area occupied by AT8-IR across layers II–VI, expressed per 10mm2 (mm2)

Case Subject identifier McSA1-IR 
neuronsa

Intensity of intra-
cellular Aβ-IRb

Extracellular 
Aβ plaquesc

AT8-IRd AT8-IR 
neuronsa

PHFa

1 SKO2 * 119.209 – 0.126 53.0 46.1
2 SKO13 2944.0 124.991 – 0.015 3.7 –
3 SKO7 2873.6 126.714 – 0.113 92.3 –
4 SKO14 3538.1 128.664 – 0.010 15.3 –
8 SKO8 2873.6 129.014 0.249 0.165 36.6 9.8
6 SKO3 3409.1 133.549 0.167 – – –
7 SKO17 3158.5 136.733 – 0.028 5.74 –
8 SKO11 3005.2 138.519 – 0.012 12.6 2.2
9 SKO5 3354.0 139.345 – 0.102 12.9 –
10 SKO18 2764.5 140.468 0.003 0.117 29.3 11.0
11 SKO16 2943.3 144.931 0.040 – – –
12 SKO10 * * 2.405 0.289 55.3 –
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of the oldest subjects within our cohort (77 years, SKO11). 
This case also exhibited objectively lower levels of iAβ 
within the cerebellum compared with the MTL (Fig. 2). 
Our findings suggest that brain regions affected in early 
disease stages exhibit higher levels of iAβ compared with 

regions that are less-susceptible to such neurodegenerative 
processes.

Advanced plaque deposition mirrors the anatomical 
distribution of Aβ‑burdened neurons

While assessing the relationship between soluble iAβ accu-
mulation and insoluble AD-related pathologies in the MTL, 
we noticed a striking similarity between the localization of 
extracellular plaque deposition in one case with advanced 
plaque pathology (83 years, SKO10) and the anatomy of 
Aβ-burdened neurons (Fig. 5). We found that lake-like Aβ 
deposits in the presubiculum exhibited a spatial geometry 
that overlapped almost perfectly with the anatomical distri-
bution of discrete islands of McSA1-IR parvopyramidal neu-
rons in subjects devoid of Aβ plaques. These lake-like Aβ 
aggregates, originally described by Kalus et al. and others 
[35, 72, 82], exhibited sharp, triangular delineations occur-
ring at regular spatial intervals.

In contrast with the presubiculum, a pattern of Aβ plaque 
deposition in the EC presented as a negative image with 
islands of Aβ-burdened neurons in subjects without plaque 
pathology: a ‘clean’ band in layer II was devoid of extracel-
lular plaques, as well as McSA1-IR neurons. Plaque deposits 
in layer I formed small but clear protrusions into layer II at 
regular intervals, reminiscent of the negative space formed 
between distinct islands of Aβ-burdened layer II neurons.

These observations raise questions regarding the origin 
of extracellular plaques and the dynamics between intra-
neuronal and extraneuronal Aβ. In this regard, high levels 
of iAβ in AD-vulnerable brain regions may contribute to the 
distinct spatial and sequential pattern of plaque deposition 
previously reported within post-mortem non-demented and 
AD brain.

