
Acta Biomaterialia 143 (2022) 138–144 

Contents lists available at ScienceDirect 

Acta Biomaterialia 

journal homepage: www.elsevier.com/locate/actbio 

Full length article 

Nuclear and cellular, micro and nano calcification in Alzheimer’s 

disease patients and correlation to phosphorylated Tau 

Elena Tsolaki a , Lajos Csincsik 

b , Jing Xue 

a , Imre Lengyel b , Sergio Bertazzo 

a , c , ∗

a Department of Medical Physics & Biomedical Engineering, University College London, London WC1E 6BT, UK 
b Wellcome-Wolfson Institute for Experimental Medicine, School of Medicine, Dentistry and Biomedical Science, Queen’s University Belfast, Belfast BT9 7BL, 

UK 
c London Centre for Nanotechnology, University College London, London WC1E 6BT, UK 

a r t i c l e i n f o 

Article history: 

Received 11 November 2021 

Revised 25 February 2022 

Accepted 2 March 2022 

Available online 5 March 2022 

a b s t r a c t 

Brain calcification (calcium phosphate mineral formation) has been reported in the past 100 years in the 

brains of Alzheimer’s disease (AD) patients. However, the association between calcification and AD, the 

triggers for calcification, and its role within the disease are not clear. On the other hand, hyperphos- 

phorylated Tau protein (pTau) tangles have been widely studied and recognized as an essential factor 

in developing AD. In this work, calcification in the brains of AD patients is characterized by advanced 

electron microscopy and fluorescence microscopy. Results are then compared to samples from cognitively 

healthy, age-matched donors, and the colocalization of calcification and pTau is investigated. Here, we 

show that AD patients’ brains present microcalcification associated with the neural cell nuclei and cell 

projections, and that these are strongly related to the presence of pTau. The link between microcalcifi- 

cation and pTau suggests a potential mechanism of brain cell damage. Together with the formation of 

amyloid plaques and neurofibrillary tangles, microcalcification in neuronal cells adds to a better under- 

standing of the pathology of AD. Finally, the presence of microcalcification in the neuronal cells of AD 

patients may assist in AD diagnosis, and may open avenues for developing intervention strategies based 

on inhibition of calcification. 

Statement of significance 

Brain calcification has been reported in the past 100 years in the brains of Alzheimer’s disease (AD) 

patients. However, the association between calcification and AD is not clear. Hyperphosphorylated Tau 

protein (pTau) has been studied and recognized as a key factor in developing AD. We show here that AD 

patients’ brains present microcalcification associated with the neuronal cell nuclei and cell projections, 

and that these are related to the presence of pTau. The study of calcification in brain cells can contribute 

to a better understanding of the biochemical mechanisms associated with AD and might also reveal that 

calcification is part of the full disease mechanism. Moreover, this work opens the possibility for using 

calcification as a biomarker to identify AD. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Alzheimer’s disease (AD) is one of the most prevalent neurode- 

enerative diseases, affecting predominantly the elderly population 

1] . It accounts for up to 80% of the cases of dementia and is re-

ponsible for a marked decline in cognitive abilities. One of the 
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ost well known hallmarks of the disease is the deposition of ex- 

racellular amyloid- β (A β) [ 2 , 3 ] plaques and the intracellular neu- 

ofibrillary tangles (NFTs) formed from hyperphosphorylated Tau 

roteins (pTau) [ 3 , 4 ]. 

Tau protein is a microtubule protein primarily located in ax- 

ns that, under normal conditions, interact with tubulin for mi- 

rotubule stabilization [5] . This protein mainly functions through 

ell-controlled phosphorylation events [ 6 , 7 ], but under pathologi- 

al conditions, it hyperphosphorylates [8] and forms neurofibrillary 

angles [9] which lead to the functional loss of neuronal cells. The 
. This is an open access article under the CC BY-NC-ND license 

https://doi.org/10.1016/j.actbio.2022.03.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.03.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:s.bertazzo@ucl.ac.uk
https://doi.org/10.1016/j.actbio.2022.03.003
http://creativecommons.org/licenses/by-nc-nd/4.0/


E. Tsolaki, L. Csincsik, J. Xue et al. Acta Biomaterialia 143 (2022) 138–144 

d

m

m

m

f

b

a

s

c

v  

m

o

l

h

t

s

c

c

g

[

h

p

p

I

s

t

z

i

c

2

2

d

t

v

t

t

e

s

s

2

w

s

c

c

Z

f

b

t

E

2

s

i

4

t

l

a

f

d

w

A

2

t

w

s

s

i

b

w

w

a

t

d

1

(

f

c

2

F  

s

2

y

t

t

I

t

2

(

3

c

w

s

s  

(

a

m  

e

d

i

t

S

t

(  

(

b

t

c

t

evelopment and the spread of Tau pathology are recognized to be 

ore relevant to brain regions associated with cognitive impair- 

ent [10] . 

