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Abstract 

Alzheimer’s disease (AD) is characterized by a specific pattern of neuropathological changes, 

including extracellular amyloid β (Aβ) deposits, intracellular neurofibrillary tangles (NFTs), 

granulovacuolar degeneration (GVD) representing cytoplasmic vacuolar lesions, synapse 

dysfunction and neuronal loss. Necroptosis, a programmed form of necrosis characterized by 

the assembly of the necrosome complex composed of phosphorylated proteins, i.e. receptor-

interacting serine/threonine- protein kinase 1 and 3 (pRIPK1 and pRIPK3), and mixed lineage 

kinase domain-like protein (pMLKL), has recently been shown to be involved in AD. However, 

it is not yet clear whether necrosome assembly takes place in brain regions showing AD-

related neuronal loss, and whether it is associated with AD-related neuropathological changes. 

Here, we analyzed brains of AD, pathologically defined preclinical AD (p-preAD), and non-AD 

control cases to determine the neuropathological characteristics and distribution pattern of the 

necrosome components. We demonstrated that all three activated necrosome components 

can be detected in GVD lesions (GVDn+, i.e. GVD with activated necrosome) in neurons, that 

they colocalize with classical GVD markers, such as pTDP-43 and CK1δ, and similarly to these 

markers detect GVD lesions. GVDn+ neurons inversely correlated with neuronal density in the 

early affected CA1 region of the hippocampus and in the late affected frontal cortex layer III. 

Additionally, AD-related GVD lesions were associated with AD-defining parameters, showing 

the strongest correlation and partial colocalization with NFT pathology. Therefore, we conclude 

that the presence of the necrosome in GVD plays a role in AD, possibly by representing an 

AD-specific form of necroptosis-related neuron death. Hence, necroptosis-related neuron loss 

could be an interesting therapeutic target for treating AD.  
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Introduction 

Alzheimer's disease (AD) is one of the most common forms of dementia, accounting for 60% 

to 80% of the demented individuals and affecting 48 million people worldwide [1]. The clinical 

manifestation of AD, characterized by memory loss and cognitive decline, is preceded by 

neuropathological changes leading to progressive functional and structural degeneration [48, 

72]. Accumulation of misfolded proteins, associated synaptic dysfunction and neuronal loss 

are considered as the most important hallmarks of neurodegenerative diseases, including AD. 

The extensive extracellular deposition of amyloid β (Aβ) protein in plaques and the intracellular 

formation of neurofibrillary tangles (NFTs), composed of hyperphosphorylated tau (pTau) 

protein, constitute AD-specific processes [9]. These changes are associated with a neuro-

inflammatory reaction, gliosis, neurovascular alterations [4, 85], and loss of synapses and 

neurons [61], leading to cerebral atrophy [24, 27, 54].  

Another lesion observed in AD brains is granulovacuolar degeneration (GVD). GVD inclusions 

are membrane-bound intraneuronal vacuoles (3–5 µm diameter) with a dense argyrophillic 

core [26], and are considered to be pathological structures originating from the 

macroautophagic pathway due to their similarity in ultrastructural morphology [35, 53]. The 

autophagy-lysosome system is one of the major routes for protein degradation in cells, and 

dysfunction in protein clearance was shown to contribute to AD pathogenesis [17]. For 

instance, alterations in lysosomal degradation of Tau were associated with increased formation 

of oligomeric Tau and neurotoxicity [77]. In turn, resulting lysosomal dysfunction may cause a 

shift towards the development of GVD granules, which are believed to be late-stage 

autophagic organelles, according to some authors [18, 80]. Evidence suggests that GVD 

lesions are cytoplasmic inclusions sequestering post-translationally modified and often toxic 

proteins, including proteins related to AD pathology [35], such as pTau [15] and 

phosphorylated Aβ (Ser26) [37]. Therefore, GVD granules accumulating aberrant, non-

degraded proteins [35] may be a consequence of upstream processes induced by abnormal 

protein aggregates, such as pTau and Aβ, which affect lysosomal function. However, the 

molecular composition and biochemical properties of these granules are not known [35]. GVD 

pathology has been shown to be strongly associated with degenerating neurons in AD [2, 64, 

74], but it can also be present to a lesser extent in other neurodegenerative diseases and in 

the aging brain [3, 57, 75, 81]. GVD primarily affects hippocampal pyramidal neurons [2], but 

as AD progresses, a systematic spreading of GVD lesions along anatomically connected 

regions has been observed [74]. Interestingly, GVD-positive cells show considerable 

topographic overlap with abnormal pTau accumulation, initiating in related regions, i.e. the 

hippocampus and neighboring entorhinal cortex [2, 15]. Additionally, tau-seeds have recently 

been shown to induce the formation of granulovacuolar bodies in an in vitro model [80]. 
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Nevertheless, given the conflicting evidence on the relationship between GVD and pTau 

pathology, their individual and/or dependent effect on the pathological cascade of AD is not 

yet clear [28, 34, 38, 65].  

Although the majority of studies in the field of AD are focused on Aβ and pTau, there is a lack 

of knowledge about the mechanisms underlying neuronal degeneration and their relation to 

AD-associated lesions. The hippocampal formation is a key region for AD pathology [9, 16, 29, 

71], and its degeneration is widely used in clinical practice as a diagnostic marker. In contrast 

to Aβ pathology, which is present in neocortical areas before the hippocampus gets affected 

[72], GVD and NFTs are more pronounced in medial temporal regions [2, 15]. Given that 

neuronal loss also initiates and is most prominent in medial temporal areas, the mechanism 

underpinning Aβ-related neuronal loss does not seem to be directly linked with cell death 

mechanisms specific for pTau or GVD pathology. Earlier studies indicated the role of 

apoptosis, a programmed form of cell death, in AD-associated neurodegeneration. 

Nevertheless, apoptotic neurons are rarely detected in AD brains [65, 66]. Recently, 

necroptosis has been shown to be activated in amyotrophic lateral sclerosis (ALS) [31, 55], 

multiple sclerosis (MS) [50] and AD [10]. This caspase-independent programmed form of 

necrosis is executed by a phosphorylated form of mixed lineage kinase-like pseudokinase 

(pMLKL), which oligomerizes upon phosphorylation by receptor-interacting serine/threonine-

protein kinase-3 (RIPK3) [23, 68, 83, 84]. In turn, pRIPK3 is controlled by pRIPK1, which as a 

non-activated protein is part of complex-I of the tumor necrosis factor receptor-1 (TNFR1) 

signaling pathway [13]. pRIPK1–pRIPK3 necrosome assembly is required for MLKL 

recruitment, phosphorylation-mediated activation and translocation to the plasma membrane 

to execute necroptosis [12]. The necroptotic pathway can be induced by viral, bacterial or 

chemical exposure, radiation or endogenous factors [22], and cellular death is usually 

observed a few hours after activation of the pathway [58]. This type of programed cell death is 

characterized by morphological changes, including swelling of cells and organelles, increased 

cytoplasmic granularity, loss of membrane integrity and expulsion of cellular contents, which 

induces significant inflammation [22].  

While cell death is compelling in AD pathology, it remains unclear which factors contribute to 

neuronal degeneration and how exactly this process is executed. To analyze necroptotic cell 

death in the AD brain, we characterized the neuroanatomical distribution of the necrosome 

components (pRIPK1, pRIPK3 and pMLKL) and their relation to AD-specific neuropathological 

changes. Moreover, we also studied non-phosphorylated forms of these proteins as they have 

previously been shown to be involved in AD-associated necroptosis [10]. We used post-

mortem brain tissue from non-demented elderly, pathologically diagnosed preclinical AD (p-

preAD) and symptomatic AD cases. The group of p-preAD cases covered non-demented 
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individuals that showed low-high degrees of AD neuropathological changes as defined 

according to the recommendations of the National Institute on Aging and the Alzheimer’s 

Association (NIA-AA) at autopsy [30, 56]. Accordingly, we report for the first time the relation 

between necrosome components and GVD in the context of AD-related neuronal loss, possibly 

indicating GVD granules as a potential protective system trapping the necrosome complex, 

which could interfere with or delay neuronal death.   

Material and methods 

Neuropathology 

Brain tissue samples from 23 AD, 24 p-preAD, and 16 non-demented control patients were 

included in this study (Table 1). The autopsies were performed with informed consent in 

accordance with the applicable laws in Belgium (UZ Leuven) and Germany (Ulm, Bonn, and 

Offenbach). The use of human tissue samples for this study was approved by the UZ Leuven 

ethical committee (Leuven, Belgium). Brain tissues were collected with an average post-

mortem interval (PMI) of 39 hours. After autopsy, the right hemisphere including brainstem and 

cerebellum was dissected for gross neuropathological assessment and then stored at −80°C. 

The left hemisphere including brainstem and cerebellum was fixed in 4% phosphate buffered 

formaldehyde for two-four weeks and dissected for gross neuropathological assessment. 

Blocks from frontal, parietal, and occipital lobe (Area 17), cingulate gyrus, hippocampus with 

temporal cortex, entorhinal cortex, hypothalamus, basal ganglia, amygdala, basal nucleus of 

Meynert, thalamus, midbrain, pons, medulla oblongata and cerebellum were taken, 

dehydrated, and embedded in paraffin. Five μm sections were cut using an electronic rotary 

microtome (Thermo Fisher Scientific), mounted on Flex IHC adhesive microscope slides 

(Dako) and dried at 55C before storing. For neuropathological analysis, sections from all 

blocks were stained for hematoxylin-eosin, pTau (AT8), Aβ (4G8), phosphorylated transactive 

response DNA binding protein 43 kDa (pTDP-43), and casein kinase (CK) 1δ (Suppl. Table 1).  