Aβ oligomers accumulate intraneuronally 
within the non‑demented human brain

It is well-documented that Aβ oligomers are likely the most 
toxic amyloid species within the human brain; however, the 
occurrence of oligomeric iAβ within the control MTL in the 
absence of Aβ plaques remains poorly understood. Given the 
quality of the tissue used in this study, we decided to assess 
the anatomical and cellular distribution of soluble Aβ oli-
gomers within the non-demented MTL by IHC using NU1, 
a well-characterized conformation-specific monoclonal 
antibody that targets Aβ oligomers with minimal reactivity 
to monomers [42]. Unlike McSA1, which exhibited strong 
neuronal-IR in all regions of the MTL, NU1 immunolabe-
ling was most prominent in CA3 neurons located within the 
boundaries of the polymorphic layer of the DG (Fig. 6). All 
cases presented with evident neuronal immunolabeling, with 
the exception of one case (72 years, SKO16). Although the 
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Fig. 3   Neuronal McSA1-IR increases with age in the EC. a McSA1-
IR neurons exhibited more intense chromogen staining across all 
layers of the EC in older subjects compared with younger subjects. 
Entorhinal layers are denoted above. b Three subjects with the oldest 
age at death exhibited significantly more neuronal McSA1-IR within 
the EC (bottom panels) compared with three subjects with the young-
est age at death (top panels) (scale bar = 50 μm). c Linear regression 
analysis suggested that the intensity of neuronal McSA1-IR is related 
to subject-age within this patient cohort (n = 10; y = 110.598 + 0.397x; 
R2 = 0.379; p  = 0.058)
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Subiculum CA2 DG
A

B

55 years 77 years

Cerebellum

Fig. 4   Age-dependent iAβ accumulation is more prominent in the 
MTL compared with the cerebellum. a Neuronal McSA1-IR was 
observed in all regions of the MTL, including the subiculum, CA 
regions, and DG. Anatomical boundaries could be delineated from 
neuronal McSA1-IR alone (scale bar = 100  μm). b McSA1 did not 

show neuron-specific immunolabeling in the cerebellum of  most 
cases analyzed; in these subjects, immunolabeling within the cerebel-
lar grey matter was relatively homogenous (left panel). In one of the 
oldest cases, faint immunolabeling of granule cells was visualized 
(right panel) (scale bar = 100 μm)

Fig. 5   Advanced Aβ plaque 
deposition mirrors the anatomi-
cal distribution of Aβ-burdened 
neurons. Within the presubicu-
lum of one case with relatively 
advanced plaque pathology (top 
right panel), ‘lake-like’ amyloid 
deposits occurred in a distinct 
triangular pattern, similar to 
the anatomical arrangement of 
parvopyramidal Aβ-burdened 
neurons (top left panel). In con-
trast, subpial band-like plaque 
deposits in layer I and layer III 
of the EC (bottom right panel) 
formed a negative image with 
layer II Aβ-burdened neurons 
(bottom left panel) (scale 
bar = 500 μm)

Presubiculum

Entorhinal cortex

83 years
SKO10

77 years
SKO11
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relative intensity of neuronal NU1-IR appeared highly varia-
ble across subjects, immunolabeling occurred independently 
of insoluble Aβ and tau pathologies, as well as neuronal 
McSA1-IR. The relative abundance of oligomeric iAβ was 
also unrelated to subject age or post-mortem delay. Vari-
able neuronal immunolabeling was also observed within the 
transentorhinal cortex, subiculum and CA1. Interestingly, 
neuronal NU1-immunolabeling could only be observed in 
tissue not subjected to antigen retrieval. It is likely that con-
ditions used for HIAR disrupt the intramolecular interactions 
of the Aβ oligomeric complex, rendering it unrecognizable 
by the conformation-specific NU1 antibody. These results 
suggest that the intracellular accumulation of Aβ oligom-
ers may represent another mechanism by which Aβ disrupts 
neuronal function at early disease stages.

Neuronal Aβ and APP are distinct intracellular 
entities within the human brain

McSA1 immunolabeling revealed the presence of iAβ mate-
rial in AD-vulnerable brain regions with and without insolu-
ble AD-related pathologies. To verify that this intracellular 
IR pool is in fact associated with the Aβ peptide, as opposed 
to the APP holoprotein or cleavage fragments, we performed 
double-immunolabeling using McSA1 and the APP/CTF-
specific polyclonal antibody, pab27576, which targets the 

C-terminal 43 amino acids of human APP, but does not rec-
ognize the Aβ domain.

