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Akila Chandrasekara, Kay Wilhelm Noltea, Christoph Jan Wruckd, Istvan Katonaa, Jasper Aninke,
Dirk Trooste, Eleonora Aronicae, Harry Steinbuschf,g, Joachim Weisa,1,∗ and Anand Goswamia,1,∗
aInstitute of Neuropathology, RWTH Aachen University Medical School, Aachen, Germany
bInstitute of Biomedical Engineering, Department of Cell Biology, RWTH Aachen University Medical School,
Aachen, Germany
cCenter for Anatomy, Department II, Medical Faculty, University of Cologne, Cologne, Germany
dInstitute of Anatomy and Cell Biology, RWTH Aachen University Medical School, Aachen, Germany
eAmsterdam UMC, University of Amsterdam, Department of (Neuro) Pathology, Amsterdam Neuroscience,
Amsterdam, The Netherlands
f Department of Psychiatry and Neuropsychology, School for Mental Health and Neuroscience, Maastricht
University, Maastricht, The Netherlands
gEURON – European Graduate School of Neuroscience

Accepted 19 February 2020

Abstract. Granulovacuolar degeneration (GVD) occurs in Alzheimer’s disease (AD) brain due to compromised autophagy.
Endoplasmic reticulum (ER) function and RNA binding protein (RBP) homeostasis regulate autophagy. We observed that
the ER chaperones Glucose – regulated protein, 78 KDa (GRP78/BiP), Sigma receptor 1 (SigR1), and Vesicle-associated
membrane protein associated protein B (VAPB) were elevated in many AD patients’ subicular neurons. However, those
neurons which were affected by GVD showed lower chaperone levels, and there was only minor co-localization of chaperones
with GVD bodies (GVBs), suggesting that neurons lacking sufficient chaperone-mediated proteostasis enter the GVD pathway.
Consistent with this notion, granular, incipient pTau aggregates in human AD and pR5 tau transgenic mouse neurons were
regularly co-localized with increased chaperone immunoreactivity, whereas neurons with mature neurofibrillary tangles
lacked both the chaperone buildup and significant GVD. On the other hand, APP/PS1 (APPswe/PSEN1dE9) transgenic
mouse hippocampal neurons that are devoid of pTau accumulation displayed only few GVBs-like vesicles, which were still
accompanied by prominent chaperone buildup. Identifying a potential trigger for GVD, we found cytoplasmic accumulations
of RBPs including Matrin 3 and FUS as well as stress granules in GVBs of AD patient and pR5 mouse neurons. Interestingly,
we observed that GVBs containing aggregated pTau and pTDP-43 were consistently co-localized with the exosomal marker
Flotillin 1 in both AD and pR5 mice. In contrast, intraneuronal 82E1-immunoreactive amyloid-� in human AD and APP/PS1
mice only rarely co-localized with Flotillin 1-positive exosomal vesicles. We conclude that altered chaperone-mediated ER
protein homeostasis and impaired autophagy manifesting in GVD are linked to both pTau and RBP accumulation and that
some GVBs might be targeted to exocytosis.
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INTRODUCTION

In Alzheimer’s disease (AD), hyperphosphory-
lated tau (pTau) aggregates form neurofibrillary
tangles (NFTs), neuropil threads, and the neu-
ritic component of plaques [1] accompanied by
extracellular amyloid-� (A�) accumulation [2].
Granulovacuolar degeneration (GVD) is a well-
documented additional feature of AD pathology with
a strong positive correlation between severity of GVD
and NFT formation [3]. Numbers of GVD affected
neurons in the hippocampus increase with higher
Braak NFT stages [4–7]. GVD bodies (GVBs) are
rarely found together with NFTs in the same neuron
but frequently observed in neurons that were dif-
fusely stained with the antibody AT8 in AD [4, 7–9]
and frontotemporal lobar degeneration (FTLD)-tau
cases [10] suggesting that these neurons are at the
premature-tangle stage.

