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Highlights
VAPB, PTPIP51 and IP3R1 levels are reduced in temporal cortex in late-stage
Alzheimer’s disease
Proximity ligation assays reveal that the VAPB-PTPIP51 interaction is disrupted
in temporal cortex pyramidal neurons in early (Braak stage III-IV) Alzheimer’s
disease
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Abstract
Signaling between the endoplasmic reticulum (ER) and mitochondria regulates
a number of key neuronal functions, many of which are perturbed in Alzheimer’s
disease. Moreover, damage to ER-mitochondria signaling is seen in cell and
transgenic models of Alzheimer’s disease. However, as yet there is little
evidence that ER-mitochondria signaling is altered in human Alzheimer’s
disease brains. ER-mitochondria signaling is mediated by interactions between
the integral ER protein VAPB and the outer mitochondrial membrane protein
PTPIP51 which act to recruit and “tether” regions of ER to the mitochondrial
surface. The VAPB-PTPIP51 tethers are now known to regulate a number of
ER-mitochondria signaling functions including delivery of Ca2+ from ER stores
to mitochondria, mitochondrial ATP production, autophagy and synaptic
activity. Here we investigate the VAPB-PTPIP51 tethers in post-mortem control
and Alzheimer’s disease brains. Quantification of ER-mitochondria signaling
proteins by immunoblotting revealed loss of VAPB and PTPIP51 in cortex but
not cerebellum at end-stage Alzheimer’s disease. Proximity ligation assays
were used to quantify the VAPB-PTPIP51 interaction in temporal cortex
pyramidal neurons and cerebellar Purkinje cell neurons in control, Braak stage
III-IV (early/mid-dementia) and Braak stage VI (severe dementia) cases.
Pyramidal neurons degenerate in Alzheimer’s disease whereas Purkinje cells
are less affected. These studies revealed that the VAPB-PTPIP51 tethers are
disrupted in Braak stage III-IV pyramidal but not Purkinje cell neurons. Thus,
we identify a new pathogenic event in post-mortem Alzheimer’s disease brains.
The implications of our findings for Alzheimer’s disease mechanisms are
discussed.
Keywords: VAPB; PTPIP51; endoplasmic reticulum; mitochondria; Alzheimer’s
disease.
Abbreviations. Ab, amyloid-b; ApoE4, e4 allele of apolipoprotein E4; ER,
endoplasmic reticulum; GSK3b, glycogen synthase kinase-3b; IP3, inositol
1,4,5-trisphosphate; MAM, mitochondria associated ER membranes; MCU,
mitochondrial Ca2+ uniporter; PDI, protein disulphide isomerase; PLAs,
proximity ligation assays; PTPIP51, protein tyrosine phosphatase interacting
protein-51; RIPA, radioimmunoprecipitation assay; VAPB, vesicle-associated
membrane protein-associated protein B; VDAC1, voltage dependent anion
channel-1.
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1. Introduction
Signal transduction processes enable eukaryotic cells to communicate with
each other and to respond to physiological stimuli. An important component of
this signaling involves communications between different organelles. Such
crosstalk permits organelles to respond dynamically to changes in the cellular
environment in an orchestrated manner (Cohen et al., 2018; GordalizaAlaguero et al., 2019). Communications between the endoplasmic reticulum
(ER) and mitochondria represent a particularly important component of
organelle signaling since this regulates a number of fundamental cellular
processes. These include bioenergetics, Ca2+ homeostasis, lipid metabolism,
mitochondrial biogenesis and trafficking, ER stress responses, autophagy and
inflammation (Csordas et al., 2018; Krols et al., 2016; Lau et al., 2018;
Paillusson et al., 2016; Rieusset, 2018; Rowland and Voeltz, 2012).
ER-mitochondria signaling is facilitated by close physical contacts between the
two organelles such that up to 20% of the mitochondrial surface is tightly
apposed to ER membranes. These regions of ER are termed mitochondriaassociated ER membranes (MAM) (Csordas et al., 2018; Krols et al., 2016; Lau
et al., 2018; Paillusson et al., 2016; Rieusset, 2018; Rowland and Voeltz, 2012).
The mechanisms by which ER membranes are recruited to the mitochondrial
surface are not fully understood but it is widely accepted that the process
involves “tethering proteins” which act to scaffold the two organelles in close
proximity. One tether involves an interaction between the integral ER protein,
vesicle-associated membrane protein-associated protein B (VAPB) and the
outer mitochondrial membrane protein, protein tyrosine phosphatase
interacting protein-51 (PTPIP51) (De Vos et al., 2012; Stoica et al., 2014). The
