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Abstract

Clarifying the mechanisms connecting NFT neurotoxicity to neuronal dysfunction in humans are 

likely to be pivotal for developing effective treatments for Alzheimer’s disease. To model the 
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temporal progression of AD in humans, we used a collection of brains with controls and 

individuals from each Braak stage to quantitatively investigate the correlation between 

intraneuronal caspase activation or macroautophagy markers, NFT burden and neuronal loss, in 

the dorsal raphe and locus coeruleus, the earliest vulnerable areas to NFT accumulation. We fit 

linear regressions with each count as outcomes, with Braak score and age as the predictors. In 

progressive Braak stages, intraneuronal aCasp-6 positivity increases both alone and overlapping 

with neurofibrillary tangles (NFT). Likewise, the proportion of NFT bearing neurons showing 

autophagosomes increases. Overall, caspases may be involved in upstream cascades in AD, and 

are associated with higher NFTs. Macroautophagy changes correlate with increasing NFT burden 

from early AD stages.

Keywords

Alzheimer’s disease; neurofibrillary tangles; caspases; autophagy; neuron counts; human 
brainstem

1. Introduction

Alzheimer’s disease (AD) features positive (β-amyloid neuritic plaques and phosphorylated-

tau neurofibrillary tangles - NFTs) and negative (neuronal and synaptic loss) lesions 

(Duyckaerts et al., 2009). Since the late 1980s, when virtually every autosomal dominant 

AD cases have been linked to mutations in genes involved with amyloid precursor protein 

(APP) processing, the conventional view on AD pathogenesis places β-amyloid deposition 

as a central etiological event driving a cascade of pathological events resulting in neuronal 

loss (Hardy, 2017). However, the massive failure of clinical trials focusing on modulating 

the amyloid cascade put in check the amyloid hypothesis (Korczyn, 2012, Ricciarelli and 

Fedele, 2017).

Although AD-related neuropathogenic mechanisms remain elusive, and disease-modifying 

treatments are still unavailable numerous independent studies demonstrated that neuronal 

and synaptic loss are the best predictors of cognitive decline, (Andrade-Moraes et al., 2013, 

Arendt, 2009, Coleman et al., 2004, DeKosky and Scheff, 1990, Giannakopoulos et al., 

2009, Terry et al., 1991), therefore, interventions targeting pathways involved in AD-related 

neuronal loss are likely to be critical.

Interestingly, autopsy and molecular imaging studies failed to demonstrate a good 

correlation between distribution and burden of β-amyloid plaques and cognitive scores. On 

the other hand, the spread of NFTs through neuronal networks, best represented by Braak 

staging system (BB)(Braak and Braak, 1991), has a strong correlation to neuronal loss and 

cognitive decline (Giannakopoulos et al., 2009, Suemoto et al., 2017). The BB system that 

initially included cortical areas only (BB 1 to 6), and revisited in 2011 to include brainstem 

structures in which NFT formation precedes cortical NFTs (BB 0 a–c) (Braak et al., 2011, 

Grinberg et al., 2009), is the highly reproducible both in autopsy as in longitudinal tau PET 

imaging studies (Scholl et al., 2016), suggesting that NFT formation is involved in processes 

culminating in neuronal death (Gomez-Isla et al., 1997, Iqbal et al., 2009). Thus, clarifying 
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the mechanisms connecting NFT neurotoxicity to neuronal dysfunction is likely to be pivotal 

for developing effective treatments.

Among the cell death pathways linked to NFT formation, caspase (Casp)-dependent and 

autophagy pathways have been implicated in AD pathophysiology, (Cotman and Su, 1996, 

Cotman et al., 2005, de Calignon et al., 2010, Dickson, 2004, Guo et al., 2004, LeBlanc et 

al., 2014, Martinez-Vicente and Cuervo, 2007, Piras et al., 2016, Rohn and Head, 2008). In 

experimental models of AD, active caspases (aCasp), including active caspase-6 (aCasp-6), 

are the best inductors of neuronal cell death (Zhang et al., 2000) and are also linked to 

upstream events leading to the formation of NFTs and β-amyloid plaques (Albrecht et al., 

2007, de Calignon et al., 2010, Hyman and Yuan, 2012, Murray and Renslo, 2013). 

Specifically, by truncating tau, active effector caspases can create cleaved-tau species that 

are prone to aggregation and toxicity (de Calignon et al., 2010, LeBlanc, 2005). In fact, 

higher levels of Casp cleaved tau in the cerebrospinal fluid correlates with AD severity 

(Ramcharitar et al., 2013). For a thorough review of caspases and their role in 

neurodegenerative diseases, please see Shalini et al. 2015 (Shalini et al., 2015), LeBlanc 

2013 (LeBlanc, 2013) and Graham et al. 2011 (Graham et al., 2011). Autophagy, a highly 

regulated process responsible for the breakdown of misfolded or aggregated proteins in 

healthy cells, becomes dysfunctional in AD models and fails to degrade toxic abnormal tau 

species potentially contributing to neuronal death (Martinez-Vicente and Cuervo, 2007, 

Nixon et al., 2005, Nixon, 2013, Piras et al., 2016, Vilchez et al., 2014, Wong and Cuervo, 

2010)

However, despite this large body of literature derived from experimental models, attempts to 

validate these findings in human tissue were mostly restricted to semi-quantitative or 

qualitative studies comparing controls versus severe AD, and little is known about the co-

occurrence of markers of specific cell death pathways with NFTs or with neuronal loss or at 

which point of AD temporal progression such pathways are activated.