AD has been previously associated with brain calcification (for- 

ation of calcium phosphate minerals) [11–18] , generally in the 

orm of intracranial vascular calcification in brain regions affected 

y the disease [19] . The origins, causes and role of this calcification 

re still not fully understood. Recently, a series of published works 

howed that an in-depth physicochemical characterisation of the 

alcification present in the most diverse diseases, such as aortic 

alve stenosis [20] , atherosclerosis [ 20 , 21 ], breast cancer [22] and

acular degenerative diseases [23] , may not only clarify the role 

f calcification, but also provide insight into the associated bio- 

ogical mechanisms of the disease itself. These methods, however, 

ave never been applied to the characterization of the calcifica- 

ion present in AD patients. More importantly, there have been no 

tudies to date, to the best of our knowledge, looking for possible 

orrelations between the physicochemical characteristics of calcifi- 

ation and the most relevant hallmarks of AD. 

In this work, we analysed tissue sections from the basal gan- 

lia, a region where brain calcification has been widely reported 

 11 , 24–27 ], the temporal lobe, and the hippocampus, regions that 

ave been strongly associated to AD [28–30] . Special attention was 

aid to the medial temporal lobe (middle, superior temporal and 

arahippocampal gyrus), a primary site of AD pathology [31–33] . 

nitially, the samples were characterized by Von Kossa staining, and 

canning electron microscopy with energy-dispersive X-ray spec- 

roscopy (SEM–EDS). Following the electron microscopy characteri- 

ation, samples were imaged by immunofluorescence for the local- 

zation of pTau and determination of how this is related to brain 

ells and the calcification. 

. Materials and methods 

.1. Samples 

Brain tissue from 22 Alzheimer’s disease patients, 22 elderly 

onors and 15 young ( < 40 years old) donors were obtained from 

he Queen Square Brain Bank and the Brain Tissue Bank of the Uni- 

ersity of Edinburgh (Supplementary Table S1 has further informa- 

ion about the donors). Tissue samples from the basal ganglia at 

he level of the anterior commissure, temporal lobe (Brodmann ar- 

as 21 and 22), and hippocampal region were selected. Brain tis- 

ue samples were formalin fixed, paraffin embedded, cut into 4 μm 

ections and mounted onto glass histology slides. 

.2. Scanning electron microscopy 

For scanning electron microscopy (SEM) analysis, paraffin wax 

as removed using pure xylene for two 10 min intervals. The 

lides were then mounted on sample holders using double sided 

arbon adhesive tape, painted with silver conductive paint, and 

oated with a 5nm carbon layer. A Hitachi S-3499N and a Carl 

eiss LEO 1530 were used at accelerating voltages of 5 and 10 kV 

or SEM imaging, which included secondary electron (SE) and 

ackscattering electron (BSE) modes. Energy dispersive X-ray spec- 

roscopy (EDS) analysis was carried out using Oxford Instruments 

DX detectors integrated into both microscopes. 

.3. Von Kossa staining 

Deparaffinisation and rehydration of samples were done with a 

equence of xylene and ethanol washes. Incubation of the samples 

n a 5% silver nitrate solution (Abcam® ab150687) took place for 

5 min with 100 W incandescent light exposure. The samples were 

hen washed and incubated for 3 min in a sodium thiosulphate so- 

ution (Abcam® ab150687). Samples were then rinsed with water 
139 
nd incubated in nuclear fast red solution (Sigma-Aldrich N8002) 

or 5 min. Samples were then rinsed again with water and dehy- 

rated using absolute ethanol before washing in xylene. A coverslip 

as placed above the tissue using DPX mounting media (Sigma- 

ldrich 06522) and left to dry overnight. 