VAPB-PTPIP51 tethers are known to control a number of ER-mitochondria
regulated functions including inositol 1,4,5-trisphosphate (IP3) receptor delivery
of Ca2+ from ER stores to mitochondria, mitochondrial ATP production and
autophagy (De Vos et al., 2012; Gomez-Suaga et al., 2017; Gomez-Suaga et
al., 2019; Paillusson et al., 2017; Puri et al., 2019; Stoica et al., 2014; Stoica et
al., 2016).
Many of the functions regulated by ER-mitochondria signaling are perturbed in
Alzheimer’s disease. These include mitochondrial biogenesis and ATP
production, ER stress responses, Ca2+ signaling, lipid metabolism, autophagy,
protein and organelle trafficking (especially axonal transport), and inflammatory
responses (Area-Gomez et al., 2018; Krols et al., 2016; Paillusson et al., 2016).
Moreover, synaptic activity has recently been shown to be regulated by ERmitochondria signaling and synaptic damage is a prominent early feature of
Alzheimer’s disease (Gomez-Suaga et al., 2019; Hirabayashi et al., 2017).
Such links have prompted investigations of ER-mitochondria contacts and
signaling in Alzheimer’s disease (Area-Gomez et al., 2018; Krols et al., 2016;
Paillusson et al., 2016).
Mutations in the amyloid precursor protein (APP) and Presenilins (Presenilin-1
and -2) cause some familial forms of Alzheimer’s disease (Schellenberg and
Montine, 2012). APP is processed to produce amyloid-b (Ab) that is deposited
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as a pathology in Alzheimer’s disease and the Presenilins form part of the gsecretase complex that cleaves APP to produce Ab (Schellenberg and Montine,
2012). APP and the Presenilins all localise to ER-mitochondria contact sites,
and MAM are a site of APP processing and Ab production (Area-Gomez et al.,
2009; Del Prete et al., 2017; Pera et al., 2017; Schreiner et al., 2015). Also both
mutant Presenilins, APP and Ab affect ER-mitochondria contacts and related
functions (Area-Gomez et al., 2012; Hedskog et al., 2013; Martino Adami et al.,
2019; Sepulveda-Falla et al., 2014; Zampese et al., 2011). Finally, the e4 allele
of apolipoprotein E (ApoE4) which is a major risk factor for Alzheimer’s disease
has been shown to affect MAM function (Tambini et al., 2015). Together, these
studies support the notion that damage to the ER-mitochondria axis is part of
the pathogenic process in Alzheimer’s disease. Such findings also provide a
plausible route for explaining many of the seemingly disparate pathological
features of Alzheimer’s disease (Area-Gomez et al., 2018; Krols et al., 2016;
Paillusson et al., 2016).
However, to date these studies have focussed on cell and transgenic mouse
models of Alzheimer’s disease and as yet there is little evidence that ERmitochondria contacts and signaling are affected in Alzheimer’s disease brain.
This represents a fundamental omission especially since APP and Presenilin
transgenic mice only partially model Alzheimer’s disease phenotypes (Puzzo et
al., 2015; Sasaguri et al., 2017). Here, we address this issue by examining the
ER-mitochondria tethering proteins VAPB and PTPIP51 in post-mortem
Alzheimer’s disease and control brains.
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2. Materials and Methods
Antibodies
The following primary antibodies were used in this study:
Rabbit and rat antibodies to VAPB and PTPIP51 were as described (De Vos et
al., 2012). Rabbit anti-PTPIP51 antibody (Anti-RMDN3, HPA009975) and rabbit
anti-Sigma-1 receptor (Anti-SIGMAR1, HPA018002) were from Atlas
Antibodies. Mouse anti-protein disulphide isomerase (PDI) (RL77, MA3-018)
was from Thermo Fisher Scientific. Rabbit anti-voltage-dependent anion
channel-1 (VDAC1) (4866) and rabbit anti-mitochondrial Ca2+ uniporter (MCU)
(D2Z3B, 14997) were from Cell Signaling Technology. Rabbit anti IP3 receptor
type-1 (117003) was from Synaptic Systems. Mouse anti-neuron specific
enolase (NSE) (BBS/NC/VI-H14) was from Dako.
Human tissue samples
Post-mortem human temporal cortex and cerebellum samples from control and
clinically and pathologically confirmed cases of Alzheimer’s disease were
obtained from the Medical Research Council Neurodegenerative Diseases
Brain Bank, King’s College London. All tissue collection and processing were
carried out under the regulations and licensing of the Human Tissue Authority,
and in accordance with the UK Human Tissue Act, 2004. Post-mortem studies
from some control, clinically non-demented individuals revealed early Braak
stage pathologies. Details of the human cases are shown in Table 1; there were