Hypothesizing that changes in caspase-dependent and autophagic pathways occur from early 

AD stages and correlated with increased tau burden along AD progression in humans, we 

conducting a study using double-stained immunofluorescence and quantitative methods to 

investigate how early in AD progression Casp-6 and autophagy are activated, and their 

relationship to NFT burden and neuronal loss along AD neuropathological progression. This 

study innovates by focusing on the dorsal raphe nucleus (DRN), a serotonin-producing 

nucleus in the midbrain, and locus coeruleus (LC), a noradrenergic nucleus located in the 

pons (Figure 1) show the earliest vulnerability to accumulate tau cytoskeletal pathology in 

AD, prior to any cortical areas (Ehrenberg et al., 2017, Grinberg et al., 2009, Grudzien et al., 

2007, Stratmann et al., 2015, Theofilas et al., 2017, Tomlinson et al., 1981) and degenerate 

progressively with AD increasing severity, thus representing a crucial intervention target in 

early AD stages when the neurons are still viable. Moreover, by employing a unique 

postmortem brainstem collection comprising controls (BB 0), early (BB stages I–II), 

intermediate (BB III–IV) and advanced (BB V–VI) AD (Braak and Braak, 1991). By 

comparing controls and individuals at well-defined progressive AD stages, our study design 

minimizes the inherent cross-sectional and descriptive nature of postmortem human studies 

by modeling the chain of events associated with AD progression that enables verifying the 
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translational relevance of results derived from experimental models, identification of 

relevant therapeutic targets and generation of testable hypothesis.

2. Materials and methods

2.1 Participants

The 24 cases included in this study (Table 1) were sourced from the Brain Bank of the 

Brazilian Brain Aging Study Group (BBBABSG) (Ferretti et al., 2010, Grinberg et al., 2007) 

and the Neurodegenerative Disease Brain Bank (NDBB) from the University of California, 

San Francisco (UCSF). All cases represented sporadic AD. The institutional review boards 

of both participating institutions approved this study. The BBBABSG is supplied by the São 

Paulo City Autopsy Service that performs approximately 13,000 autopsies per year. The 

selection criteria for this study included the absence of non-AD related neurodegenerative 

pathology or significant cerebrovascular lesions and availability of an intact brainstem. 

Subjects were excluded if they had a history of seizures, other neurological diseases, a 

primary Axis 1 psychiatric diagnosis (major mood disorders, psychotic disorders, and 

dissociative disorders), or gross non-degenerative structural pathology. For all cases, the 

neuropathological assessment was based on analysis of dementia-related structures, chosen 

according to the internationally accepted neuropathological guidelines, embedded in paraffin 

wax, cut into 8-micron thick sections, and stained with hematoxylin and eosin (H&E) and 

immunohistochemistry. BBBABSG (Grinberg et al., 2007) and NDBB neuropathological 

protocols are similar. AD pathology was staged according to the new NIA-AA guidelines 

(Montine et al., 2012). Cases were categorized according to the BB staging system for NFT 

changes (Braak and Braak, 1991). Subjects were considered to be BB stage 0 or free of 

cortical NFTs when at least four sections across the transentorhinal cortex were negative for 

phospho-tau immunostaining (phospho-tau antibody CP-13, 1:500, gift of Peter Davies) 

(Grinberg et al., 2009). All selected cases have a postmortem interval of less than 20 hs 

(average: 13 h 30 min).

2.2 Tissue processing and staining

Tissue processing and staining protocols have been described previously (Theofilas et al., 

2014). In summary, the brainstem was severed from the brain and cerebellum. The brainstem 

was then immersed in 10% buffered formalin and fixed for at least six months., followed by 

embedding in 8% celloidin for subsequent sectioning (Heinsen et al., 2000). Blocks were 

sectioned horizontally in serial sets, each one containing one 300-μm thick and five 60-μm 

thick sections (Theofilas et al., 2014). The markers of interest were estimated in 60-μm thick 

sections, at equidistant intervals of 1200 μm, covering the whole region of interest (ROI) (an 

average of six sections per ROI). For cytoarchitectonic visualization of the LC and DRN 

neurons and for tracing the nuclei borders, all thick odd-numbered sections covering the 

entire ROI were gallocyanin (Nissl) stained (Sigma-Aldrich).

Sections were autoclaved in citrate buffer retrieval solution for 5 min at 121 °C, followed by 

30 min incubation with 0.1% Sudan Black B (Sigma-Aldrich) for blocking autofluorescence 

and 30 min incubation in protein blocking solution with 5% milk in phosphate-buffered 

saline with 0.05% Tween 20 (PBS-T) at room temperature (RT). The antibody CP-13 (tau 
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serine 202) was used to detect NFTs in combination with two surrogate markers of pathways 

involved in neuronal death: active caspase-6, and the microtubule-associated protein, 1A/1B-

light chain-3, (LC3)-positive (+) puncta. LC3, a mammalian homolog of yeast Atg8; was 

used as an autophagosome and macroautophagy marker (Kadowaki and Karim, 2009, 

Rosenfeldt et al., 2012). Lack of an antibody against aCasp-6 for immunohistochemical 

assays in human brain tissue led us to select a polyclonal antibody (Table 2). Information 

and experiments conducted to assure the specificity of the antibodies of choice are provided 

as Supplementary Material, including Figure S2.