The post-mortem diagnosis of AD pathology was based upon the standardized 

clinicopathological criteria, including the topographical distribution of Aβ plaques in the medial 

temporal lobe (AβMTL phase) based on Aβ immunohistochemistry [73], the Braak 

neurofibrillary tangle (NFT) stage based on pTau immunohistochemistry [8, 9], the Consortium 

to Establish a Registry for Alzheimer's disease (CERAD) score for neuritic plaque frequency 

[44], the NIA-AA degree of AD pathology [30], and the stage of GVD pathology [74]. To 

determine the stage of cognitive and functional impairment, the Clinical Dementia Rating 

(CDR) score [45] was retrospectively assessed in 60 cases, as previously described [24]. The 

study comprised 63 cases with an average age of 71 (range 18 to 98) years, and a female to 

male ratio of 25:38. The cases were divided in three groups based on the clinical and 
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neuropathological diagnosis: 1) AD = intermediate or high NIA-AA degree of AD pathology and 

signs of cognitive decline during life (CDR ≥ 0.5); 2) p-preAD = cases with low – high NIA-AA 

degrees of AD pathology lacking clinical signs of cognitive decline (CDR = 0); 3) non-AD = no 

pathological signs of AD pathology (NIA-AA degree = 0). Primary age-related tauopathy 

(PART) [14] was present in one non-AD control. The clinicopathological characteristics of the 

identified cases are summarized in Table 1. 

Immunohistochemistry 

The expression and distribution of RIPK1, pRIPK1, RIPK3, pRIPK3 and pMLKL were 

examined in human samples of the hippocampus, entorhinal cortex and temporal cortex using 

immunohistochemical techniques. The primary antibodies with appropriate dilutions and 

pretreatments are summarized in Suppl. Table 1. For pRIPK1, pRIPK3, and pMLKL, the 

samples of the hypothalamus, amygdala and frontal cortex were additionally analyzed. Briefly, 

paraffin sections were deparaffinized in a robotized autostainer (Leica Microsystems) and 

pretreated with low (pH 6.1) or high pH (pH 9) buffer using a PT Link module (Dako). After 

incubation with Envision Flex Peroxidase-Blocking Reagent (Dako) for 5 min, the samples 

were blocked with 5% bovine serum albumin (BSA) for 30 min. Then, the tissues were 

incubated in a humid chamber overnight at room temperature (RT) with the primary antibodies, 

followed by incubation with HRP-conjugated secondary antibodies (Dako) for 30 min. 3,3'-

diaminobenzidine solution (Liquid DAB+ Substrate Chromogen System, Dako) was used as a 

chromogen to yield brown reaction products. Counterstaining with hematoxylin and 

dehydration were carried out in the autostainer, followed by mounting in an automated cover-

slipper (Leica Microsystems). Microscopy analysis was performed using a light Leica DM2000 

LED microscope (Leica Microsystems) and images were captured with a Leica DFC7000 T 

camera (Leica Microsystems). 

Specific binding of antibodies against pRIPK1, pRIPK3, and pMLKL was confirmed by two 

separate methods. First, to determine whether the antibodies specifically bind to their target 

proteins, the respective antibodies were preincubated with their specific blocking peptides; i.e. 

the peptides against which they were raised (antibody to blocking peptide ratio 1:5 for pMLKL, 

Abcam; 1:2 for pRIPK1 and pRIPK3, Cell Signaling). Afterwards, the mix was used for 

immunostaining. In parallel, we performed the respective antibody stainings without blocking 

peptides. The absence of a staining signal obtained in the presence of the blocking peptide 

was considered to confirm specific binding. Secondly, an alkaline phosphatase 

dephosphorylation assay on paraffin-embedded hippocampal sections was used to examine 

specific binding of the antibodies to the phosphorylated epitopes and the detection of the non-

phosphorylated proteins after dephosphorylation. The latter was possible only for RIPK1 and 

RIPK3 because the MLKL-antibody did not show proper staining in immunohistochemistry. 
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Tissue sections of the medial temporal lobe were incubated with a solution composed of 

alkaline phosphatase (Sigma-Aldrich) diluted in Tris buffer with phenylmethylsulfonyl fluoride 

(Sigma-Aldrich; 1:20 for pMLKL and pRIPK3, 1:5 for pRIPK1), for 24h at 30°C (pMLKL and 

pRIPK3) or for 4 days at 30°C (pRIPK1; the solution was refreshed every 24h). Then, 

immunohistochemistry for the phosphorylated markers (pRIPK1, pRIPK3 and pMLKL) and 

non-phosphorylated proteins (RIPK1 and RIPK3) was performed. In parallel, untreated (non-

dephosphorylated) sections were reacted with the same antibodies. For these experiments, 

the same protocol for immunohistochemistry was followed as described above. 

Immunofluorescence 

Colocalization of the proteins of interest was investigated by multiple labeling 

immunofluorescence. Sections from the medial temporal lobe (MTL) were pre-treated as 

mentioned above, and incubated with formic acid for 3 min, when required. Multiple 

immunostainings were performed either with an antibody cocktail or sequentially (when using 

two or more antibodies raised in the same species). In general, primary antibodies against 

proteins of interest (Suppl. Table 1) were detected with species-specific fluorescent-

conjugated secondary antibodies (Abcam, Jackson ImmunoResearch). The multiple rabbit-on-

rabbit or mouse-on-mouse staining protocols were optimized based on previously described 

methods [21]. Briefly, a coupling method was used to avoid cross-reactivity of secondary 

antibodies when using primary antibodies from the same species. The first rabbit/mouse 

primary antibody was used as described above, followed by a fluorescent goat anti-

rabbit/mouse secondary antibody. The second rabbit/mouse primary was coupled to a donkey 

anti-rabbit/mouse Fab fragment (Jackson ImmunoResearch) conjugated to a fluorophore 

(Jackson ImmunoResearch). For coupling, we incubated the primary antibodies with the 

respective Fab fragments for 20 min at RT (2 µg Fab fragment per 1 µg primary antibody). 

Next, normal rabbit/mouse serum (Jackson ImmunoResearch) was added to capture the 

unbound Fab fragments (10 µl of serum per 1 µg Fab fragment) for another 10 min. Thereafter, 

these conjugated primary antibodies were used to stain the second epitope. Sections were 

mounted with an aqueous mounting medium containing DAPI (Invitrogen) for counterstaining 

of the nuclei. All immunofluorescence images were captured via Nikon NIS-Elements software 

using a Nikon A1R laser scanning confocal system coupled to a Nikon Eclipse Ti inverted 

microscope (Nikon Instruments, Inc.). Acquired data were further processed using ImageJ 

software (National Institutes of Health). All antibodies used for immunohistochemistry and 

immunofluorescence assays are summarized in Suppl. Table 1.  

  



8 

 

Characterization of anti-pMLKL as marker for GVD 

To determine whether anti-pMLKL detects GVD lesions similarly as standard markers for GVD, 

stainings with the anti-pMLKL antibody were compared to those with the established GVD 

markers, such as pTDP-43 [33, 74] and CK1δ [62]. Specifically, double labeling 

immunofluorescence was carried out in six regions of the medial temporal lobe of 12 cases, 

including CA1, CA2/3, CA4, subiculum, dentate gyrus and entorhinal cortex. A semi-

quantitative analysis to compare anti-pMLKL and anti-pTDP-43-stained GVD lesions in the 

medial temporal lobe was performed in 31 cases, which represented the following stages of 

GVD: stage zero (n = 11), stage I (n = 2), stage II (n = 0), stage III (n = 3), stage IV (n = 7), 

and stage V (n = 8). To evaluate GVD scores, a 4-point scale (0 – 3) was used. A score of 

zero represented no GVD expression (0% positive neurons), a score of one represented mild 

expression (1 – 25% positive neurons), a score of two represented moderate expression (26 

– 40% positive neurons), and a score of three represented extensive expression (>40% 

positive neurons) in terms of number of affected neurons. GVD scores were calculated for 

each region of interest (CA1, CA2/3, CA4, subiculum, dentate gyrus and entorhinal cortex) and 

compared between anti-pMLKL and anti-pTDP-43 for AD and p-preAD cases. To determine 

differences across the three groups, we compared GVD severity, which was determined for 

each case as the mean of the GVD scores of the evaluated MTL regions (CA1, CA2/3, CA4, 

subiculum, dentate gyrus and entorhinal cortex). 