no significant differences in age or post-mortem delay between the Alzheimer’s
disease and control cases.
SDS-PAGE and immunoblotting
Frozen human brain tissues were processed for sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) essentially as described
previously with minor modifications (Morotz et al., 2019a; Morotz et al., 2019b).
Briefly, tissues were prepared as 20% homogenates in ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 7.4; 150
mM NaCl; 1 mM EDTA; 1% (v/v) Triton X-100; 0.5% (w/v) sodium deoxycholate;
0.1% (w/v) SDS) with protease and phosphatase inhibitor cocktails (Complete
and PhosStop, Roche) using a Bio-Gen PRO200 rotor-stator homogeniser (Pro
Scientific) for 20 seconds. Following homogenisation, each sample was
sonicated three times for 3 seconds before being centrifuged at 13,000 x g for
20 minutes at 4 °C. Supernatants were collected and protein concentrations
determined using a bicinchoninic acid protein concentration assay kit (Pierce)
according to the manufacturer’s instructions. Protein concentrations were
adjusted to the same concentration in each sample by adding RIPA and SDSPAGE sample buffers comprising 2% (w/v) SDS, 100 mM dithiothreitol, 10%
(w/v) glycerol, 0.1% (w/v) bromophenol blue and protease inhibitors (Complete
Roche) in 50 mM Tris-HCl pH 6.8 and heated to 96 °C for 10 minutes. Samples
were stored at -80 °C.
SDS-PAGE and immunoblotting was performed as described previously
(Morotz et al., 2019a; Morotz et al., 2019b). Briefly, samples were separated on
Novex 4-12% Tris-Glycine Plus Midi Protein gels (Invitrogen) using the XCell4
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Sureloc Midi-Cell system (Invitrogen). Separated proteins were transferred to
BioTrace NT nitrocellulose membrane (0.2 µm pore size; Pall Corporation)
using a Midi Trans-Blot electrophoretic transfer cell (Bio-Rad) for 2 hours.
Membranes were blocked with Odyssey blocking buffer, probed with primary
antibodies in TBS containing 0.1% Tween 20 (wash buffer) and following
washing, incubated with IRDye-conjugated secondary antibodies in wash
buffer. Proteins were visualised using an Odyssey CLx near infrared imaging
system (Li-Cor Biosciences). Protein signals were normalised to NSE signals.
Proximity ligations assays
VAPB-PTPIP51 PLAs were performed on 7 µm thick sections of paraffin wax
embedded post-mortem human temporal cortex and cerebellum using rabbit
VAPB and rat PTPIP51 antibodies with Duolink PLA reagents (Sigma). Donkey
anti-rabbit in situ PLA probes were purchased directly; donkey anti-rat PLA
probes were prepared using Duolink In Situ Probemaker kits. Signals were
developed using Duolink In Situ Detection Brightfield kits. To do so, sections
were dewaxed in xylene, rehydrated in graded alcohols and endogenous
peroxidases blocked with hydrogen peroxide for 1 h at 20 oC. Antigen retrieval
was conducted by microwave heating for 10 min in 10 mM citrate buffer pH 6.0.
Sections were then incubated in Duolink block solution for 1 h at 37 oC and then
with VAPB and PTPIP51 antibodies diluted in Duolink PLA diluent for 16 h at 4
oC. Following washing in Tris-HCl buffered saline containing 0.05% Tween 20,
signals were developed using Duolink In Situ Detection Brightfield kit reagents
essentially according to the manufacturer’s instructions. Briefly, samples were
incubated with Duolink ligation solutions and ligase for 1 h at 37 oC, washed
and incubated with Duolink amplification reagents and polymerase for 2.5 h at
37 oC. Following further washes, PLA signals were developed by incubation
with Duolink detection solution for 1h and Duolink substrate solution for 20 min,
both at 20 oC. Sections were then counterstained with haematoxylin,
dehydrated in graded alcohols and xylene, and mounted in DPX mounting
reagent. Controls involved omission of VAPB, PTPIP51 or both VAPB and
PTPIP51 antibodies.
Sections were imaged using an Olympus VS120 slide scanner using an
Olympus 40x UPlanSApo NA 0.95 lens and driven by Olympus L100 VS-ASW
software. Cortical pyramidal and cerebellar Purkinje cells were identified by
morphology and images analysed using Visiopharm 2018.4 Image Analyses
software with an analyse package protocol created with Author Module.
Statistical analyses
Statistical analysis was performed using Excel (Microsoft Corporation) and
Prism software (version 8; GraphPad Software Inc.). Statistical significance was
determined as described in the figure legends.
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Table 1 Data for human post-mortem samples
Group
Control
Control
Control
Control