Double immunofluorescence (CP-13/LC3 or CP-13/aCasp-6 - Table 2) was performed 

overnight at 4 °C in PBS, followed by incubation with immunofluorescence anti-rabbit 

secondary antibodies conjugated to Alexa Fluor 488 and anti-mouse secondary antibodies 

conjugated to Alexa Fluor 546 for 1h at RT (1:200 in PBS-T; A-11008 and A-11003 

respectively, both by Invitrogen, CA). Neuronal cell bodies were labeled with (4′,6-

Diamidino-2-Phenylindole, Dihydrochloride) DAPI contained in the mounting medium 

(Vector Labs). Negative control staining was performed by substituting each primary 

antibody for PBS-T. A positive control section was included in each batch. For checking the 

staining quality and the characteristics of the marker in the tissue, the sections were 

photographed with a Nikon Ti-E Microscope/Yokagawa CSU22 spinning disk confocal, 

using Plan Apo 40x/0.95 Corr and VC 60x/1.4 Oil objectives, and images were processed 

using Micro-Manager software 1.4 (Edelstein et al., 2014). For subsequent quantitative 

analyses, the sections were photographed with a Nikon 6D high-throughput widefield 

epifluorescence microscope (Nikon, Tokyo, Japan). Each ROI was imaged at 10x 

magnification (Plan Apo 10x/0.45, Nikon, Japan), and each image set covering the ROIs 

were merged into a single composite using NIS-Elements 4.30 (Nikon, Japan).

2.3 Quantitative analyses of the markers of interest

In each composite image, ROI boundaries were traced using cytoarchitectonic parameters 

based on Olszewski and Baxter (Olszewski and Baxter, 1982). Brainstem sections 

containing the DRN were collected from the level of the caudal border of the inferior 

colliculus, through the caudal pole of the oculomotor complex (III), a distance of about 6 

mm. On cross-section, the rostral DRN borders encompass a fountain-shaped cell group 

composed of a medially situated central portion and two lateral wings. We traced the central 

portion between the medial longitudinal fasciculus (MLF) of each side and its dorsal extend 

to the base of the cerebral aqueduct. We traced the lateral wings dorsally to the MLF and the 

trochlear nuclei.

Brainstem sections containing the LC were collected caudally from the level of the dorsal 

oral pole of the motor trigeminal nucleus to the level of the caudal border of the inferior 

colliculus, a distance of approximately 12 mm. We traced the LC borders dorsomedially to 

the central gray matter, dorsolaterally to the mesencephalic trigeminal nucleus, ventrally and 

ventromedially to the nucleus reticularis pontis oralis. Although the ROI borders were 

distinguishable in the IF image compositions, we confirmed the tracers in each adjacent 

gallocyanin-stained thick section. Adobe Photoshop CS6 built-in counting tool (Adobe, CA) 

was used for manual cell counting. Neurons were classified by type and presence of 
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phospho-tau inclusions (Table 3). Photoshop’s built-in counting tool tracked the number of 

markers per group. Counting was conducted on merged images and confirmed on single 

channel images, for precision. For each marker, final numbers were calculated as an average 

of all the sections covering each ROI (DRN and the unilateral LC).

2.4 Statistical Analyses

We assessed the association of BB stage and cell counts by generating plots and fitting a 

linear regression model for each estimation. The dependent variables for the models were 

the total estimated neuronal population for a certain marker or combination of markers (NFT 

+ only, aCasp-6 or LC3 + only, and both NFT/aCasp-6 or LC3 positive) and the proportion 

of neurons positive for each of these markers or combination of markers (total number of 

positive neurons divided by total estimated neuronal numbers), for the DRN and LC with 

BB stage and age as the predictors. The estimated regression coefficients from these models 

measured the age-adjusted difference in the proportion of cells positive between individuals 

who differ by one BB stage. We fit the linear regression models and produced the plots using 

routines in the Stata software package (Stata Statistical Software v14, StataCorp, TX) and R 

(R Development Core Team; www.r-project.org). Results from the statistical analyses are 

summarized in Supplementary Table S1.

3. Results

Table 1 depicts demographics and neuropathological data of all 24 cases (54% females; 

mean age at death: 65.6 ± 12.2 years, range 44 to 88 years old).

3.1 Experiments on caspase and NFT: The LC and DRN show a higher number of neurons 
positive for active Caspase-6 positivity for each increment of the Braak and Braak (BB) 
stage

Neuronal counts were based on each of the four experimental groups (Table 3 – upper row) 

in the DRN and the LC of subjects at progressive stages of the AD pathological spectrum.

We identified few aCasp-6 + only neurons (experimental group 1) in controls (BB stage 0). 

Their numbers increased significantly with BB stage increment in the DRN (β=4.747; 

p=0.001; 95% CI [2.146, 7.349]; Figure 2A) and the LC (β=0.664; p<0.001; 95% CI [0.316, 

1.012]; Figure 3A). The association between aCasp-6 + only neurons and AD severity 

remained significant after adjusting for age in DRN (β= 6.913; p<0.001; 95% CI [3.846, 

9.979]) and LC (β= 0.693; p=0.005; 95% CI of [0.233, 1.153]). Neurons positive for both 

NFTs and aCasp-6 (experimental group 3) were also detected in cases at BB stage 0 and 

their numbers significantly increased with BB stage increment in the DRN (unadjusted: (β= 

2.096; p<0.001; 95% CI [1.026, 3.166]); adjusted: (β= 2.874; p<0.001; 95% CI [1.575, 

4.174]; Figure 2C) and the LC (unadjusted: β=0.316; p=0.01; 95% CI [0.082, 0.550]; Figure 

3C). The correlation loss significance after adjusting for age in the LC (β=0.254; p=0.099; 

95% CI [−0.053, 0.560]).