.4. Immunohistochemistry 

Deparaffinisation and rehydration of the samples took place 

hrough a sequence of xylene and ethanol washes. The samples 

ere then blocked using 1:20 goat serum diluted in a tris buffered 

aline solution with added 0.1% triton X-100 and 0.5% bovine 

erum albumin (TBT) for 1 h, followed by two TBT washes and 

ncubation using a pTau AT8 mouse anti-human primary anti- 

ody (Thermofisher MN1020) at a dilution of 1:100. The samples 

ere then washed for 5 min three times with TBT and incubated 

ith the secondary antibody (Thermofisher A-21121 and Abcam®

b97239) for an hour at a dilution of 1:200. The samples were 

hen washed and incubated with DAPI (Abcam® ab228549) at a 

ilution of 1:10 0 0 (diluted in phosphate buffered saline (PBS)) for 

5 min. The sections were also stained with OsteoSense 680EX 

PerkinElmer NEV10020EX) at a dilution of 1:10 (diluted in PBS) 

or 20 min. For mounting, Fluoroshield mounting medium (Ab- 

am® ab104135) was used. 

.5. Confocal microscopy 

Fluorescence labelling was imaged either using an Olympus 

V10 0 0, a Leica SP8 or a Zeiss LSM 980 Airy scan confocal micro-

cope. 

.6. Imaging and colocalization statistical analysis 

Image J was used for all image analyses. For colocalization anal- 

ses, 10 images per sample were taken using a 63x objective. In 

otal, 10 samples were used: 5 from the elderly donors and 5 from 

he AD group. For co-occurrence analysis, the Coloc 2 function of 

mage J was used. All values are reported as median, Interquar- 

ile range (IQR). All statistical analyses were done using Origin Lab 

019 and GraphPad Prism 8.3.1 software. A Mann-Witney U test 

two-tailed) was used ( p < 0.05). 

. Results and discussion 

Von Kossa staining and SEM images clearly show vascular cal- 

ification in the brain tissue, in line with findings previously and 

idely reported in the literature (Supplementary Fig. S1). To our 

urprise, in addition to vascular calcification, both the Von Kossa 

taining and SEM images of the outer layer ( Fig. 1 a) of the tissue

the caudate nucleus, the parahippocampal gyrus, and the cortical 

rea of the temporal lobe), show an extended region presenting 

icrocalcifications ( Fig. 1 b, c, e and f), both in AD patients and in

lderly donors (no form of calcification has been observed in young 

onors). Interestingly, looking at all samples we could not find any 

ndication that the calcification on the vasculature was correlated 

o the microcalcification we had observed. 

At higher magnification, Density Dependent Colour-SEM (DDC- 

EM) micrographs show that the regions with microcalcifica- 

ions present two main calcified structures: spherical calcification 

 Fig. 2 a) formed from nanoneedles ( Fig. 2 c) and calcified fibres

 Fig. 2 b and d), both composed of calcium phosphate, as shown 

y EDS analysis (Supplementary Figs. S2 and S3). 

When comparing the amount of calcification between AD pa- 

ients and elderly donors, it is clear that AD brains contain a 

onsiderably higher amount of calcification (38%, IQR:35.33) than 

hose of elderly donors (4%, IQR:9.515) ( Fig. 3 a, b and c). Moreover, 
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Fig. 1. Calcification in histological sections of the human brain. (a) A Human brain diagram indicating one of the outer layers of the tissue where microcalcification was 

observed. (b) Von Kossa staining of the cortex, revealing microcalcification (in black/brown colour, indicated by arrows). Scale bar = 500 μm. (c) Higher magnification 

image showing von Kossa labelled fibres (in black/brown colour, indicated by arrows). (d) Higher magnification image of spherical calcification (in black/brown colour, 

indicated by arrows). Scale bar = 50 μm. (e) Representative backscattered electron micrograph of same region as b (calcification in white/gray colour, indicated by arrows). 

(f) Representative backscattered electron micrograph of basal ganglia I, hippocampus II, and temporal lobe III (calcification in white/gray colour, indicated by arrows). Scale 

bar = 100 μm. 

Fig. 2. Density dependent colour – scanning electron microscopy (DDC-SEM) of calcification in histological sections of the human brain. Calcification is presented in orange 

and organic material in green colour. (a) DDC-SEM of calcified spheres and (b) Calcified fibres (arrows). Scale bar = 10 μm. (c) Higher magnification of calcified sphere region 

highlighted in a depicting the nanoneedles (arrows), and (d) higher magnification of calcified fibres (arrows) region highlighted in b. Scale bar = 2 μm. 
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D patient samples present more frequently with spherical struc- 

ures than elderly organ donor samples ( Fig. 3 d). Interestingly, the 

ize and morphology of the spherical calcification was similar to 

he cellular nucleus, and some of the calcified fibres are similar to 

ellular projections, but no calcification observed presented size or 

orphology similar to the amyloid plaques reported in the litera- 

ure [34] . 