Quantitative analysis of GVD-positive neurons and neuronal density in the hippocampal 
CA1 and the frontal cortex layer III 

For quantification of pMLKL-immunoreactive GVD containing (GVDn+) neurons and total 

neuronal density in the CA1 region of the hippocampus, three consecutive images (0,632 × 

0,474 mm) of anti-pMLKL stained sections were taken using the Leica DM2000 LED 

microscope with a 20× objective lens. Similarly, for quantification in layer III of the frontal 

cortex, five consecutive images were captured. The criteria regarding morphological conditions 

of cells to be included in the measurement were determined before the quantification. Neurons 

were identified based on the nuclear pattern of the counterstaining, and GVD granules were 

detected by pMLKL-immunoreactivity. For both regions, the same analysis was carried out 

using anti-CK1δ as established GVD marker to examine whether GVD detection with anti-

pMLKL shows equal results compared to anti-CK1δ, especially for the relationship between 

GVD and neuron loss. Image analysis was performed using ImageJ software and both GVD-

positive and unaffected neurons were manually counted in hippocampal CA1 and frontal cortex 

layer III. The estimates of pyramidal neuron density and the percentages of GVD-containing 
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neurons to the total number of neurons were determined separately for GVDn+ neurons 

detected with anti-pMLKL and neurons bearing CK1δ-positive GVD granules. 

Clear, unobstructed brain imaging cocktails and computational analysis (CUBIC)-based 
clearing and 3D imaging of GVD and NFTs 

Clearing of temporal cortex tissue was performed using the CUBIC method as previously 

described [69], with minor modifications. In short, the formaldehyde-fixed specimens were 

sectioned into 1 mm thick samples with a Leica VT1000S vibratome and washed overnight at 

RT using phosphate-buffered saline (PBS, 135 mM NaCl, 2.7 mM KCl,11 mM Phosphate 

Buffer, pH 7.5). The tissue sample of one AD case (Case 3, see Table 1) was incubated with 

CUBIC Reagent-1, composed of Quadrol (Sigma-Aldrich), urea (Sigma-Aldrich) and Triton X-

100 (Sigma-Aldrich) in dH2O (1:1 v/v mixture of dH2O:Reagent-1) for 6h at 37°C, and further 

immersed in CUBIC Reagent-1 overnight and subsequently for 6 days at 37°C (Reagent-1 was 

refreshed every 2 days). A washing step was performed three times for 2h at RT using PBS 

containing 0.01% sodium azide. After incubation with a cocktail of pMLKL and AT8 primary 

antibodies for three days at 37°C, the samples were washed overnight at 37°C with PBS 0.01% 

Triton X-100, then washed twice for 2h at RT using PBS with 0.01% sodium azide. The tissues 

were probed with Cy5-labeled and Cy3-labeled species-specific secondary antibodies 

(Jackson Immuno-Research) together for four days at 37°C. Subsequently, they were washed 

twice for 2h at 37°C with PBS 0.01% Triton X-100, and twice for 1h at 37°C with PBS with 

0.01% sodium azide. Finally, the samples were immersed in CUBIC Reagent-2, comprised of 

urea (Sigma-Aldrich), sucrose (Sigma-Aldrich) and triethanolamine (Sigma-Aldrich) in dH2O 

(1:1 v/v mixture of PBS: Reagent-2) for one day at 37°C, followed by incubation with CUBIC 

Reagent-2 for two days at 37°C, and for one day at RT. Cleared tissues were immersed in a 

mixture (1:1, v/v) of silicon oil (Sigma-Aldrich) and mineral oil (Sigma-Aldrich) for image 

acquisition. Images were captured using a spinning disk confocal microscope (Nikon 

Instruments, Inc.) with a 20× objective lens, and processed in Imaris software (Bitplane). 

Cell culture and treatment 

SH-SY5Y cells were stimulated for necroptosis and used throughout the study as a positive 

control for the changes observed in necroptosis-related proteins in human tissue. Briefly, 

human neuroblastoma SH-SY5Y cells were cultured in DMEM/F12 medium (Thermo Fisher 

Scientific) supplemented with Penicillin-Streptomycin (Thermo Fisher Scientific). The cells 

were maintained at 37°C in a CO2 incubator with a controlled humidified atmosphere 

composed of 95% air and 5% CO2. For induction of necroptosis, SH-SY5Y cells were 

stimulated for 4 h at 37 °C with TNFα (30 ng/ml, Sigma-Aldrich) plus SMAC-mimetic (10 μM, 

Sellekchem) plus zVAD-fmk (20 μM, Millipore). For collecting, cells were washed with PBS and 
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lysed in RIPA buffer (Sigma-Aldrich) containing PhosSTOP (Sigma-Aldrich) and a protease 

inhibitor cocktail (Sigma-Aldrich). Cell lysates were used for validation of antibodies and as a 

positive control for western blot. Experiments with the human SH-SY5Y cell line were approved 

by the UZ-Leuven ethical committee. 

Western blot 

Frozen temporal cortex tissues from AD (n = 5), preclinical AD (n = 5), and non-AD (n = 5) 

patients were homogenized in extraction buffer (2% SDS in 50 mM Tris, 150 mM NaCl, pH 

7.6; TBS) containing nucleases (Thermo Fisher Scientific) and protease and phosphatase 

inhibitor cocktail (Thermo Fisher Scientific). After sonication with an ultrasonic homogenizer 

(Biologics, Inc.) and centrifugation at 13,000 g for 30 min at RT using a 5415R centrifuge 

(Eppendorf), the resulting supernatant was collected, and the insoluble pellet was 

resuspended in 70% formic acid. Formic acid was evaporated from the samples in a vacuum 

concentrator (Concentrator plus 5305, Eppendorf), and samples were resuspended in 

NuPAGE LDS Sample Buffer (Invitrogen). For the soluble fraction, protein concentrations were 

estimated using the Pierce BCA Protein Assay (Thermo Fisher Scientific). Samples were 

incubated with NuPAGE Sample Reducing Agent (Invitrogen) and NuPAGE LDS Sample 

Buffer (Invitrogen) at 75°C for 10 min. Equal amounts of protein (human brain tissue: 20 μg; 

necroptosis-positive SH-SY5Y cells: 10 μg) were loaded onto NuPAGE 4-12% Bis-Tris Protein 

Gels (Life Technologies) in MOPS-SDS running buffer (Alfa Aesar), electrophoresed at 150 V 

for 60 min, and then transferred to Amersham Protran Supported 0.2 NC membranes (GE 

Healthcare). After blocking either with 5% non-fat dried milk (AppliChem) in PBS 0.1% Tween-

20 (PBST) or with 5% BSA (Sigma-Aldrich) in TBS 0.1% Tween-20 (TBST)  for 1h at RT, the 

membranes were reacted with primary antibodies (Suppl. Table 1) in PBST or TBST overnight 

at 4°C and detected with species-specific secondary antibodies conjugated to horseradish 

peroxidase (HRP) (Dako). Bands were visualized using either SuperSignal West Pico or Dura 

chemiluminescent substrate (Thermo Fisher Scientific) and imaged with an Amersham Imager 

600 (GE Healthcare). All blots were stripped of the bound antibodies and reprobed with 

GAPDH to verify equal protein loading. Intensity of protein bands was quantified with ImageJ 

software and normalized to that of GAPDH. All values are reported as ratio of band density of 

necroptotic protein to band density of GAPDH. For the formic acid fraction, 15 μl was loaded 

per sample after the addition of NuPAGE Sample Reducing Agent. All remaining procedures 

were as described above. 

Statistical analysis  

Statistical analyses were performed using SPSS and Graphpad Prism software. A one-way 

ANOVA or a non-parametric one-way ANOVA (Kruskal–Wallis test), followed by Tukey’s or 
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Dunn’s post-hoc test for multiple comparisons, was used to determine the significance of 

differences across the three groups. To control for age- and sex-associated changes, age at 

death and sex were included in all regression analyses. Comparisons between two antibodies 

were performed using Wilcoxon test (pMLKL and pTDP-43) or Sign test (pMLKL and CK1δ) 

for matched pairs. To examine correlations between GVD and other AD-defining parameters, 

partial correlation analysis adjusted for age, sex and PMI was applied. To estimate the effect 

of explanatory variables on AD progression, we conducted a linear regression analysis. Data 

are presented as mean ± SEM. Statistical significance was accepted at p < 0.05 level. *p < 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Results 

Activated necrosome components are localized in GVD lesions in the AD brain 

To investigate the presence and morphological features of necrosome components in 

degenerating neurons in AD, we carried out pathological analyses on human post-mortem 

clinical AD (n = 23), p-preAD (n = 24) and non-AD control (n = 16) brain tissues. 

Immunohistochemical analysis showed positive immunoreactivity of pRIPK1 (Figure 1a, d), 

pRIPK3 (Figure 1b, e) and pMLKL (Figure 1c, f) in all 23 AD cases, 22 out of 24 p-preAD cases 

and two out of 16 non-AD control cases. Specifically, pRIPK1, pRIPK3 and pMLKL were 

located within the granular component of GVD or at the membranes of the vacuoles, but not 

inside the lumen of the vacuoles (Figure 1d-f). Anatomically, these proteins were detected 

outside the nucleus in the cytoplasmic compartment of neurons in the hippocampal subfields 

CA1, CA2/3, CA4, dentate gyrus, subiculum, entorhinal cortex, temporal cortex (Brodmann 

area 36), hypothalamus, amygdala, and frontal cortex, exhibiting the pattern of GVD. 

Interestingly, all the phosphorylated proteins were detected in the GVDn+ (GVDn+, i.e. GVD 

with activated necrosome) neurons but not in neighboring neurons without GVD granules 

(Figure 1a-c), astrocytes or microglial cells (Figure 2). Antibody specificity was confirmed by 

the use of respective blocking peptides as well as by dephosphorylation, which eliminated the 

phosphorylated targets of anti-pRIPK1, anti-pRIPK3, and anti-pMLKL. After 

dephosphorylation, antibodies against non-phosphorylated RIPK1 and RIPK3 stained GVD 

lesions, which were negative for the anti-RIPK3 staining before dephosphorylation (Suppl. 