Autopsy
Code
BBN_1440
8
BBN_2466
6
BBN_1840
1
BBN_1025
0

Sex

Age

Post-Mortem
Delay (hrs)

M

90

45

F

74

64

M

82

47

F

92

9

ApoE
allele
2/3
Unknown
3/4
2/3

Braak
stage
II
I
II

3/3
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Braak
IV
Braak
IV
Braak
IV
Braak
IV
Braak
IV
Braak
IV
Braak
IV

IIIIII-

BBN_1629
1
BBN_1624
2
BBN_2180
1
BBN_2259
4
BBN_2299
1
BBN_1840
9
BBN_1024
2
BBN_2437
1
BBN_1621
8
BBN_2004
0

M

82

18

F

90

50

M

68

60

F

77

21

F

73

27

M

80

55

M

78

24

F

90

44

F

84

34

F

80

22

BBN_9763

F

96

39

BBN_9764

F

97

67.5

M

91

48

F

92

19.5

M

86

52.5

F

86

55.5

M

82

28

III- BBN_002.
28693
IIIBBN_2931
III- BBN_1520
5
III- BBN_002.
28694
III- BBN_1521
0
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3/3
Unknown
Unknown
Unknown
3/3
3/3
Unknown
2/3
3/4
3/4
3/3
Unknown
3/3
3/4
Unknown
4/4

II
II
I
II-III
III
II
I-II
II
IV
III-IV
IV
III
IV
IV
IV

Braak IIIIV
Braak IIIIV
Braak IIIIV
Braak IIIIV
Braak IIIIV
Braak IIIIV
Braak IIIIV
Braak VI

BBN_9887

F

92

29.5

BBN_9977

F

83

22

BBN_002.
28871

F

95

47

BBN_9960

M

93

13.5

BBN_2440
0

M

88

79

BBN_2459

M

98

53

M

84

86

M

66

41

F

93

49

F

89

38.5

F

73

30

F

81

17.5

F

86

25

M

84

67

F

69

73

M

67

39.5

M

86

38

F

84

27

F

79

31

F

85

79

F

81

20

BBN_002.
29410
BBN_4191
BBN_002.
Braak VI
28677
BBN_002.
Braak VI
28697
BBN_2501
Braak VI
9
BBN_1521
Braak VI
2
Braak VI BBN_4244
BBN_2379
Braak VI
3
BBN_002.
Braak VI
29056
BBN_002.
Braak VI
29052
BBN_002.
Braak VI
26678
BBN_2455
Braak VI
8
BBN_2438
Braak VI
2
BBN_2440
Braak VI
2
BBN_2012
Braak VI
4
F=female; M=male.
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3/3
3/3
Unknown
3/3
Unknown
Unknown
Unknown
3/3
Unknown
Unknown
Unknown
4/4
3/4
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
3/4

IV
IV
IV
IV
III-IV
IV
IV
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI

3. Results
VAPB and PTPIP51 levels are reduced in post-mortem Alzheimer’s disease
cortex but not cerebellum
We first enquired whether expression of key ER-mitochondria signaling proteins
might be altered in post-mortem Alzheimer’s disease brain tissues. We studied
VAPB and PTPIP51 since they function to tether ER domains with
mitochondria, and a number of proteins involved in the delivery of Ca2+ from ER
stores to mitochondria. This is because ER-mitochondria Ca2+ exchange
controls several functions damaged in Alzheimer’s disease such as
mitochondrial ATP production, apoptosis and autophagy (Cardenas and
Foskett, 2012; Csordas et al., 2018; Gomez-Suaga et al., 2017; Krols et al.,
2016; Paillusson et al., 2016; Rowland and Voeltz, 2012). Delivery of Ca2+ from
ER stores to mitochondria involves its release from ER located IP3 receptors
and subsequent uptake into mitochondria via VDAC1 and the mitochondrial
Ca2+ uniporter (MCU) (Csordas et al., 2018; Krols et al., 2016; Paillusson et al.,
2016; Rowland and Voeltz, 2012). There are 3 subtypes of IP3 receptor (type1, -2 and -3) all of which function in delivery of Ca2+ to mitochondria (Bartok et
al., 2019). However, they display differences in expression patterns within the
nervous system; IP3 receptor type-1 is highly expressed in neurons in the
cortex, hippocampus and cerebellum, IP3 receptor type-2 in mainly expressed
in glia, and IP3 receptor type-3 is the major isoform in brain stem and spinal
cord including motor neurons but is largely absent in cortex and hippocampus
(De Smedt et al., 1994; Sharp et al., 1999; Watanabe et al., 2016). We therefore
studied IP3 receptor type-1, VDAC1 and MCU levels. We also studied
expression of the Sigma-1 receptor since it is a MAM protein that regulates
several ER-mitochondria signaling functions (Hayashi, 2019; Su et al., 2016).
Finally, we monitored expression of protein disulphide isomerase (PDI) which
a major ER protein that is commonly used as a marker for changes to the ER
in neurodegenerative diseases (Perri et al., 2015).
We quantified the levels of these proteins by immunoblotting of post-mortem
temporal cortex and cerebellum in control, Braak stage III-IV (mid-dementia)
and Braak stage VI (severe dementia) cases. Temporal cortex is a region of the
brain that is most susceptible to Alzheimer’s pathology whereas the cerebellum
is the least affected brain region; analyses of the cerebellum is therefore often
included for comparison and as an internal control in studies of Alzheimer’s
disease pathology (Andersen et al., 2012; Morotz et al., 2019a; Tavares et al.,
2013; Tiwari et al., 2015). The levels of each protein were normalised to the
levels of neuron specific enolase (NSE) as described by others (Kurbatskaya
et al., 2016; Lau et al., 2016; Morotz et al., 2019a; Morotz et al., 2019b; Tiwari
et al., 2015; Tiwari et al., 2016).
Compared to controls, VAPB, PTPIP51 and IP3 receptor type-1 levels were all
significantly reduced in cortex in Braak stage VI cases (Figure 1). The levels of
VDAC1, MCU, the Sigma-1 receptor and PDI were unaffected (Figure 1). By
contrast, we detected no changes in expression of any of these proteins in
cerebellum (Figure 2). Thus, compared to control cases, the levels of VAPB,
PTPIP51 and IP3 receptor type-1 are all reduced in Braak stage VI Alzheimer’s
9