Therefore, our next aim was to investigate whether spherical 

alcification might be formed in the nucleus of brains cells and 

hether this calcification might be associated to pTau, since it is 
140 
ell known that this protein accumulates in the nuclei of brain 

ells [ 35 , 36 ]. We started off by fluorescently labelling tissue sec- 

ions from AD patients and elderly donors for DNA, pTau, and cal- 

ification. 

At lower magnification, fluorescent micrographs show that the 

taining for calcification closely matches the staining previously 

bserved on SEM micrographs ( Fig. 4 ) of AD patients ( Fig. 4 a and

) and elderly donors ( Fig. 4 c and d). At higher magnification, flu- 

rescent micrographs show that calcification is indeed present in 

he nuclei of brain cells ( Fig. 5 a and b) and other cellular struc-
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Fig. 3. Fluorescence labelling of brain tissue using OsteoSense 680 (calcification in red colour) and DAPI (DNA in blue colour). (a) Representative calcification pattern observed 

in AD brain cases (arrow). (b) Representative calcification pattern observed in age matched elderly section (arrow). Scale bars = 300 μm. (c) Calcification per area in AD 

cases and elderly donors ( n = 30). Statistical analysis indicates a p-value smaller than 0.0 0 01. Error bars indicate the standard deviation and box lines the upper quartile, 

median, and lower quartile. (d) Number of AD patients and elderly organ donors presenting spherical calcification or fibre calcification in different brain regions. 

Fig. 4. Fluorescence micrographs of hippocampi of AD patients and elderly donors labelled for DNA (blue), pTau (green), and calcification (red). (a) Fluorescence micrograph 

of the hippocampus interface region from AD brain sample with DNA, pTau, and calcification stains. Scale bar = 77 μm. (b) Scanning electron micrograph of the same region 

shown in a with calcification indicated by arrows. Scale bar = 100 μm. (c) Fluorescence micrograph of hippocampus interface region brain sample from elderly organ donor 

with DNA, pTau and calcification stains. Scale bar = 32 μm. (d) Scanning electron micrograph of the same region shown in c with calcification indicated by arrows. Scale 

bar = 50 μm. 
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ures, and that this nuclear calcification is significantly higher in 

D patients than in elderly organ donors ( Fig. 5 c). Statistical analy- 

is shows that colocalization of DNA and calcification is 0.78 (IQR: 

.29) in AD patient samples and only 0.06 (IQR: 0.50) in elderly 

onor samples. The strong colocalization between calcification and 

NA in AD patient samples prompts us to suggest that nuclear cal- 

ification is strongly associated with AD cases. 

In line with previous reports in the literature [ 35 , 36 ], our flu-

rescent micrographs also show a correlation between pTau and 

NA in AD patient samples, with 0.53 (IQR:0.70) of pTau labelling 

o-localised with DNA in AD patient samples ( Fig. 6 a and b) and

nly 0.12 (IQR: 0.20) in elderly donor samples ( Fig. 6 c). Finally, flu-

rescence micrographs ( Fig. 7 a and b) clearly show that the cor- 

elation between pTau and calcification ( Fig. 7 c) is significantly 

igher for AD patients’ samples (0.83, IQR: 0.40) than for elderly 

rgan donor’s samples (0.19IQR: 0.66). It is important to empha- 
141 
ize here that there could be a possible bias for the colocalization 

xperiments, since these have been based on five patients selected 

andomly for each group. Moreover, there is the possibility that the 

ealthy organ donors could have been at a point in the scale for 

ery early Alzheimer’s disease (where clinical diagnosis would not 

e able to confirm this, and considering their age). On the same 

ote, the number of patients studied is still a small cohort in gen- 

ral, and this is one of the possible limitations of this study. 