Figures 1 and 2). 

To determine whether the activated necroptotic markers were indeed localized in GVD 

inclusions, we performed double-immunofluorescence analysis of the activated necroptotic 

marker pMLKL with the established GVD markers, i.e. anti-CK1δ (Figure 3i-l) and anti-pTDP-

43 (Figure 3m-p). We observed that all three antibodies consistently yielded a similar 

proportion of GVD-positive neurons, with slight variation in immunoreactivity in particular GVD 
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granules inside cell bodies of neurons (Figures 3a-h and 6, Suppl. Figure 5). Double 

immunolabeling of anti-pMLKL with anti-pRIPK1 or anti-pRIPK3 indicated that all neurons 

show colocalization of pMLKL with pRIPK1 and pRIPK3 in AD and p-preAD brain tissues. To 

further confirm these results, we validated the presence of pMLKL in GVD inclusions by using 

a second antibody against pMLKL, which showed an identical staining pattern (Suppl. Figure 

3b, d). As pMLKL is considered to be a principal component of the necrosome complex that 

finally executes necroptosis, we used the anti-pMLKL antibody for further analysis of 

necroptotic cell death. 

To assess the accuracy of GVD-staining by anti-pMLKL, a semi-quantitative comparison of 

pMLKL-positive GVD-containing neurons with pTDP-43-positive GVD-containing neurons was 

performed in a subset of 31 representative cases. This analysis showed similar semi-

quantitative scores for GVD pattern stained with anti-pMLKL as well as with anti-pTDP-43 in 

the medial temporal lobe (MTL) regions of 12 AD (Suppl. Figure 4a), nine p-preAD (Suppl. 

Figure 4b) and ten non-AD cases. In the six MTL regions of AD cases, similar amounts of 

neurons were marked by anti-pMLKL and anti-pTDP-43. However, in the p-preAD group, more 

GVD-positive neurons were identified in the entorhinal cortex with anti-pMLKL than with anti-

pTDP-43 (p = 0.045; Wilcoxon matched-pairs signed rank test). We found differences in the 

pMLKL expression in GVD as measured by the GVD severity score of MTL among AD, p-

preAD and non-AD control cases (Suppl. Figure 4c), as well as in the GVD severity score of 

MTL detected with anti-pTDP-43 (Suppl. Figure 4d). Moreover, a separate quantitative 

analysis of the percentage of GVD-positive neurons revealed no differences between anti-

pMLKL and anti-CK1δ (hippocampal CA1: p = 0.253; frontal cortex layer III: p = 0.077; Sign 

test).  

The distribution pattern of pMLKL-positive GVD lesions in the brain fits with the previously 

published GVD staging system based on pTDP-43, and/or CK1δ/ε staining [74]. GVD stage 

gradually increased from non-AD controls to p-preAD, reaching the highest stages in AD 

cases, indicating a progressive expansion of pMLKL-immunoreactive GVD lesions from the 

hippocampus to the frontal cortex (Figure 4), and proving its capability to mark GVD even in 

the latest stage as good as pTDP-43. Using the anti-pMLKL antibody, we were able to detect 

GVD-positive cells in the CA1 region of two control cases without PART, which were negative 

for anti-pTDP-43. Finally, when controlled for age, sex and PMI, we obtained significant 

positive partial correlations between the pMLKL-GVD stage and the AβMTL phase, Braak NFT 

stage, CERAD score, CDR score, NIA-AA degree of AD pathology, and the clinical progression 

from control to p-preAD and AD (see Suppl. Table 2a, b for r- and p-values), from which the 

association with the Braak NFT stage was the strongest. 
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GVD-related necrosome activation is associated with Tau but not Aβ pathology 

We histopathologically evaluated the presence of intracellular pTau and extracellular Aβ 

aggregates together with necrosome components in the hippocampal formation of AD cases. 

We did not find colocalization between Aβ and pRIPK1, pRIPK3 or pMLKL. However, we 

observed co-expression of pMLKL and pTau in GVD-bearing neurons in AD and p-preAD 

cases (Figure 5f-o). Specifically, we observed three phenotypes of AD-affected neurons, in 

which the presence of pMLKL was indicative of GVD: 1) pMLKL-positive and pTau-negative 

neurons (Figure 5o, arrowhead); 2) pMLKL- and pTau-positive neurons (Figure 5o, arrow); 3) 

pTau-positive tangles and pre-tangles in the absence of pMLKL-immunoreactive GVD (Figure 

5j, arrow). These findings were confirmed in 1 mm thick temporal cortex sections of an AD 

case processed by the CUBIC method (Table 1; case 3). Here, we analyzed the topographical 

relationship of the lesions in pyramidal neurons in their 3-dimensional orientation and 

confirmed all three different types of neurons (Suppl. Movie 1), as previously identified on 5 

µm sections. Finally, to determine the effect of explanatory variables on AD progression, we 

performed a linear regression analysis. We obtained a significant positive regression for the 

Braak NFT stage (p < 0.001) and for the GVD stage (p = 0.045); however, four other factors, 

including the AβMTL phase, age, sex, or PMI did not have an effect on AD progression in this 

model (Suppl. Table 3a, b). 

pMLKL expression in GVD is associated with lower neuronal density in the CA1 region 
of the hippocampus and in layer III of the frontal cortex 

To evaluate a potential link between the presence of GVDn+ neurons (exhibiting necrosome 

components such as pMLKL) and neuronal loss, we assessed the number of GVDn+ neurons 

in relation to the total number of neurons in the CA1 region of the hippocampus and in layer III 

of the frontal cortex (Figure 6a, b). Using the Kruskal-Wallis test followed by Dunn's post‐hoc 

analysis, we observed higher percentages of GVDn+ neurons in CA1 of the AD group (41.8 ± 

2.2%) compared to p-preAD (9.7 ± 1.9%, p < 0.0001) and control cases (0.1 ± 0.1%, p < 

0.0001,). In addition, the p-preAD group showed an increased occurrence of GVD-bearing 

neurons in relation to the control group (p = 0.0052). In layer III of the frontal cortex, we found 

a less prominent GVD pattern, which was only present in the AD cohort (1.9 ± 0.5%), and 

which significantly differed from the other two groups (p < 0.0001, Kruskal-Wallis).  Additionally, 

when we controlled for age, sex or PMI, linear regression analyses showed a significant effect 

of the independent variable GVDn+ neurons on a dependent variable, i.e. AD progression, in 

both CA1 (β = 0.034, p < 0.001) and frontal cortex layer III (β = 0.242, p < 0.001). Furthermore, 

we analyzed the neuronal density in these two brain regions by one-way ANOVA followed by 

Tukey's post‐hoc analysis (Figure 6c, d) and found a decrease in the hippocampal neuronal 
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density in AD (80.9 ± 5.5 cells/mm2) compared to p-preAD (108.5 ± 3.1 cells/mm2, p = 0.0002) 

and to the control group (135.2 ± 5.6 cells/mm2, p < 0.0001). A lower neuronal density was 

also detected in p-preAD compared to control hippocampus (p = 0.001). In layer III of the 

frontal cortex, AD cases showed a neuronal density reduction (98.9 ± 1.8 cells/mm2) in 

comparison to p-preAD (111.1 ± 1.5 cells/mm2, p = 0.0001) and to the control group (113.2 ± 

2.4 cells/mm2, p < 0.0001). These results were confirmed when we controlled for age. The 

effect of neuronal density on AD progression was significant in a linear regression analysis for 

both CA1 (β = -0.016, p < 0.001) and frontal cortex layer III (β = -0.039, p < 0.001). Partial 

correlation analyses controlled for age, sex and PMI showed a negative relationship between 

the percentage of pMLKL-positive GVD-bearing neurons and cell density in CA1 region of the 

hippocampus (r = -0.643, p < 0.001; Suppl. Table 4a, b) and in layer III of the frontal cortex (r 

= -0.347, p = 0.008; Suppl. Table 5a, b). The decreasing neuron density in the CA1 region and 

layer III of the frontal cortex showed similar associations with the Braak NFT stage, AβMTL 

phase, CERAD score for neuritic plaques, NIA-AA degree of AD pathology and the pMLKL-

based GVD stage (Suppl. Tables 4a, b and 5a, b). Finally, to clarify whether GVDn+ neurons 

associate in a similar way with neuronal loss as GVD neurons labeled with a standard marker, 

we carried out the same quantitative analysis using an established GVD marker, CK1δ. We 

found no statistical differences between the percentage of positive GVD neurons obtained with 

anti-pMLKL and anti-CK1δ (two-tailed Sign-test; CA1: p = 0.253; layer III: p = 0.077), showing 

that both antibodies similarly detected GVD granules. Regardless of the marker, we detected 

the same differences between groups in the percentage of positive GVD neurons and in the 

neuronal density (Suppl. Figure 5). Furthermore, we obtained partial correlations between 

neuronal loss and CK1δ-positive GVD neurons (CA1: r = -0.667, p < 0.001; layer III: r = -0.255, 

p = 0.055), which did not substantially differ from those observed with GVDn+ neurons (CA1: 

r = -0.643, p < 0.001; layer III: r = -0.347, p = 0.008). 