The amino acid residues recognized by McSA1 are also 
located within APP and other cleavage products. We have 
previously shown by competition assay that McSA1 does not 
show specificity for full-length APP or sAPPα [27, 44]. To 
validate the specificity of both McSA1 and pab27576 anti-
bodies in human tissue, we performed peptide pre-adsorp-
tion using human Aβ1-42 peptide. Consistent with previous 
experiments, McSA1 immunolabeling was abolished by 
Aβ1–42 pre-adsorption, while that of pab27576 was unaltered 
(Fig. 7a). We also performed pre-adsorption using human 
Aβ17–42 and Aβ1–16 peptide fragments to confirm the N-ter-
minal binding site of the McSA1 antibody. Incubation with 
Aβ17–42 peptide fragment did not interfere with McSA1 bind-
ing in tissue, while Aβ1–16 fully sequestered the antibody in 
solution, preventing subsequent immunolabeling (Fig. 7b).

Next, to evaluate the extent of colocalization between 
McSA1- and pab27576-IR, we performed super-resolution 
SIM and quantitative colocalization analysis (Fig. 8a, b). 
In contrast with standard confocal microscopy, SIM can 
achieve a resolution of up to 100 nm in x, y and 250 nm 
in z [60] and can resolve distinct IR puncta. By calculat-
ing Pearson and Manders’ coefficients, we found minimal 
colocalization between neuronal McSA1- and pab27576-IR 
within the EC (Fig. 8c). We determined that only 6.4% of 

74 years

66 years 70 years

77 years 83 years

60 years

Fig. 6   Hippocampal neurons exhibit intracellular accumulation of 
Aβ oligomers. iAβ oligomers were probed using the conformation-
specific monoclonal antibody, NU1. CA3 neurons located within the 

boundaries of the polymorphic layer of the DG exhibited strong neu-
ronal immunolabeling across most subjects, regardless of plaque or 
tau pathologies (scale bar = 100 μm)
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McSA1-IR regions overlapped with that of pab27576 in this 
brain region (M1 = 0.064 ± 0.005). Quantitative analysis of 
images acquired in CA1 similarly showed minimal colocali-
zation between neuronal McSA1- and pab27576-IR.

Based on the pattern of McSA1-IR, we found that Aβ 
was evenly distributed throughout the neuronal cytoplasm, 
soma and dendrites, but was largely excluded from the cell 
nucleus. In contrast, pab27576-IR structures were notably 
denser and exhibited both cytoplasmic and nuclear locali-
zation in neurons, as well as neighboring glia. Given the 
clear differences in localization and intracellular distribu-
tion between McSA1 and pab27576, we concluded that both 
antibodies do in fact target distinct amyloid fragments within 
the neuronal space.

Discussion

Despite numerous investigations into the occurrence of iAβ 
within the human brain, reports on the neuronal accumula-
tion of soluble Aβ have been repeatedly challenged and over-
shadowed by the prevailing view that insoluble plaques rep-
resent the dominant pathogenic agent within the AD brain. 
Lack of consensus on the relevance of intracellular Aβ in 

the context of AD has curtailed discussions on the potential 
biological and toxic effects of iAβ within the brain, particu-
larly during early disease stages. Using well-characterized 
monoclonal antibodies, as well as extremely well-preserved 
human brain tissue from non-demented individuals with 
minimal AD-related pathologies, we demonstrate that Aβ is 
undoubtedly present within the intraneuronal space across 
several regions of the hippocampus and, most importantly, 
the EC, an area considered the epicenter of tau NFT propa-
gation. Moreover, we provide evidence that iAβ is invariably 
present in all subjects analyzed, independently of concurrent 
insoluble Aβ and tau pathologies. We propose that the neu-
ronal accumulation of soluble Aβ likely precedes the deposi-
tion of extracellular Aβ plaques, tau hyperphosphorylation, 
and the formation of tau NFT and PHF, given that intracel-
lular Aβ-IR material was clearly observed in cases without 
such pathologies. Two subjects devoid of hyperphosphoryl-
ated tau within the EC displayed significant iAβ accumu-
lation, even in the presence of only few plaque deposits. 
Similarly, three subjects without Aβ plaque pathology dem-
onstrated substantial iAβ material with only minimal AT8-
IR. Our results suggest that Aβ buildup within the EC does 
in fact precede the development of other classical disease 
hallmarks, but develops first as a soluble intraneuronal pool.