disease cortex but not cerebellum.
We also enquired whether the loss of VAPB in Braak stage VI temporal cortex
correlated with the reductions in PTPIP51 amounts in these cases. To do so,
for each sample the NSE-normalised VAPB and PTPIP51 signals from
immunoblots of control, Braak stage III-IV and Braak stage VI cases were
correlated. These analyses revealed a highly significant overall correlation
(Figure 3A). On subgroup analyses, the control group showed positive
correlation but the correlation was lost in both Braak stage III-IV and Braak
stage VI groups (Figure 3A). In a similar fashion, we also correlated VAPB
levels with the ER protein PDI and PTPIP51 levels with the mitochondrial
protein MCU. These analyses revealed a positive correlation between levels of
VAPB and PDI in control cases but this was lost in Braak stage III-IV and Braak
stage VI groups (Figure 3B). There was no correlation between PTPIP51 and
MCU in control, Braak stage III-IV, or Braak stage VI cases (Figure 3C).
The VAPB-PTPIP51 interaction is disrupted in cortical pyramidal neurons but
not cerebellar Purkinje cells in post-mortem Alzheimer’s disease
We next quantified the VAPB-PTPIP51 interaction in cortical pyramidal neurons
and in cerebellar Purkinje cells in the control and Alzheimer’s disease tissues.
Damage to cortical pyramidal neurons is a fundamental aspect of Alzheimer’s
disease whereas cerebellar Purkinje cells are relatively protected from such
damage (Andersen et al., 2012; Mann, 1996). We quantified the VAPBPTPIP51 interaction using in situ PLAs of sections of control and Alzheimer’s
disease cortex and cerebellum. The distances detected by PLAs are similar to
those detected by resonance energy transfer between fluorophores (i.e. a
maximum of 30 nm) and so these assays are suitable for quantifying ERmitochondria contacts (Paillusson et al., 2016; Soderberg et al., 2006). Indeed,
PLAs including ones for VAPB and PTPIP51 have already been used to
quantify ER-mitochondria contacts and signaling (Bernard-Marissal et al., 2015;
De Vos et al., 2012; Gomez-Suaga et al., 2019; Hedskog et al., 2013;
Paillusson et al., 2017; Stoica et al., 2016).
To demonstrate the specificity of the PLAs, we first performed control
experiments in which primary VAPB and/or PTPIP51 antibodies were omitted.
Such omission produced none or only very few signals whereas inclusion of
both antibodies generated large numbers of signals (Figure 4). We then
quantified the numbers of VAPB-PTPIP51 PLA signals in the control and
Alzheimer’s disease tissues and normalised the signal numbers/cell to the size
of each cell so as to correct for any changes in neuron size in the Alzheimer’s
disease cases. Thus, any changes in PLA signals detected in the pyramidal
and Purkinje cells cannot be the consequence of changes in cell size.
These studies revealed that compared to controls, VAPB-PTPIP51 PLA signal
numbers/cell were significantly reduced in Braak stage III-IV but not Braak
stage VI pyramidal cells (Figure 5). By contrast, we detected no changes in
VAPB-PTPIP51 PLA signal numbers in Purkinje cells between the control and
Alzheimer’s disease cases (Figure 6).
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Figure 1. Expression of MAM related proteins in post-mortem control and
Alzheimer’s disease temporal cortex. Representative immunoblots show levels
of MAM related proteins in control, Braak stage III-IV and Braak stage VI brains.
Graphs show quantification of MAM related protein levels in the different
samples following normalisation to NSE levels in the same sample. Data were
analysed by ANOVA and Tukey post hoc test; error bars are s.e.m., *p<0.05
**p<0.01.
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Figure 2. Expression of MAM related proteins in post-mortem control and
Alzheimer’s disease cerebellum. Representative immunoblots show levels of
MAM related proteins in control, Braak stage III-IV and Braak stage VI brains.
Graphs show quantification of MAM related protein levels in the different
samples following normalisation to NSE levels in the same sample. Data were
analysed by ANOVA; error bars are s.e.m.
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Figure 3. Changes in levels of VAPB and PTPIP51 in temporal cortex correlate
significantly but loss of VAPB does not correlate with ER PDI levels and loss of