Because AD progression is associated with neuronal loss, comparing the average total 

numbers of neurons in each Braak stage may be misleading. Therefore, we analyzed the 

proportion of neurons bearing tau inclusions, aCasp-6, or both in each Braak stage (number 
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of neurons in a given group divided by the sum of neurons; Table S1). Once again, we 

detected a significant increase on the proportion of aCasp-6 + only neurons per BB stage 

increment in the DRN (β=2.387; p=0.007; 95% CI [0.723, 4.050]; Figure 2D (squares) and 

the LC (β=1.883; p<0.001; 95% CI [1.292, 2.473]; Figure 3D (squares). The association 

remained strong after adjusting for age (DRN: β=4.027; p<0.001; 95% CI [2.171, 5.883], 

and LC: β=2.395; p<0.001; 95% CI [1.707, 3.084]). The proportion of neurons positive for 

both NFTs and aCasp-6 significantly increased with AD severity in the DRN (unadjusted: 

β=1.04; p=0.004; 95% CI [0.366, 1.713]; adjusted: β=1.698; p<0.001; 95% CI [0.944, 

2.452]; Figure 2D (triangles) and the LC (unadjusted: β=0.844; p<0.001; 95% CI [0.472, 

1.217]; adjusted: β=0.984; p<0.001; 95% CI [0.501, 1.467]; Figure 3D (triangles). In 

summary, we observed increased absolute and relative burden of aCasp-6 + only, NFT + 

only, and neurons positive for both markers along AD progression.

3.2 Experiments on macroautophagy and NFTs: Co-localization of LC3 and NFT in the LC 
and DRN increases with BB stage

Following the same quantitative approach described above, we estimated the neuronal 

population and the proportion of neurons bearing the markers of interest in each Braak stage 

group Table 3 – bottom row). We detected a significant negative correlation between the 

number of neurons with LC3 + only (group 1) and increased BB stage in the DRN (β=

−12.57; p=0.005; 95% CI [−20.86, −4.29] and LC (β=−6.01; p<0.001; 95% CI [−8.83, 

−3.19]) (Figures 4A and 5A, respectively). After adjusting for age, the association remained 

significant in the DRN (β=−11.72; p=0.0369; 95% CI [−22.66, −0.78] and the LC (β=

−6.356; p=0.002; 95% CI [−10.07, −2.64]. As opposed to LC3 + only neurons, the number 

of neurons positive for both LC3 puncta and NFT (group 3) were positively correlated to AD 

severity in the DRN (β=1.51; p=0.004; 95% CI [0.528, 2.493]), and the LC (β=0.38; 

p=0.016; 95% CI [0.076, 0.684]) (Figures 4C and 5C, respectively). After adjusting for age, 

the association remained significant in the DRN (β=2; p=0.003; 95% CI [0.75, 3.25] but lost 

significance in the LC (β=0.394; p=0.054; 95% CI [−0.008, 0.795]. When examining the 

proportion of neurons containing both LC3 puncta and NFT over the total number of 

neurons, we observed a significant positive correlation with AD severity in the DRN 

(unadjusted: β=1.084; p=0.002; 95% CI 0.43, 1.74]; adjusted: β=1.69; p<0.001; 95% CI 

[0.94, 2.44]; Figure 4D (square), and the LC (unadjusted: β=1.09; p=0.003; 95% CI [0.4, 

1.78]; adjusted: β=1.61; p<0.001; 95% CI [0.78, 2.44]; Figure 5D (square).

On the other hand, we did not observe any significant correlations with respect to the 

proportion of LC3+ only neurons in the DRN (unadjusted: β=−3.16; p=0.058; 95% CI 

[−6.44, 0.12], adjusted for age: β=−2.27; p=0.284; 95% CI [−6.56, 2.02]; Figure 4D 

(triangle) or in the LC (unadjusted: β=−2.26; p=0.121; 95% CI [−5.17, 0.65], adjusted for 

age: β=−1.83; p=0.332; 95% CI [−5.67, 2.01]; Figure 5D (triangle).

4. Discussion

In this study, we used a collection of well-characterized postmortem brains from individuals 

with sporadic AD including control, early, intermediate, and advanced BB stages to analyze 

two protein markers related to neuronal death in AD: aCasp-6 (Figure 6) and the 
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macroautophagy marker LC3 (Figure 7). We examined whether and how early these markers 

were detectable in aminergic brainstem nuclei extremely vulnerable to AD, how their burden 

changed during disease progression, and to which degree they were expressed in NFT 

bearing neurons.

By investigating the full extent of DRN and LC from 24 subjects free from non-AD-related 

pathology, we demonstrate that: (1) elderly controls (BB 0) showed intra-neuronal Casp-6 

activity in the DRN and LC in a small percentage of neurons. The number of aCasp-6 

bearing neurons progressively increased both in absolute and relative terms during AD 

neuropathological progression (Figures 2 and 3); (2) the same pattern of neurons bearing 

both aCasp-6 and NFTs, although in the LC, only the relative numbers increased (Figure 

3D); (3) Control individuals (BB 0) showed high absolute numbers of neurons bearing LC3 

puncta only in the DRN and LC; (4) Neurons bearing LC3 puncta decreased in number 

during AD progression, whereas the number of NFT + only neurons increased. (5) The 

absolute and relative numbers of neurons positive for NFT and LC3 increased (Figures 4 and 

5). In the DRN and LC, the relative numbers of LC3 + only neurons did not change during 

the disease progression (Figures 4 and 5).

aCasp-6 is traditionally classified as an apoptotic effector (D’Amelio et al., 2012, Graham et 

al., 2011, Julien et al., 2016, Rohn and Head, 2008) that induces a successive disassembly of 

cells by targeting critical cellular proteins including structural and DNA repair proteins, 

functions that confirm its role as an independent executioner of apoptosis (Ruchaud et al., 

2002, Slee et al., 2001). For example, aCasp-6 ablated neurons were protected against 

excitotoxic insults, trophic factor withdrawal, and axonal degeneration (Uribe et al., 2012). 