pab27576

Aβ42 pre-adsorbed
pab27576

McSA1

Aβ42 pre-adsorbed
McSA1

Aβ17-42 pre-adsorbed
McSA1

Aβ1-16 pre-adsorbed
McSA1

A B

Fig. 7   Validating McSA1 and pab27576 antibody specificity by pep-
tide pre-adsorption. a Antibody pre-adsorption using 5ug of human 
Aβ1–42 completely abolished McSA1 immunolabeling (right panels), 
while pab27576-IR was largely unaffected (scale bar = 100  μm). b 

McSA1 binding in tissue was unaltered by pre-incubation with human 
Aβ17–42, while human Aβ1–16 peptide fragment containing the Aβ 
N-terminal epitope sequestered McSA1 in solution, preventing any 
observable IR (bottom panel) (scale bar = 100 μm)
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Most interestingly, the quantity of iAβ material appeared 
to increase as a function of age in this non-demented cohort. 
This observation is consistent with previous studies that 
have reported an age-dependent increase in the accumu-
lation of iAβ across a broad age-range of subjects (e.g., 
between 3 months and 79 years old) [25]. We performed 
a semi-quantitative analysis confirming this same phenom-
enon in a more comparable cohort of adults that spanned 
a narrower age-range (i.e., between 55 and 85 years old), 
which also more closely represents the stage in life at which 
people are most likely to develop cognitive deficits due to 
AD. Although the results of the analysis fell just below 

the threshold of statistical significance, it was striking that 
such a strong trend could still be observed in this relatively 
small cohort. The spontaneous, lifelong generation and 
accumulation of Aβ has long been implicated in the AD 
pathogenesis, whereby increasing brain-Aβ likely triggers 
the AD pathological cascade once is surpasses a homeostatic 
threshold [30, 61]. Importantly, we have shown in this study 
that the age-dependent increase in soluble Aβ also occurs 
within neurons of the MTL, the effects of which have been 
scarcely studied within the non-demented human brain. We 
know from transgenic animal models that early iAβ accu-
mulation in the absence of extracellular plaques is sufficient 

A

B

Co-localization analysis of McSA1- and pab27576-IR

Region #Images Pearson Manders M1 Manders M2

Manders M1: fraction of of McSA1-IR (green) co-localized with pab27576 (red)
Manders M2: fraction of pab27576-IR (red) co-localized with McSA1 (green)

Entorhinal
Cortex

C

Merge + DAPIAβ (McSA1) APP (pab27576)

McSA1
pab27576
DAPI

CA1              78            0.18 ± 0.005         0.069 ± 0.005         0.095 ± 0.005

83            0.16 ± 0.005         0.064 ± 0.005         0.134 ± 0.007

Fig. 8   Sub-cellular distribution of neuronal McSA1-IR and colocali-
zation with pab27576-IR. Intraneuronal Aβ and APP were immuno-
labeled using McSA1 (green) and pab27576 (red) antibodies, respec-
tively. Neurons were identifiable based on their characteristic nuclear 
size and shape, as revealed by DAPI. a Images centered on neuronal 
cell bodies in the EC and CA1 underwent structured illumination 
reconstruction to resolve distinct IR puncta. b Z-stack projections 
were subjected to 3D reconstruction to better-illustrate the extent of 

colocalization between McSA1- and pab27576-IR sites within the 
neuronal space. c Quantitative colocalization analysis revealed that 
McSA1 and pab275762 occupy distinct regions of the intraneuronal 
space. Less than 7% of McSA1-IR overlapped with pab27576, as rep-
resented by a Manders M1 coefficient of 0.064 and 0.069 within the 
EC and CA1, respectively. A similarly small fraction of pab27576-IR 
colocalized with McSA1, as revealed by Manders M2 coefficients of 
0.134 and 0.095 in the EC and CA1, respectively
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to produce synaptic deficits [69], LTP impairment [10, 54, 
56], inflammation [20, 29, 33], oxidative stress [18, 47] and 
cognitive dysfunction [3, 21, 31, 44]. It is conceivable, there-
fore, that the lifelong buildup of iAβ material within the 
human brain may trigger these same mechanisms, instigat-
ing tau hyperphosphorylation and contributing to subsequent 
cognitive decline.