Histopathological characterization of non-phosphorylated necroptosis-related proteins 

Since AD-associated necroptosis was previously studied mainly using non-phosphorylated 

RIPK1, RIPK3 and MLKL, we further investigated the expression of non-phosphorylated 

proteins, which allowed us to determine their expression pattern and cellular location under 

physiological conditions and in AD. Immunoreactive RIPK1 protein was present in both 

neuronal and non-neuronal cells (Figures 7a-e and 8a). Specifically, we detected RIPK1-

positive neurons with a tangle-like staining pattern in 11 out of 12 AD cases, two out of nine p-

preAD cases, and in none of the non-AD cases (Figure 7c). GVD granules were RIPK1-positive 

in all 12 AD cases, six out of nine p-preAD and in none of ten non-AD cases (Figure 7a-d). We 

found a substantial increase in RIPK1 levels in astrocytes, which resembled the morphology 

of reactive astrocytes, in all 12 AD and nine p-preAD cases (Figures 7a-c and 8a). In non-AD 
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control cases, neurons were not positive and activated astrocytes showed RIPK1 expression 

in six out of ten cases (Figure 7e). Examination of sections stained with an anti-RIPK3 antibody 

revealed a positive immunoreaction in the neuronal cytoplasm in 11 out of 12 AD, all nine p-

preAD, and in six out of ten non-AD control cases (Figures 7f-i and 8b), and in dystrophic 

neurites of neuritic plaques in ten out of 12 AD and in three out of nine p-preAD cases (Figure 

7f). No neuritic plaques were observed in the non-AD control cases. Astrocytes and microglial 

cells did not exhibit RIPK3 (Figure 8b). Interestingly, although RIPK3-positive cytoplasmic 

granules were observed in AD, p-preAD and even non-AD cases (Figures 7f, g and 8b), GVD 

lesions visualized by hematoxylin counterstaining remained negative for non-phosphorylated 

RIPK3 (Figure 7h). Only after dephosphorylation treatment, we detected RIPK3-

immunoreactive GVD granules (Suppl. Figure 2), proving the presence of the phosphorylated 

RIPK3 protein in GVD lesions. We did not immunohistochemically characterize the MLKL 

protein as none of the tested antibodies worked properly on the human paraffin-embedded 

tissue available in our laboratory. However, the anti-MLKL antibody worked in western blots, 

which showed increased levels of MLKL in p-preAD and symptomatic AD cases (Figure 9a, 

d).  

pMLKL-immunoreactive astrogliosis in the CA4 and CA3 region of the hippocampus is 
not associated with AD 

In addition to the detection of neuronal GVD inclusions in p-preAD and AD cases, we observed 

pMLKL-positive astrocytes restricted to the CA4 and the adjacent CA3 region of the 

hippocampus (Suppl. Figure 6). Out of 63 examined cases, 18 cases (i.e. six out of 23 AD 

cases, ten out of 24 p-preAD cases, and two out of 16 non-AD control cases) exhibited pMLKL-

immunoreactive hippocampal astrocytes. These pMLKL-positive astrocytes were not detected 

using anti-pRIPK1 and anti-pRIPK3. To examine a possible effect of relevant variables, 

including the pMLKL-GVD stage, the Braak NFT stage, the AβMTL phase and the AD 

progression, on pMLKL-immunoreactive astrogliosis, we carried out separate linear regression 

analyses. None of the independent variables, including age, sex and PMI, had a significant 

effect on pMLKL-positive astrocytes (Suppl. Table 6).  

Biochemical analysis of necroptosis-related proteins 

Finally, we determined the levels of three proteins involved in the necroptosis pathway, i.e. 

RIPK1, pRIPK1, and MLKL, using western blotting (Figure 9a, Suppl. Figure 7). We detected 

no changes in RIPK1 levels while comparing three cohorts (Figure 9b). However, we observed 

an increase in pRIPK1 expression in AD brains compared to the non-AD group (p = 0.0068) 

(Figure 9c). Furthermore, we detected higher MLKL levels in AD (p < 0.0001) and p-preAD (p 

= 0.0017) tissues in relation to the non-AD control group (Figure 9d). These results from a 
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biochemical analysis of the levels of RIPK1, pRIPK1 and MLKL are in line with the previously 

described immunohistochemical findings. SH-SY5Y neuroblastoma cells were stimulated for 

necroptosis and used as a positive control for the changes observed in necroptosis-related 

proteins in human tissue. Western blots indicated that most antibodies were able to detect the 

respective proteins in necroptotic SH-SY5Y neuroblastoma cells, but did not detect RIPK3, 

pRIPK3 and pMLKL in significant amounts in human brain homogenates from AD, p-preAD, 

and control non-AD cases (Suppl. Figure 7).  

Discussion  

In this study, we provide evidence for the presence of the three activated components of the 

necrosome machinery, i.e. pRIPK1, pRIPK3, and pMLKL, in degenerating neurons in AD and 

preclinical stages of AD pathology. Phosphorylation-mediated activation of necrosome 

proteins is crucial for necrosome assembly and subsequent necroptosis execution [11]. Here, 

the activated necrosome components were observed in GVD lesions (referred to as GVDn+ if 

the necroptosis executor pMLKL was detected), and correlated with neuronal loss in AD-

affected brain regions, such as the hippocampal CA1 region and the frontal cortex layer III. 

Further validation using established GVD markers (pTDP-43 and CK1δ) confirmed the 

presence of the activated necrosome in GVD, and the quantification of GVD-positive neurons 

using anti-CK1δ and anti-pMLKL showed no differences between the two markers. To the best 

of our knowledge, this is the first work that demonstrates the presence of activated necrosome 

proteins in the AD and p-preAD brain, and their relationship to GVD pathology and neuronal 

loss. With these findings, we provide new insights on the involvement of necroptosis in AD 

[10], by specifying the neuropathological lesions in which the necrosome complex is located, 

their anatomical distribution pattern, and their relation to changes in neuronal densities in 

affected brain regions. 

Some reports indicate the presence of potentially toxic proteins in GVD granules, including 

proteins related to AD pathology [35], such as pTau [15] and phosphorylated Aβ (Ser26) [37]. 

Nevertheless, so far none of the necroptotic proteins were linked to GVD. Although some 

reports suggested the presence of cleaved caspase-3 in GVD lesions, the absence of 

apoptotic morphological features in the cells argues in favor of the hypothesis that GVD is not 

associated with apoptosis [35, 63, 65, 67]. In contrast to caspase-dependent apoptosis, 

execution of pMLKL-dependent necroptosis involves oligomerization of pMLKL, together with 

a disruption of the plasma membrane [11]. The accumulation of pMLKL in GVDn+ may also 

be toxic to cells, probably altering membranes of GVD granules in a similar way to the 

necroptosis-related changes in the plasma membrane. Arguments in favor of this hypothesis 

are our findings that the necrosome components were generally present in GVD lesions in AD 
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and p-preAD cases, specifically detected in the granules and in the membrane of the GVD 

vacuoles, and showed an inverse association with neuronal density in regions exhibiting GVD. 

Using pMLKL immunostaining, we categorized anatomical brain regions that were gradually 

affected by GVD as AD pathology progresses, which was in line with the previously published 

stages of GVD expansion in the brain [74]. In accordance with earlier reports, we also detected 

GVDn+ neurons in few control cases (two out of 16), but far less advanced (stage I) compared 

to AD cases [3, 74, 75, 81]. The pMLKL-based GVD stages highly correlated with the AD-

defining parameters, including the AβMTL phase, Braak NFT stage, and the CERAD score, of 

which the association with the Braak NFT stage representing Tau pathology, was the strongest 

one. 

Previous studies suggested that GVD lesions are involved in the degeneration of neuronal 

cells in AD, and strongly associated with AD-related specific insults, such as pTau and Aβ 

pathology [74]. However, the relationship between pTau, Aβ and GVD is still a matter of debate 

and the underlying mechanisms remain unknown. Some reports showed the occurrence of 

both pTau and GVD pathology in the same neuron [32, 39, 80], while others contradicted this 

[43, 49]. Here, we observed the existence of pTau and GVDn+ neurons, as well as of neurons 

with either pTau or GVDn+ lesions alone, which points to a vague relationship between these 

two lesions in AD pathogenesis. Regarding the neuronal density, we observed a mild decrease 

in neuronal density in the frontal cortex layer III only in AD cases (compared to control cases). 