Additionally, aCasp-6 is integral in non-apoptotic related cascades, including axonal pruning 

during development (Simon et al., 2012), and axonal degeneration in pathological conditions 

(Akpan et al., 2011). aCasp6 activity may contribute to cell loss mechanisms in AD but its 

activation could be reversible, thus its exact role remains unclear (Graham et al., 2011).

Several studies support aCasp-6 as a pro-apoptotic mediator of cell death in AD (Wang et 

al., 2015). Klaiman et al. (2008) demonstrated in primary human neuronal protein extracts 

that aCasp-6 cleaves important cytoskeletal-associated proteins including α-tubulin, which is 

also found to be cleaved by aCasp-6 in neurons from AD brains (Albrecht et al., 2007, Guo 

et al., 2004, Klaiman et al., 2008). This suggests a role of aCasp-6 in the modulation of 

neuronal cytoskeleton network and function. Moreover, Albrecht et al. (2007) showed Casp–

mediated tau cleavage in pre-tangles in the human hippocampus, while levels of Casp-

cleaved tau and NFTs correlated inversely with global cognitive scores, suggesting that 

cascades involving Casp activation are highly relevant to AD pathogenesis (Albrecht et al., 

2007). Also, in support of the hypothesis that Casp-6 activation precedes NFT formation, de 

Calignon et al. (2010) demonstrated that Casp-6 activation preceded NFT formation in a 

model of tauopathy (P301L tau transgenic Tg4510 mice) (de Calignon et al., 2010). On the 

other hand, Caps-6 activation does not necessarily result in apoptosis, suggesting that 

aCasp-6 may be involved in upstream events. For example, Klaiman et al. (2009) failed to 

observe mitochondrial dysfunction and neuronal death after Casp-6 overexpression in 

cultured cells despite the presence of high levels of Casp-6 activity (Klaiman et al., 2009). 

Furthermore, Zhang et al. (2000) demonstrated that microinjection of recombinant aCasp-6 
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in the cytosol of human primary neurons failed to induce rapid cell death (Zhang et al., 

2000). These neurons showed TUNEL-positivity only after a delay of 2–8 days. In one of 

the few studies in human brains, Guo et al. (2004) showed that neurons bearing aCasp-

cleaved tau had normal nuclear morphology, in the absence of apoptosis or another type of 

cell death, despite a strong aCasp-6 presence primarily in NFT and neurites (Guo et al., 

2004). Finally, the interplay of aCasp-6 and tau may go beyond AD. Guillozet-Bongaarts et. 

al detected aCasp-6-cleaved tau in Pick’s bodies but not in tau astrocytic inclusions in 

progressive supranuclear palsy and corticobasal degeneration (Guillozet-Bongaarts et al., 

2007).

Here we tested if Casp-6 activation (Figure 6) occurs upstream rather than being an end-

stage event that may lead to apoptotic cell death in humans with AD. Should aCasp-6 be 

only involved in end-stage apoptosis, we would expect aCasp-6 and TUNEL positivity in the 

LC and DRN only in brains from mid-disease stages (BB stage ≥ III), when the neuronal 

loss is prominent (Ehrenberg et al., 2017, Theofilas et al., 2017). However, our study 

identified aCasp-6 positivity as an early event in AD, in neurons with and without NFTs and 

only partially overlapping with TUNEL staining (Figure S1). The increase of aCasp-6 

positivity was rather linear, following a gradual higher burden of NFT lesions across the BB 

stages, but only with moderate overlapping with NFTs. This finding suggests that aCasp-6 

could operate upstream with a broader role in neurodegeneration, rather than being a direct 

inducer of apoptosis in NFT + neurons. The cross-sectional nature of this study precludes 

investigating whether NFT + only neurons represent cells with concomitant Casp activation. 

The presence of aCasp-6 only neurons is intriguing, and the lack of NFT could be related to 

specific neuronal vulnerability, including differential expression of the presence of the co-

chaperone C-terminus of the Hsc70-interacting protein (CHIP). CHIP is critical for 

degrading Casp-cleaved tau (Dolan and Johnson, 2010) and contributes to the regulation of 

Casp activity (Saidi et al., 2015). In CHIP knockout mice, Casp-cleaved tau levels are 

increased (Dickey et al., 2006). Also, pseudo-phosphorylation of tau Serine 422 inhibits tau 

truncation mediated by caspases in vitro (Guillozet-Bongaarts et al., 2006). Further studies 

exploring the relationship between Casp-6 activation, neuronal survival in neurons with or 

without CHIP and overlapping tau species phosphorylated at serine 422 along the AD 

progression may shed light on this question.