PTPIP51 does not correlate with mitochondrial MCU levels in Alzheimer’s
disease. NSE-normalised VAPB, PTPIP51, PDI and MCU signals from
immunoblots were correlated by generating correlation coefficients and
significance was established by non-parametric, two-tailed Spearman Rho
tests. Graphs show normalised levels of VAPB and PTPIP51 (A), VAPB and
PDI (B) and PTPIP51 and MCU (C) in the different samples. Each point in the
graphs represents data from an individual case. Overall, VAPB and PTPIP51
levels displayed significant correlation (r=0.57, p<0.0001). However, whilst the
control group showed positive correlation (r=0.68, p=0.009) the correlation was
lost in the Alzheimer’s groups (Braak stage III-IV, r=0.16, p=0.59; Braak stage
VI r=0.42, p=0.14). A positive correlation between VAPB and PDI was detected
in control cases (r=0.61, p=0.02) but this was lost in Braak stage III-IV (r=-0.24,
p=0.41) and Braak stage VI cases (r=0.05, p=0.88) cases. There was no
correlation between PTPIP51 and MCU in control (r=0.52, p=0.06), Braak stage
III-IV (r=0.29, p=0.32), or Braak stage VI cases (r=0.3, p=0.3) (Figure 3C).
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Figure 4. Control experiments demonstrating the specificity of VAPB-PTPIP51
PLAs on human post-mortem temporal cortex brain sections. Controls involved
omission of VAPB, PTPIP51, or both VAPB and PTPIP51 primary antibodies
(no primary Ab). Graph shows PLA signals per cell (temporal cortex pyramidal
neurons) in the different experiments. Data were analysed by ANOVA and
Tukey post hoc test. N=26-30 cells per treatment, error bars are s.e.m.,
****p<0.0001. Scale bar=25 µm.
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Figure 5. The VAPB-PTPIP51 interaction is reduced in temporal cortex
pyramidal neurons in Braak stage III-IV but not Braak stage VI Alzheimer’s
disease. Representative images of VAPB-PTPIP51 PLAs in pyramidal cells of
control, Braak stage III-IV and Braak stage VI Alzheimer’s disease brains. Top
panel shows low magnification and bottom panel shows zoom of boxed area at
higher magnification. Graph shows mean number of VAPB-PTPIP51 PLA
signals per pyramidal neuron for each case. VAPB-PTPIP51 signal numbers
were normalised to the size of each cell so as to correct for any changes in
neurons size in the Alzheimer’s disease cases. The numbers of neurons
analysed per case were: N=103-265 (control cases), N=95-240 (Braak III-IV
cases), N=100-270 (Braak VI cases). N=14 cases for each. Data were analysed
by Welch’s ANOVA and Dunnett post hoc test; Error bars are s.e.m., *p=0.0136.
Scale bars; 25 µm (top panel) and 7 µm (bottom panel).
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Figure 6. The VAPB-PTPIP51 interaction is not altered in cerebellar Purkinje
cell neurons in Alzheimer’s disease. Representative images of VAPB-PTPIP51
PLAs in Purkinje cell neurons of control, Braak stage III-IV and Braak stage VI
Alzheimer’s disease brains. Top panel shows low magnification and bottom
panel shows zoom of boxed area at higher magnification. Graph show mean
number of VAPB-PTPIP51 PLA signals per Purkinje cell neuron for each case.
VAPB-PTPIP51 signal numbers were normalised to the size of each cell so as
to correct for any changes in neurons size. The numbers of neurons analysed
per case were: N=99-199 (control cases), N=100-199 (Braak III-IV cases),
N=100-199 (Braak VI cases). N=14 cases for each. Data were analysed by
Welch’s ANOVA;. Error bars are s.e.m. Scale bars; 25 µm (top panel) and 7 µm
(bottom panel).
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4. Discussion
A number of studies support the notion that ER-mitochondria signaling is
damaged in Alzheimer’s disease (Area-Gomez et al., 2012; Del Prete et al.,
2017; Hedskog et al., 2013; Leal et al., 2018; Martino Adami et al., 2019; Pera
et al., 2017; Schreiner et al., 2015; Sepulveda-Falla et al., 2014; Tambini et al.,
2015; Zampese et al., 2011). However, these studies largely focused on
experimental models and to date, there is little evidence that ER-mitochondria
contacts and signaling are altered in Alzheimer’s disease brain. Here, we
utilised PLAs to study the VAPB-PTPIP51 interaction in post-mortem temporal
cortex and cerebellum in control, Braak stage III-IV and Braak stage VI
Alzheimer’s disease cases.