However, in the CA1 region, a significant decrease was already observed in p-preAD cases, 

with symptomatic AD cases showing the highest loss of neurons. These findings are in line 

with previously published results [70, 79]. The correlation between the increased percentage 

of GVDn+ neurons and the decreased neuronal density in the affected brain regions, suggests 

a possible role for GVD in neuronal loss in AD. Since Aβ pathology is present in neocortical 

areas before the hippocampus gets affected [72], we would expect Aβ-associated neuronal 

loss to be more advanced in the frontal cortex than in the hippocampus. Therefore, it is unlikely 

that the observed reduction in neuronal density, which is most pronounced in hippocampal 

areas, is related to amyloid burden. This leaves GVD and NFT pathology as potential drivers 

of neuronal demise in AD, which is supported by a recent report [19]. The strong correlations 

of the Braak NFT stage and the pMLKL-GVD stage with neuronal loss in both the CA1 area 

and the frontal cortex layer III further support this interpretation. Since the GVD stage was not 

found to be associated with other tauopathies, such as progressive supranuclear palsy or 

argyrophilic grain disease [74], we speculate that (GVDn+)-associated neuronal death is 

specific to AD. Furthermore, GVD lesions have been reported in Tau transgenic mice (24 

months) and in double transgenic mice harboring both human APP and Tau transgenes [36, 

40], but not in amyloid mouse models. These data further support the hypothesis that 



18 

 

pathological Tau might play a role in GVD-associated cell death. In line with this, we found that 

the GVD stage and the Braak NFT stage, but not the AβMTL phase, were able to predict AD 

progression from non-AD to p-preAD and AD in a linear regression model. Previous studies 

already showed that Aβ deposition, although it is a defining feature for AD, correlates less with 

cognition compared to NFTs, synaptic dysfunction or neuronal loss, which strongly predict 

memory decline [19, 20]. Given the above, instead of pointing to a causal relationship between 

pTau and GVD, we rather speculate that the combined and accumulative effect of toxic 

proteins detected in GVD (e.g. pTau, among many others [35]) is responsible for changes in 

neuronal homeostasis, resulting in (GVDn+)-associated neuronal death in AD. Interestingly, 

recent findings showed that GVD is associated with C9orf72 mutation carriers in 

frontotemporal lobar degeneration (FTLD) and ALS, which supports the hypothesis that the 

accumulation of toxic proteins, i.e. dipeptide repeat proteins (DPR) in C9orf72 mutation 

carriers, could stimulate the formation of GVD in affected neurons [57]. Finally, it is of 

importance to mention that the possible contribution of GVDn+ to neuronal loss in AD does not 

exclude the involvement of other neuronal death mechanisms, including apoptosis [65] or NFT-

induced neuron degeneration leading to ghost tangles [5, 7, 60].  

Cell death can result from passive or accidental signals when initiated by a harsh physical 

trigger, or it can occur via controlled cell signaling programs as a part of development, 

homeostasis, or pathological processes [42]. Since the CA1 region of the hippocampus is most 

vulnerable to AD-associated degeneration [82], hippocampal atrophy rates are commonly 

used in both diagnosing and monitoring the progression of AD, which typically start 10 years 

before the onset of clinical signs of dementia [6]. In general, regulated forms of cell death 

manifest through a sequence of events involving a trigger, initiator, mediator, and an executor 

[76]. Once initiated, cell death execution occurs within approximately 24 hours. We found all 

three activated necrosome components of the necroptosis pathway, i.e. pRIPK1 (initiator), 

pRIPK3 (mediator) and pMLKL (executor), present in GVD-bearing neurons in symptomatic 

AD and p-preAD brains. Activation of necroptosis has been shown to be implicated in AD 

neurodegeneration [10]. Nevertheless, that study focused on the characterization of non-

phosphorylated native proteins of necroptosis, i.e., RIPK1, RIPK3 and MLKL, with the 

exception of pMLKL, in the temporal cortex of AD and control cases. The native forms of RIPK1 

and RIPK3 seem to have pleiotropic functions, such as roles in inflammation, controlling the 

disease-associated state of microglia in AD, and energy homeostasis [51, 78, 83]. Here, we 

observed RIPK1 immunoreactivity in non-AD, p-preAD, and AD astroglial cells and in p-preAD 

and AD neuronal cells (GVD and tangle-like staining pattern). RIPK3 was physiologically found 

in the cell bodies of neurons of non-AD, p-preAD and AD cases, and in neuritic plaques of p-

preAD and AD cases. While non-phosphorylated RIPK3 was not detected in GVD lesions, after 
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the dephosphorylation treatment we observed the signal of anti-RIPK3, confirming the 

presence of the phosphorylated RIPK3 protein in GVD granules. Unfortunately, we were 

unable to find an antibody for non-phosphorylated MLKL that worked in paraffin embedded 

tissue. Given the presence of non-phosphorylated necroptosis markers in non-AD cases, the 

phosphorylation status of all three necrosome components and the necrosome assembly must 

be considered when determining necroptosis activation in AD. In contrast to the systematically 

detected colocalization between the components of the activated necrosome complex 

(pRIPK1, pRIPK3, pMLKL), we never found colocalization between non-phosphorylated 

RIPK1 and RIPK3, which differs from previously reported findings [10]. Moreover, contrarily to 

what has been reported about pMLKL localization, we detected pMLKL in GVD lesions in 

neuronal cells, but not in oligodendrocytes, and microglia [10]. Astroglial pMLKL-expression 

was seen in the CA4 and CA3 sector of the hippocampal formation in similar levels in a subset 

of non-AD, p-preAD and AD cases. No association between pMLKL-positive astrocytes and 

pMLKL-GVD stage, AD progression or other AD-relevant variables (AβMTL and Braak NFT 

stage) was observed in regression models, arguing against a potential role of these astrocytes 

in AD pathogenesis. Furthermore, pRIPK1 and pRIPK3 were not present in pMLKL-positive 

astrocytes, which excludes the recruitment of a functional necrosome in these cells.  

The exclusive presence of the three phosphorylated necrosome components in GVD points to 

a specialized sequestration mechanism in neuronal cells, which is strongly associated with AD 

and its related neuropathological parameters. In turn, this supports the hypothesis that GVD is 

the morphological correlate of necrosome-activation in AD, presumably involved in necroptotic 

neuronal loss. However, if all neurons exhibiting GVDn+ were in the status of ongoing 

necroptosis, neuronal death would be executed within a few weeks rather than within 

approximately 50 years in AD [52]. Furthermore, an approximately 20-year lifetime of NFT-

affected neurons [46] is another counterargument to an immediate execution of necroptotic 

cell death in AD. We hypothesize that different developmental steps of GVDn+ formation exist 

within a neuron, from mild to severe, reflecting a progressive deterioration of the pyramidal 

neurons, which eventually are destined to die. The execution of necroptotic cell death requires 

the activation of MLKL by phosphorylation, which directly facilitates cell death. Earlier studies 

indicated that phosphorylation of MLKL residues induces conformational changes in the 

protein. The resulting four-helical bundle (4HB) domain exposure and oligomerization through 

the N-terminal domain lead to pMLKL translocation and plasma membrane rupture, eventually 

causing cell death [25, 47]. Here, we found pMLKL clustered in the membrane and the granular 

component of GVD vacuoles, rather than present in the plasma membrane, disabling pMLKL 

to execute necroptotic cell death. This possibly protective mechanism of delayed necroptosis 

might become ineffective as cell dysfunction increases, eventually reaching the level where 



20 

 

GVD granules might release the trapped activated necroptotic complex, leading to cellular 

suicide in AD. 

The activation of necroptosis has also been reported in other neurodegenerative disorders, 

including ALS [31, 55], and in multiple sclerosis [50, 59]. In multiple sclerosis, cell damage 

specifically occurs in oligodendrocytes. Increased levels of tumor necrosis factor  (TNF), a 

prominent pro-inflammatory cytokine, have been shown to bind to TNFR1 complex, and to 

trigger necroptosis in oligodendrocytes. In ALS, patient-derived astrocytes induced 

necroptosis exclusively in motor neurons [55]. Furthermore, optineurin, a component of the 

TNFR1 signaling pathway that directly regulates RIPK1 protein turnover, has been implicated 

in axonal degeneration and motor neuron dysfunction in ALS [31]. A recent study has shown 

a link between GVD and the C9orf72 hexanucleotide repeat mutation in ALS and FTLD 

patients [57]. However, since necroptosis-related proteins were not targeted in this study, it 

remains open whether the same GVD/necrosome-related lesions are associated with neuronal 

loss in ALS and FTLD. In future research, the phosphorylation status of necroptotic proteins 

should be reconsidered when analyzing necroptosis in the above-mentioned pathological 

conditions. Focusing on native proteins, i.e. RIPK1, RIPK3, and MLKL, we detected these 

proteins not only in AD but also in non-AD control cases. This may be indicative of physiological 

levels and not necessarily of pathological conditions or execution of necroptosis, for which 

post-translational modifications and activation of necrosome components are required. 

One of the limitations of this study is a relatively small sample size of 63 cases, which made it 

difficult to statistically analyze linear model terms with more than three variables. Therefore, 

the scores of a linear regression analysis using GVD, AβMTL phase and Braak NFT stage as 

independent variables must be interpreted with caution. Although the western blot analysis of 

cells, in which necroptosis was induced, confirmed specificity of the antibodies against the 

necrosome components, we were not able to detect RIPK3, pRIPK3 and pMLKL in brain 

homogenates by western blotting. This might be due to too low concentrations of the respective 

proteins in the brain lysates and lack of antibodies suitable to detect these proteins in western 

blot. Moreover, necrosome complex formation, oligomerization, and cleavage products may 

explain the difficulties in analyzing pRIPK3 and pMLKL in western blot [41]. These aspects 

need further clarification.  