The autophagy-lysosome pathway is one of two major systems responsible for degrading the 

cellular material and misfolded proteins, the other being the ubiquitin-proteasome system 

(Choi et al., 2013, Goldberg, 2003). During macroautophagy, the major lysosomal degrading 

pathway, cytoplasmic cargo is sequestered within autophagosomes, identified by the well-

established membrane marker LC3 that regulates the autophagosome formation and remains 

linked to the mature autophagosome membrane (Klionsky et al., 2008). The significance of 

macroautophagy in clearance of phospho-tau is supported by observations in transgenic 

models. Inactivation of autophagy-related protein (Atg) gene Atg7 in adult Atg7 conditional 

knockout mouse brains increased pathological accumulation of phospho-tau protein, 

suggesting a role of macroautophagy in reducing phospho-tau accumulation in affected 

neurons (Inoue et al., 2012). Inhibition of macroautophagy via cathepsin-mediated 

proteolysis within autolysosomes in primary cortical neurons from rat brains led to a marked 

accumulation of autophagosomes containing cathepsin D and incomplete degraded LC3. 
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This phenotype was also observed in neurons with AD pathology, suggesting that autophagy 

deficiency and accumulation of autophagosomes/LC3 containing partially digested 

autophagic substrates in the AD most likely arises from impaired clearance of 

autophagosomes in AD and other tauopathies (Boland et al., 2008, Choi et al., 2013, Lee et 

al., 2010, Piras et al., 2016, Wolfe et al., 2013). Defective clearance of processed tau by the 

autophagy-lysosome system mediates tau aggregation and AD-like pathology in animal 

models of AD (Hara et al., 2006, Komatsu et al., 2006, Pickford et al., 2008). Moreover, 

pharmacological induction of autophagy in tauopathy mouse models promoted tau clearance 

and was associated with reduced LC3 positivity, tau hyperphosphorylation, and improved 

neuronal survival (Ozcelik et al., 2013, Schaeffer et al., 2012).

Using immunostaining in human postmortem brains from patients with primary tauopathies 

and familiar AD, Piras et al. (2016) detected increased levels of LC3-positive puncta and 

autophagic vesicle accumulation in the frontal cortex, suggesting a defect in the 

autophagosome pathway that could underline pathological tau accumulation (Piras et al., 

2016). In line with these findings, electron microscopy studies on neocortical biopsies from 

AD brains detected autophagy induction and accumulation of autophagosomes containing 

undigested autophagic substrates, possibly due to defective autophagosomal maturation in 

AD neurons resulting in failure of protein clearance {{; 88 Nixon 2005}}. Taken together, 

these observations provide evidence that macroautophagy is extensively involved in the AD 

pathogenesis, and is closely related to autophagosome upregulation (LC3 puncta) as a 

possible compensatory mechanism to increase autophagy in the affected neurons.

Here, we investigated the presence of active macroautophagy using LC3 immunoreactivity 

in the form of cytoplasmic puncta as a surrogate marker (Figure 7). We observed that 

following BB stage progression, the presence of LC3 in NFT negative neurons decreased 

significantly, whereas a higher proportion of NFT + neurons showed LC3 positive puncta. 

Although our study was not meant to test if LC3 positive puncta were functional or not, our 

findings revealed a general failure of macroautophagy along BB stage progression, possibly 

linked to NFT accumulation. For example, accumulation of cytoplasmic phospho-tau could 

be related to impaired tau degradation by the autophagosome system as found in studies 

where the accumulation of autophagic vesicles overlapped with defective lysosomal 

clearance in AD and other tauopathies.

Further studies in human brains investigating the co-occurrence of autophagy markers, 

Casp-related tau cleavage, and abnormal tau immunostaining in situ, are crucial for 

determining whether these cascades act in the same neurons or represent parallel 

mechanisms that may lead to neuronal death in AD. Although multiplex immunostaining is 

limited by methodological hurdles such as species compatibility, promising new 

technologies, including improved primary conjugated antibodies and platforms replacing 

fluorophores by other detection methods (Angelo et al., 2014) will likely enable this line of 

studies.

This study has several strengths including: (1) a high-quality collection of well-characterized 

human brain samples enriched with individuals in the early stages of AD, that allows the 

study of BB stage progression in humans; (2) investigation of brainstem nuclei extremely 
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vulnerable to AD, across all Braak stages; (3) use of double-stained immunofluorescence to 

investigate the co-expression of the markers of interest and NFTs; and (4) use of quantitative 

methods for estimating the markers of interest providing less bias than traditional schemes 

limited to one brain section. On the other hand, this study comes with intrinsic limitations: 

(1) the BB staging system is a neuropathological marker of non-random spread of 

neurofibrillary tangles through brain networks. Although the BB staging system is deemed 

representative of AD progression based on numerous studies reproducing the findings, 

strong correlation with cognitive outcomes, and recent in vivo PET tau imaging studies 

supporting the postmortem findings (Scholl et al., 2016), it is important to note that the BB 

staging system is based on a cross-sectional study design, and it is rather a categorical than a 

continuous scale, (2) postmortem tissue studies have an inherent cross-sectional nature and 

are not suitable for mechanistic analysis of downstream markers that could further clarify 

involvement and interplay of the cell death pathways in inducing AD pathogenesis. For 

example, we can only postulate the long-term effects of aCasp-6 and LC3 activity in the 

same individuals as AD progresses. Nevertheless, the current step-wise approach is more 

informative than comparing controls and severe AD stages. (3) Relatively small sample size. 

Obtaining well-characterized postmortem human brain tissue is challenging, especially from 

controls and early-stage cases. Despite its relatively small size, our cohort is unique 

regarding the availability of the cases mentioned above and the entire ROIs for quantitative 

analyses. (4) Finally, despite our best efforts to include cases with minimum PMI, we cannot 

exclude the possibility that hypoxia-induced changes could influence cell death marker 

activity in our samples.