Taken together, the results presented here show that the cal- 

ification of brain cells is strongly associated with pTau presence, 

articularly with regards to the nuclei of cells in the brains of pa- 

ients with AD. Nevertheless, it is not yet clear what role calci- 

cation plays in the disease. However, a more relevant question 

hould be: which is first to appear, pTau or calcification? Calcifi- 

ation could potentially disturb the metabolism of cells, leading to 

he hyperphosphorylation of Tau. On the other hand, the process 
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Fig. 5. High magnification fluorescence micrographs of AD patients and elderly donors labelled for DNA (blue) and calcification (red). (a) Example of fluorescence micrograph 

of DNA (I) and calcification (II) from AD patient hippocampus sample. Scale bar = 14 μm. (b) Example of fluorescence micrograph of DNA (I) and calcification (II) from elderly 

organ donor hippocampus sample. Scale bar = 11 μm. (c) Co-occurrence of DNA and calcification in AD patients and elderly donors. Wiskers indicate minimum and maximum 

box lines the upper quartile, median, and lower quartile p < 0.0 0 01. 

Fig. 6. High magnification fluorescence micrographs of AD patients and elderly donors labelled for DNA (blue) and pTau (green). (a) Example of fluorescence micrograph 

of AD patient hippocampus labelled for DNA (I) and pTau (II). Scale bar = 14 μm. (b) Example of fluorescence micrograph of elderly donor hippocampus labelled for DNA 

(I) and pTau (II). Scale bar = 11 μm. (c) Co-occurrence of DNA and pTau in AD patients and elderly donors. Wiskers indicate minimum and maximum box lines the upper 

quartile, median, and lower quartile p < 0.0 0 01. 

Fig. 7. High magnification fluorescence micrographs of AD patients and elderly donors labelled for calcification (red) and pTau (green). (a) Example of fluorescence micro- 

graph of AD patient hippocampus labelled for calcification (I) and pTau (II). Scale bar = 14 μm. (b) Example of fluorescence micrograph of elderly organ donor hippocampus 

labelled for calcification (I) and pTau (II). Scale bar = 11 μm. (c) Co-occurrence of calcification and pTau in AD patients and elderly donors. Wiskers indicate minimum and 

maximum box lines the upper quartile, median, and lower quartile p < 0.0 0 01. 
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f phosphorylation of Tau (which increases its solubility [ 37 , 38 ]) 

ould act as a nucleation point for the precipitation of calcium 

hosphate (by increasing the number of phosphate groups in the 

rotein). Moreover, it is possible that the precipitation of calcium 

hosphate and Tau phosphorylation could be a synergistic process, 

hich would potentiate both phenomena simultaneously. 

The calcification of brain cells might also contribute to explain 

ome intriguing observations from the literature. For instance, take 

he phenomenon of senescent cells in the brains of AD patients 

39] , which are no longer functional but are not naturally elimi- 

ated from the tissue [ 40 , 41 ]. Our results suggest that partially or

ully calcified cells can still be identified using fluorescent stain- 

ng and observed by standard microscopy methods. Therefore, it 

s possible that the odd behaving cells reported in the literature 

ould simply be the calcified cells that may still be stained but are 

o longer functional. 

Finally, if the calcification of brain cells proves to be one of pos- 

ible causes of AD or at least contribute to it, the prevention or 

eversal of this calcification could be explored as a possible pre- 

entative or therapeutic route for Alzheimer’s disease. This could 

e achieved either by trying to control any over concentration of 

a 2 + in brain cells (as sometimes suggested in the literature [42] ) 

r by interventions related to Tau phosphorylation and the inter- 

ction between Tau and other proteins and organelles that could 

ead to calcification [42] . On the other hand, unfortunately, since 

he calcification that develops on the brains of AD patients is so 

ifferent from other calcifications reported on other diseases, such 

s cardiovascular calcification [20] , cancer [43] , macular degenera- 

ive disease [23] and kidney stones [44] , we could expect that ther- 

peutic strategies to avoid calcification in these diseases would not 

ork for AD brain calcification. 

. Conclusions 

The characterization of the calcification in brain cells can con- 

ribute to a better understanding of the biochemical mechanisms 

ssociated with AD and might also reveal that calcification is 

art of the full disease mechanism. Calcification could contribute 

o parallel processes, previously reported in the literature, such 

s the formation of amyloid plaques and NFT, which would fur- 

her contribute towards the development and/or progression of 

D. Moreover, the association of microcalcification with AD pa- 

ient brains opens the possibility for calcification to be used as a 

ew biomarker. The calcification can be identified by independent 

ethods, distinct from those currently used for AD diagnosis, as- 

isting in the identification and confirmation of both Tau pathology 

nd AD. 
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