In conclusion, our findings indicate the presence of the activated necrosome complex in GVD 

granules, and its association with neuronal loss in areas that are most affected by AD 

neurodegeneration, as well as in less affected regions. Given the lifetime of degenerating 

neurons in AD, which is longer than the 24 h required for regular necroptosis [46], and the 

GVD-specific localization of the necrosome complex in AD-susceptible brain regions, we 

hypothesize that the observed lesions represent a delayed type of necroptosis. This 
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necroptosis-related form of a long-term neurodegenerative process involving GVD appears to 

be of major relevance for AD-associated neuronal loss. As until now no disease-modifying 

treatment against AD has been clinically established, neuronal death mechanisms could be an 

interesting novel target for the treatment of AD. Therapeutic targeting of cell death mechanisms 

may be a more effective strategy to stop AD progression, compared to for example Aβ‐directed 

therapies, as the disease would be targeted at more advanced stages preventing neuronal 

degeneration [72]. While further studies are needed to pinpoint the nature of the connection 

between the necrosome components and GVD, the findings reported here provide new 

insights into AD-related neuronal death, especially highlighting the potential importance of the 

GVD-associated necrosome complex. 
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Figures 

Fig. 1. Necrosome components are localized in GVD lesions in the AD brain. DAB 

immunohistochemical stainings for necrosome components (pRIPK1, pRIPK3, pMLKL). AD 

human tissues revealed a specific immunoreactivity for all three necrosome components, 

including pRIPK1 (a, d), pRIPK3 (b, e) and pMLKL (c, f), in GVD granules of CA1 hippocampal 

pyramidal neurons (a-c; red arrowheads), but not in GVD free neurons (a-c; black arrowheads). 

pRIPK1, pRIPK3 and pMLKL immunoreactivity was detected in the granules and the 

membranes of the GVD vacuoles (d-f; red arrows), but not in the lumen. Staining of a 

representative AD case (a-f; Case 3); n = 63 (non-AD, n = 23; p-preAD, n = 24; AD, n = 16). 

Scale bars represent 30 µm. Abbreviations: AD = Alzheimer’s disease; CA = cornu ammonis. 

Fig. 2. pMLKL expression in neuronal GVD lesions. Fluorescent immunohistochemistry for 

a marker of the activated necrosome, i.e. pMLKL (green; arrowheads), together with markers 

for microglia (IBA1; red; Mi), astrocytes (GFAP; magenta) and cell nuclei (DAPI, blue) in the 

CA1 hippocampal region of the non-AD, p-preAD and AD group. In the context of AD, 

pMLKL(S358) was expressed in GVD granules of neurons and not co-expressed with the 

astrocytic or microglial markers. Staining of representative cases for non-AD (Case 52; n = 4), 

p-preAD (Case 35; n = 4) and AD (Case 4; n = 4). Scale bars represent 30 µm. Abbreviations: 

AD = Alzheimer’s disease; p-preAD = preclinical AD; non-AD = non-demented control; CA = 

cornu ammonis; Mi = microglia. 

Fig. 3. Necrosome markers are co-expressed in GVD granules and colocalize with 
standard markers for GVD. Representative hippocampal CA1 pyramidal neurons labeled 

with anti-pRIPK1 (green) and anti-pRIPK3 (red), showing the assembly of the pRIPK1-pRIPK3 

necrosome complex in GVD granules in neurons (a-d; arrowheads). In the same region, 

pRIPK3-expressing neurons (red) are also immunoreactive for pMLKL (green), representing a 

late phase of necrosome activation with an activated pRIPK3 recruiting and phosphorylating 

MLKL (e-h; arrowheads). CA1 pyramidal neurons with DAPI stained cell nuclei, depicting 

colocalization of pMLKL (green) with CK1δ (red; i-l; arrowheads) or with pTDP-43 (red; m-p; 

arrowheads). Staining of a representative AD case (a-p; Case 4); n = 12 (non-AD, n = 4; p-

preAD, n = 4; AD, n = 4). Scale bars represent 30 µm. Abbreviations: AD = Alzheimer’s 

disease; CA = cornu ammonis. 

Fig. 4. Necrosome-positive GVD stage increases with the progression of AD. GVD stages 

based on pMLKL-immunoreactivity in GVD lesions in representative brain regions, i.e. CA1/2 

and subiculum (stage I), entorhinal cortex and/or CA4, CA3 (stage II), temporal cortex (stage 

III), amygdala and/or hypothalamus (stage IV), and frontal cortex (stage V). Kruskal-Wallis test 

with Dunn's multiple comparisons. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; 
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***p < 0.001; ****p < 0.0001. Abbreviations: AD = Alzheimer’s disease; p-preAD = preclinical 

AD; non-AD = non-demented control; CA = cornu ammonis. 

Fig. 5. GVD-related necrosome activation is associated with Tau but not Aβ pathology. 
(a-o) Representative images illustrating pMLKL (green), AT8 (red) and 4G8 (magenta) 

expression pattern and their colocalization in the CA1 hippocampal region of the AD, p-preAD 

and non-AD group. DAPI was used to stain the nuclei. pMLKL colocalized only with AT8, 

revealing the association between necroptosis and Tau pathology, but not Aβ pathology. AD 

(k-o) and p-preAD (f-j) panels depict co-existence of pMLKL-positive GVD and pTau-positive 

NFTs. Specifically, three phenotypes of AD-affected neurons are depicted: 1) pMLKL-positive 

and pTau-negative neurons (o; arrowhead); (2) pMLKL- and pTau-positive neurons (o; arrow); 

and 3) pTau-positive tangles and pre-tangles in the absence of pMLKL-immunoreactive GVD 

(j; arrow). Staining of representative cases for non-AD (n = 4; Case 52), p-preAD (n = 4; Case 

25) and AD (n = 4; Case 12). (p-t) Positive immunoreactivity for 4G8 in a neuritic plaque (r; 

NP). Staining of a representative AD case (Case 12); n = 12 (non-AD, n = 4; p-preAD, n = 4; 

AD, n = 4). Scale bars represent 30 µm. Abbreviations: AD = Alzheimer’s disease; p-preAD = 

preclinical AD; non-AD = non-demented control; CA = cornu ammonis; NP = neuritic plaque. 

Fig. 6. GVDn+ neurons correlate with neuronal loss in the hippocampus and frontal 
cortex. (a, b) Quantitative data representing the percentage of GVDn+ (pMLKL-positive GVD-

bearing) neurons to the total number of neurons in the hippocampal CA1 region (a) and in the 

frontal cortex layer III region (b) of the AD, p-preAD and non-AD group. Kruskal-Wallis test 

followed by Dunn's multiple comparisons. (c, d) In the same regions of interest, quantitative 

data showing cell density in the AD, p-preAD and non-AD group. One-way ANOVA followed 

by Tukey's multiple comparisons test; n = 63 (non-AD, n = 16; p-preAD, n = 24; AD, n = 23). 

Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Abbreviations: AD = Alzheimer’s disease; p-preAD = preclinical AD; non-AD = non-demented 

control; CA = cornu ammonis. 

Fig. 7. Histopathological characterization of non-phosphorylated proteins. DAB 

immunohistochemical stainings for non-phosphorylated necroptosis-related proteins. (a-d) 

Positive RIPK1 immunostainings of GVD granules (a-d, red arrows), tangles (c, black arrow) 

and activated astrocytes (a-c, As) were observed in the CA1 region. (f-h) In the same region, 

RIPK3-positive cytoplasmic lesions (f, g; gray arrows) and neuritic plaques (f, NP) were 

detected. Using hematoxylin counterstaining, GVD granules remained negative for RIPK3 (h, 

green arrowheads). Only after dephosphorylation, GVD granules became detectable with anti-

RIPK3 (see Suppl. Figure 2), confirming the presence of phosphorylated RIPK3 in GVD 

lesions. Representative images of non-AD control cases for RIPK1 (e), and RIPK3 (i) are 

depicted. Staining of representative AD (a-d, Case 3; f, Case 12; g, h, Case 13) and non-AD 
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cases (e, Case 57; i, Case 54); n = 31 (non-AD, n = 10; p-preAD, n = 9; AD, n = 12). Scale 

bars represent 30 µm. Abbreviations: AD = Alzheimer’s disease; non-AD = non-demented 

control; As = astrocyte; CA = cornu ammonis; NP = neuritic plaque. 

Fig. 8. RIPK1 and RIPK3 expression in different cell types. Fluorescent 

immunohistochemistry for RIPK1 (a, green) or RIPK3 (b, green) together with markers for 

microglia (IBA1, red), astrocytes (GFAP, magenta) and cell nuclei (DAPI, blue) in the 

hippocampal CA1 of the AD, p-preAD and non-AD group. (a) Images depict RIPK1-

immunoreactive cells colocalizing with the astrocyte marker GFAP. The co-expression of 

RIPK1 with the microglial marker IBA1 was not observed. (b) Immunofluorescence confirmed 

the expression of RIPK3 in neuronal cytoplasm and not in microglia or astrocytes. Staining of 

representative cases for non-AD (Case 52; n = 4), p-preAD (Case 35; n = 4) and AD (Case 4; 

n = 4). Scale bars represent 30 µm. Abbreviations: AD = Alzheimer’s disease; p-preAD = 

preclinical AD; non-AD = non-demented control; CA = cornu ammonis. 

Fig. 9. Biochemical characterization of necroptosis-related proteins. (a) Temporal cortex 

samples on western blots probed with RIPK1, pRIPK1 and MLKL antibody. TSZ-treated SH-

SY5Y cells were used as a positive control and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) as an internal loading control. Full blots are shown in Suppl. Figure 7. (b-d) 

Quantification of western blot data showing no differences between groups for RIPK1 (b), 

increased levels of pRIPK1 in the AD cohort compared to controls (c), and increased levels of 

MLKL in the AD and p-preAD group relative to non-AD controls (d). Protein quantifications 

were normalized to GAPDH. Statistical analyses were performed using one-way ANOVA, 

followed by Tukey’s post-hoc test for multiple comparisons. Data are presented as mean ± 

SEM. AD = Cases 1-4, 9; p-preAD = Cases 26, 27, 39, 42, 43; non-AD = Cases 48, 55, 56, 

58, 61. Abbreviations: AD = Alzheimer’s disease; p-preAD = preclinical AD; non-AD = non-

demented control; + = positive control. 