5. Conclusion

This study pioneers in showing progressive changes in aCasp-6 and macroautophagy 

positivity during the BB stage progression in humans, and their co-occurrence with NFT 

burden. We observed significant changes in aCasp-6 and LC3 markers positivity from early 

BB stages (BB I) despite the fact that neuronal loss is only evident in BB III (Ehrenberg et 

al., 2017, Theofilas et al., 2017), suggesting that tau-mediated- neuronal loss in humans with 

AD is multifactorial and characterised by an extensive gap between the activation of these 

pathways and neuronal loss. Due to the progressive nature of AD, interventions modulating 

caspase-activation and/or autophagy up-regulation may ameliorate tau burden and neuronal 

death in AD.
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Abbreviations

aCasp active caspases

AD Alzheimer’s disease

BB Braak and Braak stage

BBBABSG Brain Bank of the Brazilian Brain Aging Study Group

Casp caspases

DRN dorsal raphe nucleus

LC locus coeruleus

LC3 microtubule-associated protein, 1A/1B-light chain-3

NDBB Neurodegenerative Disease Brain Bank

NFT neurofibrillary tangle

ROI region of interest
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Highlights

• in the earliest vulnerable brain regions to AD-type neurofibrillary tangles 

(NFT) (LC and DRN) in AD

• NFT burden correlates with increased caspase-6 activity in AD

• Co-localization of NFT and autophagosomes increases with Braak AD stage 

progression

• Co-localization of NFT and active caspase-6 increases with Braak AD stage 

progression

• Modulation of autophagy and caspase pathways in AD may have potential 

therapeutic benefits
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Figure 1. 3D volume reconstruction of the locus coeruleus (LC) and dorsal raphe nucleus (DRN) 
of the human brainstem
Serial histological sections of the brainstem were used to reconstruct the volume of LC 

(blue) and DRN (red) using advanced graphics software. The transparent surface represents 

the brainstem boundaries. The two aminergic nuclei are one of the earliest brain regions 

affected by tau pathology in individuals with AD.
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Figure 2. Scatterplots of active Casp-6 and neurofibrillary tangle positivity in neurons of the 
DRN
(A) A significant positive association was detected between BB stage and the number of 

DRN neurons positive for aCasp-6 (β=4.747; p=0.001; 95% CI [2.146, 7.349]). After age 

adjustment, the association remains significant (β= 6.913; p>0.001; 95% CI [3.846, 9.979]). 

(B) A significant positive association was detected between BB stage and the number of 

DRN neurons positive for NFTs (β=3.276; p>0.001; 95% CI [2.069, 4.482]). After age 

adjustment, the association remains significant (β=4.099; p>0.001; 95% CI [2.617, 5.580]). 

(C) A significant positive association was detected between BB stage and the number of 

DRN neurons positive for both aCasp-6 and NFTs (β= 2.096; p>0.001; 95% CI [1.026, 

3.166]). After age adjustment, the association remains significant (β= 2.876; p>0.001; 95% 

CI [1.575, 4.174]. (D) Models for the percent of neurons positive for only aCasp-6 (square), 

only NFT (circle), and co-localization for the two (triangle) were significant (β=2.387; 

p=0.007; 95% CI [0.723, 4.050], β=1.564; p>0.001; 95% CI [0.787, 2.340], and β=1.04 

p=0.004; 95% CI [0.366, 1.713], respectively). After age adjustment, values remained 

significant (β=4.027; p>0.001; 95% CI [2.171, 5.883]), β=2.341; p>0.001; 95% CI [1.480, 

3.202], and β=1.698; p>0.001; 95% CI [0.944, 2.452], respectively).
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Figure 3. Scatterplots of active Casp-6 and neurofibrillary tangle positivity in neurons of the LC
(A) A significant positive association was detected between BB stage and the number of LC 

neurons positive for aCasp-6 (β=0.664 cells; p>0.001; 95% CI [0.316, 1.012]). After age 

adjustment, the association remains significant (β= 0.693 cells; p=0.005; 95% CI of [0.233, 

1.153]). (B) A significant positive association was detected between BB stage and the 

number of LC neurons positive for NFT (β=1.883; p>0.001; 95% CI [1.292, 2.473]). After 

age adjustment, the association remains significant (β=0.614; p=0.041; 95% CI [0.027, 

1.200]). (C) A significant positive association was detected between BB stage and the 

number of LC neurons positive for both aCasp-6 and NFT (β=0.316; p=0.01; 95% CI 

[0.082, 0.550]). After age adjustment, the association lost significance (β=0.254; p=0.1; 

95% CI [−0.053, 0.560]). (D) Models for the percent of neurons positive for only aCasp-6 

(square), only NFT (circle), and co-localization for the two (triangle) were significant 

(β=1.883; p>0.001; 95% CI [1.292, 2.473], β=1.776; p>0.001; 95% CI [1.177, 2.375], and 

β=0.844; p>0.001; 95% CI [0.472, 1.217], respectively). After age adjustment, values 

remained significant (β=2.395; p>0.001; 95% CI [1.707, 3.084], β=2.335; p>0.001; 95% CI 

[1.653, 3.017], and β=0.984; p>0.001; 95% CI [0.501, 1.467], respectively).
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Figure 4. Scatterplots of LC3 and neurofibrillary tangle marker positivity in neurons of the DRN
(A) A significant negative association was detected between BB stage and the number of 

DRN neurons positive for LC3 (β=−12.573; p=0.004; 95% CI [−20.860, −4.287]) that 

remained significance after age adjustment (β=−11.723; p=0.036; 95% CI [−22.663, 

−0.782]). (B) A significant positive association was detected between BB stage and the 

number of DRN neurons positive for NFT (β=4.659; p>0.001; 95% CI of [2.318, 6.999] and 

remained significant after adjusting for age (β=5.747; p>0.001; 95% CI [2.753, 8.741]). (C) 

A significant positive association was detected between BB stage and the number of DRN 

neurons positive for both LC3 and NFT (β=1.511; p=0.004; 95% CI [0.528, 2.493]) that 

remained significance after adjusting for age (β=2.004; p=0.003; 95% CI [0.754, 3.254]). 