Our studies involved 14 control, 14 Braak stage III-IV and 14 Braak stage VI
Alzheimer’s disease cases and we analysed between 95 and 270 pyramidal
neurons per case. For comparison, we also quantified the VAPB-PTPIP51
interaction in cerebellar Purkinje cells in the same cases since these neurons
are relatively less affected in Alzheimer’s disease (Andersen et al., 2012; Mann,
1996). Compared to controls, we detected a significant decrease in VAPBPTPIP51 PLA signals in cortical pyramidal cells in the Braak stage III-IV but not
Braak stage VI cases; we detected no changes in PLA signals in Purkinje cells.
These findings suggest that the VAPB-PTPIP51 tethers are disrupted in
pyramidal but not Purkinje cells in Braak stage III-IV but not late-stage
Alzheimer’s disease.
We also detected fewer VAPB-PTPIP51 PLA signals in the control Purkinje cell
neurons compared to control pyramidal cells. These results suggest differences
in ER-mitochondria contacts and signaling between these two neuronal cell
types. Indeed, Purkinje cell have unique Ca2+ handling mechanisms and there
are marked differences in mitochondrial makeup between different neuronal cell
types (Fecher et al., 2019; Meera et al., 2016).
The mechanisms that underlie breaking of the VAPB-PTPIP51 tethers in the
Braak stage III-IV pyramidal cells are not clear. The expression levels of VAPB
and PTPIP51 have been shown to affect ER-mitochondria contacts and linked
functions; loss of VAPB and/or PTPIP51 disrupts tethering whereas
overexpression increases tethering (De Vos et al., 2012; Gomez-Suaga et al.,
2017; Gomez-Suaga et al., 2019; Paillusson et al., 2017; Stoica et al., 2014).
We detected decreased levels of both VAPB and PTPIP51 in cortex but not
cerebellum in the Braak stage VI cases. However, the PLA data revealed
breaking of the VAPB-PTPIP51 tethers in Braak stage III-IV but not Braak stage
VI tissues. Thus, disruption of VAPB-PTPIP51 tethering may not be due to
changes in expression of these proteins. Indeed, the reduced levels of VAPB
and PTPIP51 that we detect in total Braak stage VI temporal cortex do not mean
that the levels of these proteins are altered in individually affected pyramidal
neurons. Also, the absence of any changes in VAPB-PTPIP51 PLA signals in
the Braak stage VI pyramidal cells cases may be linked to a resistance of this
sub-population of neurons to neurodegeneration since they represent some of
the remaining cells in late-stage disease.
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An alternative possibility is that the disruption is linked to activation of glycogen
synthase kinase-3b (GSK3b). GSK3b is a favoured kinase for phosphorylating
Tau in Alzheimer’s disease and GSK3b has been shown to inhibit the VAPBPTPIP51 interaction and reduce ER-mitochondria contacts (Lovestone et al.,
1994; Stoica et al., 2014; Stoica et al., 2016). However, the activity of GSK3b
in post-mortem human Alzheimer’s disease tissues has proved to be
controversial. For example, increased tyrosine-216 phosphorylation (which is
required for activity) but no change in serine-9 phosphorylation (which inhibits
activity) has been reported in Alzheimer’s disease (Leroy et al., 2007). By
contrast, another study reported no change in tyrosine-216 phosphorylation but
an increase in inhibitory serine-9 phosphorylation in Alzheimer’s disease
(Swatton et al., 2004). Finally, a third study reported increased serine-9
phosphorylated GSK3b in affected neurons in Alzheimer’s disease indicating
reduced activity (Ferrer et al., 2002). Such studies have led to the conclusion
that “it is technically difficult, if not impossible, to measure (GSK3b sic)
enzymatic activity in post-mortem brain tissue” (Hooper et al., 2008). One route
to address this issue in human samples in future studies would be to correlate
levels of GSK3b activity with changes in the VAPB-PTPIP51 interaction in
neurons derived from induced pluripotent stem cells from Alzheimer’s disease
patients carrying familial pathogenic mutations; some studies of such neurons
reveal activation of GSK3b via altered serine-9 phosphorylation (Israel et al.,
2012).
Recently, ER-mitochondria contacts have been analysed by electron
microscopy in human brain biopsy cases from idiopathic normal pressure
hydrocephalus patients. Of the 14 cases analysed in this study, three patients