Tables 

Table. 1. Cohort characteristics. The table shows age in years, sex, the AβMTL phase 

representing the distribution of Aβ deposits in the subfields of the MTL [73], the stage of 

neurofibrillary tangle pathology according to Braak and Braak [9] (NFT stage), the CERAD 

score for the frequency of neuritic plaques according to Mirra et al. [44], the NIA-AA degree of 

AD pathology [30], the degree of dementia (CDR score) [45], the pMLKL-GVD stage, 

neuropathological diagnosis, and PMI. Abbreviations: f = female; m = male; AD = Alzheimer’s 

disease; p-preAD = preclinical AD; non-AD = non-demented control; ADRP = Alzheimer's 

disease-related metabolic brain pattern; AGD = argyrophilic grain disease, ARTAG = aging-

related tau astrogliopathy; B = bleeding; CAA = cerebrovascular angiopathy; CDR = clinical 
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dementia rating; CERAD = Consortium to Establish a Registry for Alzheimer's disease; CM = 

carcinoma metastasis; I = infarction; MI = microinfraction; MCI = mild cognitive impairment; 

MTL = medial temporal lobe; n.d. = not determined; NFT = neurofibrillary tangle; NIA-AA = 

National Institute on Aging–Alzheimer’s Association; PMI = post-mortem interval; T  = trauma. 



Figure 1. Necrosome components are localized in GVD lesions in the AD brain
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Figure 2. pMLKL expression in neuronal GVD lesions
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Figure 3. Necrosome markers are co-expressed in GVD granules and colocalize
with standard markers for GVD
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Figure 4. Necrosome-positive GVD stage increases with the progression of AD
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Figure 5. GVD-related necrosome activation is associated with Tau but not Aβ pathology
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Figure 6. pMLKL expressed in GVD correlates with neuronal loss 
in the hippocampus and frontal cortex
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Figure 7. Histopathological characterization of non-phosphorylated proteins
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Figure 8. RIPK1 and RIPK3 expression in different cell types
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Figure 9. Biochemical characterization of necroptosis-related proteins
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Suppl. Figure 1. Determination of the specificity of necroptosis antibodies against
pRIPK1, pRIPK3 and pMLKL using blocking peptides
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Suppl. Figure 2. Determination of the specificity of necroptosis antibodies against
pRIPK1, pRIPK3 and pMLKL on dephosphorylated tissue 



Suppl. Figure 3. Validation of the presence of pMLKL in GVD inclusions
by using a second antibody against pMLKL 
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Suppl. Figure 4. Semi-quantitative analysis of pMLKL expression in the MTL regions
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Suppl. Figure 5. Similarly to pMLKL-GVDn+ neurons, CK1δ-positive GVD neurons
inversely correlate with neuronal density in the hippocampus and frontal cortex
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Suppl. Figure 6. Non-AD associated pMLKL-immunoreactive astrogliosis
in CA4 and CA3 region of the hippocampus.
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Suppl. Figure 7. Full blots of all necroptosis-related proteins
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Table. 1. Cohort characteristics. The table shows age in years, sex, the AβMTL phase representing 

the distribution of Aβ deposits in the subfields of the MTL [72], the stage of neurofibrillary tangle 

pathology according to Braak and Braak [9] (NFT stage), the CERAD score for the frequency of neuritic 

plaques according to Mirra et al. [43], the NIA-AA degree of AD pathology [30], the degree of dementia 

(CDR score) [44], the pMLKL-GVD stage, neuropathological diagnosis, and PMI. Abbreviations: f = 

female; m = male; AD = Alzheimer’s disease; p-preAD = preclinical AD; non-AD = non-demented control; 

ADRP = Alzheimer's disease-related metabolic brain pattern; AGD = argyrophilic grain disease, ARTAG 

= aging-related tau astrogliopathy; B = bleeding; CAA = cerebrovascular angiopathy; CDR = clinical 

dementia rating; CERAD = Consortium to Establish a Registry for Alzheimer's disease; CM = carcinoma 

metastasis; I = infarction; MI = microinfraction; MCI = mild cognitive impairment; MTL = medial temporal 

lobe; n.d. = not determined; NFT = neurofibrillary tangle; NIA-AA = National Institute on Aging–

Alzheimer’s Association; PMI = post-mortem interval; T  = trauma. 

 

Case 
number 

Age Sex 
AβMTL 
phase 

Braak NFT 
stage 

CERAD 
score 

NIA-AA 
score 

CDR 
score 

pMLKL-
GVD stage 

Neuropathological 
diagnosis 

PMI 

1 87 m 4 6 2 3 2 5 AD 12 

2 69 m 4 6 2 3 1 5 AD 24 

3 57 m 4 6 3 3 3 5 AD 12 

4 55 f 4 6 3 3 3 5 AD 24 

5 74 f 4 6 2 3 n.a. 5 AD 72 

6 68 f 4 6 2 3 1 5 AD, I 120 

7 71 m 4 6 2 3 2 5 AD, CAA, ARTAG, CM 12 

8 74 m 4 6 2 3 2 5 AD 72 

9 76 m 4 5 3 3 3 5 AD 24 

10 81 f 4 5 1 2 3 5 AD, CAA, I 48 

11 83 m 4 5 2 3 3 4 AD, CAA, I, B 24 

12 89 f 4 5 3 3 3 4 AD, CAA 24 

13 78 f 4 5 2 3 3 4 AD 48 

14 71 m 4 5 3 3 3 5 AD 12 

15 76 m 4 5 3 3 3 5 AD, ARTAG 24 

16 78 f 3 5 3 3 1 5 AD, B 10 

17 83 m 4 4 3 2 3 5 AD, I 24 

18 89 f 4 4 3 2 2 4 AD, CAA 14 

19 65 m 4 4 3 2 3 5 AD, T 12 

20 82 m 2 4 2 2 3 5 AD 24 

21 82 m 3 3 2 2 2 5 AD 72 

22 98 f 4 4 1 2 0.5 4 AD, MCI, I 24 

23 87 f 4 4 1 2 3 4 AD, CAA, B 24 

24 83 f 3 4 1 2 0 4 p-preAD, AGD, CM 24 

25 85 f 4 3 2 2 0 4 p-preAD 24 

26 74 m 4 3 1 2 0 4 p-preAD 48 

27 74 m 4 3 0 2 n.a. 3 p-preAD 96 

28 84 f 3 3 0 2 0 3 p-preAD, I 96 

29 62 m 4 3 0 2 0 4 p-preAD 23 

30 85 m 2 3 1 1 0 3 p-preAD, AGD 44 

31 72 m 2 3 0 1 0 4 p-preAD, I 72 



32 63 f 4 3 1 2 0 4 p-preAD, I 48 

33 83 f 1 3 0 1 0 4 p-preAD, AGD 48 

34 83 f 3 3 1 2 0 4 p-preAD 72 

35 77 m 1 2 0 1 0 3 p-preAD 24 

36 80 f 3 2 0 1 1 1 p-preAD, AGD 12 

37 81 m 3 2 0 1 2 0 p-preAD, AGD, ADRP 9 

38 75 m 1 2 0 1 0 2 p-preAD, AGD 48 

39 77 f 3 2 0 1 0 2 p-preAD, I 48 

40 66 f 2 2 0 1 n.a. 2 p-preAD 48 

41 67 m 3 2 0 1 0 2 p-preAD 24 

42 67 f 2 2 0 1 n.a. 2 p-preAD 96 

43 73 f 1 2 0 1 0 0 p-preAD 48 

44 71 m 2 1 0 1 0 0 p-preAD, CAA 48 

45 65 m 2 1 0 1 0 2 p-preAD 72 

46 84 f 1 1 0 1 0 2 p-preAD, AGD, I 24 

47 64 m 2 1 0 1 0 1 p-preAD 24 

48 46 m 0 1 0 0 0 0 Non-AD control 29 

49 36 m 0 0 0 0 0 0 Non-AD control 48 

50 66 f 0 0 0 0 0 0 Non-AD control, AGD 48 

51 69 f 0 0 0 0 0 0 Non-AD control 24 

52 61 m 0 0 0 0 0 0 Non-AD control, CM 24 

53 61 m 0 0 0 0 0 0 Non-AD control 24 

54 32 m 0 0 0 0 0 0 Non-AD control n.a. 

55 64 m 0 0 0 0 1 0 Non-AD control 24 

56 67 m 0 0 0 0 0 0 Non-AD control n.a. 

57 60 m 0 0 0 0 0 1 Non-AD control, I 24 

58 74 m 0 0 0 0 0 0 Non-AD control, CM, I, MI 72 

59 62 m 0 0 0 0 0 1 Non-AD control 48 

60 56 m 0 0 0 0 0 0 Non-AD control 48 

61 45 m 0 0 0 0 0 0 Non-AD control 24 

62 64 m 0 0 0 0 0 0 Non-AD control n.a. 

63 18 m 0 0 0 0 0 0 Non-AD control, T 24 
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