In most cases analyzed, neuronal McSA1-IR was 
completely absent in the cerebellar grey matter. iAβ was 
observed in granule neurons of only one subject, although 
the intensity of neuronal McSA1-IR within this region was 
considerably lower than that observed in the MTL. Interest-
ingly, we noted that this unique case corresponded to one of 
the oldest subjects. The age- and region-dependent increase 
in iAβ appears to parallel some of the defining features of the 
AD continuum: regions most susceptible to the early disease 
process, such as the MTL, exhibit higher levels of iAβ, while 
those regions that are least-affected, such as the cerebellum, 
are burdened with considerably less iAβ material. Progres-
sive iAβ accumulation may contribute to early synaptic dys-
function in brain regions implicated in the earliest stages of 
the AD pathology, such as the EC and hippocampus. While 
early iAβ buildup is sufficient to produce behavioral deficits 
in transgenic animal models, subtle cognitive impairment 
associated with progressive iAβ accumulation in humans 
may be masked by mechanisms that allow for cognitive 
reserve, such as neural compensation and neural reserve 
[67].

Oligomeric Aβ, which is thought to be the most potent, 
disease-relevant amyloid species [9, 77], has been shown 
to induce tau pathology [16, 73, 83], stimulate oxidative 
stress [15] and promote synaptic loss [38, 63]. However, 
these effects have mainly been studied in vitro following 
exogenous application of oligomeric Aβ, or in transgenic 
animal models. The progressive neuronal accumulation of 
soluble Aβ oligomers within the human brain has significant 
implications regarding the potential toxic effects of oligo-
meric Aβ during early disease stages. Using a conformation-
specific monoclonal antibody, NU1 [42], we found that Aβ 
oligomers do in fact accumulate within the intraneuronal 
space in the post-mortem brain of non-demented subjects, 
in contrast with excellent previous reports [59], which may 
have been limited by the suboptimal preservation of conven-
tional brain-bank materials. Given that soluble Aβ oligomers 
are thought to be the most toxic amyloid species compared 
with Aβ monomers and plaques, it is likely that more overt 
differences in the accumulation of oligomeric iAβ would be 
observed in patients with MCI or AD, who already exhibit 
cognitive symptoms; however, at present, we do not have 
access to tissue with comparable preservation from such a 
patient cohort. Several factors may favor the accumulation 
of Aβ oligomers in the intraneuronal space. The age-depend-
ent increase in levels of Aβ may promote its spontaneous 

aggregation within the intracellular space, producing solu-
ble, low-molecular weight oligomers that persist within the 
cytoplasm unless fluxed or degraded. The brain’s ability to 
buffer the intracellular pool of oligomeric Aβ may also be 
influenced by factors subject to inter-individual variability, 
such as ApoE status, comorbidities, lifestyle and education.

Our findings also strongly indicate that there exists some 
relationship between the neuronal accumulation of soluble 
Aβ and the subsequent deposition of insoluble plaques. 
While the occurrence of iAβ was similar across most sub-
jects, one case with more advanced Aβ plaque pathology 
exhibited a unique pattern of plaque deposition bearing 
striking similarities with the anatomical distribution of 
Aβ-burdened neurons in subjects devoid of Aβ plaques. 
Although this pattern of advanced plaque deposition has 
been documented in great detail [72], the sequential pro-
gression of insoluble plaque pathology in relation to the 
neuronal accumulation of soluble Aβ has never been con-
sidered. Considering that iAβ becomes established within 
AD-vulnerable brain regions before the deposition of Aβ 
plaques, it is possible that the age-dependent increase 
in iAβ causes a corresponding increase in the flux of Aβ 
peptides into the extracellular space, where they are prone 
to spontaneous aggregation. As a result, Aβ plaques may 
simply be the byproduct of neuronal homeostatic mecha-
nisms that buffer increasing intracellular amyloid burden, 
explaining why brain plaque load naturally increases with 
age in both cognitively unimpaired and AD individuals. A 
larger cohort of cases displaying the complete continuum of 
plaque pathology would be necessary to study the dynamics 
between the intra- and extracellular amyloid pools.