(D) The models for the percent of neurons positive for only NFT (circle) and the percent 

colocalized for the LC3/NFT (triangle) were significant (β=2.99; p>0.001; 95% CI [1.68, 

4.31] and β=1.08; p=0.002; 95% CI [0.43, 1.74], respectively). When these models were 

adjusted for age, they remained significant (β=4.38; p>0.001; 95% CI [1.67, 3.87] and 

β=1.76; p=0.001; 95% CI [0.97, 2.54], respectively). Neither the unadjusted or age adjusted 

models for the interaction between the percentages of neurons positive for only LC3 in the 

DRN (square) were significant (unadjusted: β=−3.16; p=0.129; 95% CI [−6.83, 0.94]; 

adjusted: β=−3.81; p=0.274; 95% CI [−8.83, 1.20]).
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Figure 5. Scatterplots of LC3 and neurofibrillary tangle marker positivity in neurons of the LC
(A) A significant negative association was detected between BB stage and the number of LC 

neurons positive for LC3 (β=−6.01; p>0.001; 95% CI [−8.83, −3.19] and remains significant 

after adjusting for age (β=−6.36; p=0.002; 95% CI [−10.07, −2.64]).

(B) A significant positive association was detected between Braak stage and the number of 

LC neurons positive for NFT (β=1.19; p=0.001; 95% CI [0.56, 1.82]) and remained 

significant when the model is adjusted for age (β=1.52; p>0.001; 95% CI [0.72, 2.32]). (C) 

A significant association was detected between BB stage and the number of LC neurons 

positive for both LC3 and NFT (β=0.38; p=0.016; 95% CI [0.08, 0.68], but lost significance 

after age adjustment: β=0.39; p=0.05; 95% CI [−0.01, 0.79]). (D) Models for the percent of 

neurons positive only NFT (circle) and co-localization of NFT and LC3 (triangle) were 

significant β=2.74; p>0.001; 95% CI [1.63, 3.84], and β=1.09; p=0.003; 95% CI [0.4, 1.78], 

respectively). When the models were adjusted for age, they remained significant (β=4.02; 

p>0.001; 95% CI [2.88, 5.15], and β= 1.61; p>0.001; 95% CI [0.78, 2.44], respectively). No 

significant association was detected between Braak stage and the number of LC neurons 

positive for only LC3 (square) (unadjusted: β=−2.26; p=0.12; 95% CI [−5.17, 0.65], 

adjusted: β=−1.83; p=0.33; 95% CI [−5.67, 2.01])

Theofilas et al. Page 23

Neurobiol Aging. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Active Casp-6 positive neurons accumulate and co-localize with neurofibrillary tangles 
in the DRN of control and AD human brains
Multiple fluorescent staining of aCasp-6 (green; insets A (i), B (i)) and CP-13 (red; insets A 

(ii), B (ii)) and DAPI (blue) from control individuals (A) and individuals late stages of AD 

(B) showed positivity in neurons of the DRN. Note the difference in the red and green 

channels for the control versus late AD brains, the later having a much stronger 

immunoreactivity for both markers. Neurons with aCasp-6 and CP-13 co-localization 

(orange; arrows A and B; insets A (iii), B (iii)) suggest the involvement of aCasp-6 in tau-

induced pathology. Note the overlapping of the two markers in the neuronal cytoplasm and 

processes (insets A (iii), B (iii)). Scale bar insets: (A) 20 μm; (B) 40 μm.
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Figure 7. Neurons positive for the macroautophagy marker LC3 show also positivity for 
neurofibrillary tangles in the DRN of control and AD human brains
Immunofluorescent staining of LC3 (green; insets A (i), B (i)) and CP-13 (red; insets A (ii), 

B (ii)) and DAPI (blue) from control individuals (A) and individuals late stages of AD (B) 

showed positivity in neurons of the DRN. Note the difference in the red and green channels 

for the control versus late AD brains, the latter having fewer cells positive for LC3 but 

strong immunoreactivity for phospho-tau. Neurons with LC3 and CP-13 colocalization 

(orange; arrows A and B; insets A (iii), B (iii)) suggest a role of macroautophagy in tau-

induced pathology, possibly by defective tau clearance with advancing BB stage. Note the 

puncta positivity in the cytoplasm B (i), (iii) and the colocalization of the two markers in cell 

bodies (insets A (iii), B (iii)). Scale bars insets: (A) 10 μm; (B) 10 μm.
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Table 2

List of primary antibodies used in this study

Antibody Host Provider Dilution

Active caspase-6 (Cleaved-Asp179) Polyclonal Rabbit Aviva Systems (San Diego, CA).
Cat Nr: OAAF05316

1:100

LC3 Polyclonal Rabbit Novus Biologicals (Littleton, CO).
Cat Nr: NB100-2331

1:200

CP-13 (Serine 202) Monoclonal Mouse Gift from Peter Davies, NY 1:500

LC3: microtubule-associated protein, 1A/1B-light chain-3
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Table 3

Classification of neurons for analysis

Experimental Groups 1 2 3 4

Caspases and NFT* Casp-6 positive only NFT positive only aCasp-6 and NFT positive Negative for aCasp-6 and NFT

Macroautophagy and NFT* LC3 positive only NFT positive only LC 3 and NFT positive Negative for LC3 and NFT

aCasp-6: active caspase 6; LC3: microtubule-associated protein, 1A/1B-light chain-3;

*
detected using CP-13 antibody
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