presented comorbidity with dementia; one with Alzheimer’s disease, one with
Alzheimer’s disease and vascular dementia, and one with Lewy body dementia
(Leal et al., 2018). Clearly, firm conclusions on any changes in ER-mitochondria
contacts in Alzheimer’s disease and any linkage of such changes to Braak
staging cannot be made from these studies, especially since the primary
disease was not dementia. Also, these studies did not discriminate between
ER-mitochondria contacts in neurons or glia (Leal et al., 2018). However, these
biopsy studies are important in that they formally reveal the presence of ERmitochondria contacts similar to those found in other human tissues and
mammalian organisms.
Other studies of ER-mitochondria contacts and signaling in models of
Alzheimer’s disease have provided conflicting data (Area-Gomez et al., 2012;
Del Prete et al., 2017; Hedskog et al., 2013; Martino Adami et al., 2019; Pera
et al., 2017; Schreiner et al., 2015; Sepulveda-Falla et al., 2014; Tambini et al.,
2015; Zampese et al., 2011). For example, it is not clear whether mutant
Presenilin-1 and/or -2 affect ER-mitochondria signaling nor whether these
mutants increase or decrease contacts (Area-Gomez et al., 2012; SepulvedaFalla et al., 2014; Zampese et al., 2011). Likewise, there is conflicting data on
the effects of APP and Ab on ER-mitochondria contacts and signaling (Del
Prete et al., 2017; Hedskog et al., 2013; Martino Adami et al., 2019). The
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reasons for these differing results are not clear but may be due to the different
experimental systems, assays and methods of analyses used to quantify ERmitochondria contacts and signaling. There is also evidence that different
expression levels of neurodegenerative disease linked mutant proteins can
generate opposing effects on ER-mitochondria signaling in experimental
systems (Cali et al., 2019). Finally, although the apolipoprotein E4 (ApoE4)
allele (which is a major risk factor for Alzheimer’s disease) has been shown to
upregulate MAM activity, treatment of cells with ApoE4 does not significantly
alter ER and mitochondria co-localisation compared to ApoE3 (Tambini et al.,
2015).
Here, we present the first study of the VAPB-PTPIP51 ER-mitochondria tethers
in post-mortem Alzheimer’s disease brain and reveal that the tethers are
disrupted in Braak stage III-IV pyramidal cells i.e. relatively early in the disease
process. The VAPB-PTPIP51 tethers are now known to regulate a number of
fundamental physiological processes that are likewise damaged relatively early
in Alzheimer’s disease. These include Ca2+ homeostasis, energy metabolism,
autophagy and synaptic activity (De Vos et al., 2012; Gomez-Suaga et al.,
2017; Gomez-Suaga et al., 2019; Paillusson et al., 2017; Paillusson et al.,
2016). Disruption of the VAPB-PTPIP51 tethers may therefore contribute to
such damage.
Both mitochondria and MAM proteins can be isolated biochemically and such
purifications permit analyses of protein content in these fractions; such
analyses revealed that VAPB is a MAM protein and that PTPIP51 is an outer
mitochondrial membrane protein (De Vos et al., 2012). It would therefore be
interesting to compare MAM protein content in human control and Alzheimer’s
disease brains. However, robust analyses of such purified MAM proteins
requires fresh (non-frozen) tissues (Wieckowski et al., 2009), ideally with short
post-mortem times. Such studies are therefore beyond the scope of this study.
Interestingly however, a recent investigation examined inflammatory
microRNAs in MAM in Alzheimer’s disease brain (Wang et al., 2020). For these
studies, fresh human tissues (less than 4 hours post-mortem) were collected
and utilised. Similar analyses of MAM proteins would be of value in future
studies.
In conclusion, we show that the levels of the key ER-mitochondria tethering
proteins VAPB and PTPIP51 are reduced in temporal cortex but not cerebellum
in late stage Alzheimer’s disease. Using PLAs, we also show that the VAPBPTPIP51 tethers are disrupted in affected pyramidal neurons in post-mortem
Alzheimer’s disease cortex and that this disruption occurs at a relatively early
stage of disease. Our results reveal a new pathological phenotype in
Alzheimer’s disease.
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