Investigations into the role of iAβ in disease develop-
ment have been hampered by criticisms about the technical 
limitations of IHC and conventional microscopy, as well as 
the challenges inherent to using post-mortem human brain 
tissue [70]. Varied reports on the ability to detect iAβ have 
also been muddied by inconsistent fixation and treatment 
methods across studies. These confounding factors may 
explain contradictory reports on the occurrence of intra-
cellular Aβ oligomers in human neurons and post-mortem 
brain tissue [23, 59, 68]. Applying optimal perfusion and 
fixation protocols with short post-mortem delays resulted 
in extremely high-quality human brain material, which, 
combined with well-controlled IHC protocols, allowed for 
the reliable detection of iAβ peptides and oligomers. Given 
the unique perfusion and fixation method implemented in 
this study, procurement of more post-mortem samples with 
similar preservation would be necessary to replicate present 
findings, as well as investigate the occurrence and progres-
sion of iAβ pathology across the full spectrum of AD neu-
ropathology, both in non-demented subjects and individuals 
diagnosed with AD. We also demonstrate that the intracel-
lular Aβ-IR pool detected using the Aβ-specific monoclonal 
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antibody, McSA1, is spatially distinct from that associated 
with the APP/CTF-specific polyclonal antibody, pab27576. 
Using super resolution SIM to more accurately resolve the 
intracellular distribution of Aβ and APP/CTF, we demon-
strate that only about 6% of McSA1-IR sites overlap with 
that of pab27576, and vice versa. McSA1-IR puncta were 
evenly distributed throughout the cell soma and dendrites, 
while pab27576-IR structures were much larger and more 
evenly distributed throughout all neuronal structures. Such 
striking differences in the distribution of both antibodies 
suggest that they do in fact target distinct peptides occurring 
in discrete cellular compartments. The lack of significant 
colocalization between the two antibodies confirms that the 
intracellular McSA1-IR pool is associated with neither APP 
nor CTF.

It has become widely acknowledged that neurons retain 
a soluble pool of Aβ peptides; however, information on the 
effects of progressive iAβ buildup within the human brain 
are lacking, despite substantial evidence that iAβ likely con-
tributes to early disease development and drives the neu-
rodegenerative mechanisms that culminate in Alzheimer’s 
dementia. Our study reveals the presence of a neuronal pool 
of soluble Aβ that becomes established in AD-vulnerable 
brain regions before Aβ plaque deposition or tau hyper-
phosphorylation. The fact that iAβ is consistently detected 
within the non-demented human brain indicates that iAβ 
can be tolerated to some extent without producing cogni-
tive symptoms. These results suggest that iAβ accumulation 
and oligomerization may in fact represent the earliest stage 
of the amyloid pathology, unleashing downstream mecha-
nisms implicated in AD development, including oxidative 
stress, inflammation, tau hyperphosphorylation and synaptic 
dysfunction. Consequently, understanding the homeostatic 
threshold for iAβ and the mechanisms by which excessive 
iAβ accumulation elicits the AD pathological cascade may 
reveal more precise molecular targets amenable to early 
pharmacological intervention.

In sum, our study underscores the possibility that abnor-
mal iAβ accumulation within the entorhinal cortex repre-
sents a primary pathogenic component of the amyloid cas-
cade, triggering subsequent tau hyperphosphorylation and 
progressive tau pathology.
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