GVBs were originally observed in hippocampal
pyramidal neurons of senile dementia patients [11]
and have subsequently been described in further neu-
rodegenerative disorders [12] including tauopathies
such as Guam disease [13], Pick’s disease, and
progressive supranuclear palsy as well as in the
synucleinopathies, sporadic Parkinson’s disease and
dementia with Lewy bodies [14]. GVD has recently
been reported in C9orf72 mediated familial amy-
otrophic lateral sclerosis (ALS) [15]. GVD can
also be found at low frequency in brains of non-
neurologically impaired aged persons [3, 16]. GVBs
are composed of 0.5–5 �m basophilic cytoplasmic
dense-cored granules of various aggregated proteins
that accumulate within large, membrane-bound vac-
uoles which are immunoreactive for late autophagy
markers such as Lamp1 and Lamp2, but not with
the early autophagy markers LC3 and p62 [17].
Ultrastructural analysis revealed a two-layer mem-
brane morphology of GVBs [18]. These findings
suggest that GVBs are late intermediates of the
dynamic endo-lysosomal/autophagy pathway accu-
mulating due to autophagy impairment [17].

Neuronal proteostasis is continuously maintained
by endoplasmic reticulum (ER)-mediated mech-
anisms including the unfolded protein response
(UPR). Protein aggregates which are formed in spite
of this are removed from neurons by autophagy
[19, 20]. In AD, ER function and autophagy are
compromised due to both NFT buildup and A�
accumulation [21]. Neuroprotective ER chaperones
including Sigma receptor 1 (SigR1) and GRP78/BIP
have emerged as critical regulators of ER functions

and autophagy [22–24]. Therefore, we set out to
explore their relationship with GVD pathology in the
framework of the present study.

Searching for factors that trigger GVD, Wiersma
et al. recently found that seeding of tau pathol-
ogy initiates the formation of GVBs in tau P301 L
and tau P301 S tg mice in vivo and in primary
mouse neurons in vitro [25]. Furthermore, dipeptide
repeat (DPR) aggregates, which are mainly pro-
cessed via autophagy pathway [26] were found within
GVBs in neurons of ALS/frontotemporal demen-
tia (FTD) patients with C9orf72 expansion [15].
Similarly, recent studies have emphasized a func-
tional interplay between ER function, autophagy,
and RNA binding protein (RBP) homeostasis [27].
Of note, altered autophagy leads to cytoplasmic
aggregation of RBPs such as TDP-43, which causes
further autophagy impairment. Stress granules (SGs)
are RBP-containing organelles which are central in
coping with this vicious circle [28]. Interestingly,
pTDP-43 is a component of stress granules and has
also been shown to accumulate in GVBs [29]. Thus,
we investigated the relationship of stress granules and
of other RBPs such as FUS and Matrin 3 involved in
neurodegeneration with GVBs.

Exocytosis is yet another mechanism that might
be activated by neurons to remove harmful protein
aggregates. In fact, exocytosis of toxic oligomers
including that of TDP-43, Tau, and A� has been
suggested to underlie the trans-neuronal spread
of neurodegenerative pathology [30]. In this con-
text, it appears interesting to speculate that GVBs
could be involved in exocytic mechanisms. In the
present study, we examined a cohort of AD autopsy
brains complemented by studies on pR5 transgenic
tauopathy as well as APP/PS1 (APPswe/PSEN1dE9)
transgenic mice. Our results suggest that abnor-
mal cytoplasmic RBP aggregation combined with an
altered distribution of protective ER (co-) chaperones
contributes to GVD pathology and that GVBs con-
taining aggregated pTau and pTDP-43 were found to
be associated with the exosomal marker Flotillin 1.

MATERIALS AND METHODS

Antibodies

All primary and secondary antibodies and their
dilutions used in this study are listed in Supplemen-
tary Table 1. Many of these antibodies have been used
by us in previous published studies (see references
in Supplementary Table 1). Rabbit polyclonal VAPB
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Table 1
Patients examined in this study

Case No. Age Gender PMI Clinical Thal Braak CERAD AD CK1δ pTDP43
(h) diagnosis Phase stage neuritic neuropathological IHC

Phase stage plaque score change IHC

1 71 M 12 AD dementia 4 V-VI 3 A3, B3, C3 ++++ –
2 75 M 6 AD dementia 4 V-VI 2 A3, B3, C2 ++++ +
3 82 F 24 AD dementia 4 V-VI 3 A3, B3, C3 ++++ +
4 79 M 12 AD dementia 4 V-VI 2 A3, B3, C2 ++++ +
5 76 M 6 AD dementia 4 V-VI 2 A3, B3, C2 ++++ –
6 79 F 12 AD dementia 4 V-VI 2 A3, B3, C2 ++++ +
7 76 F 6 AD dementia 4 V-VI 3 A3, B3, C3 ++++ –
8 73 M 6 AD dementia 4 V-VI 2 A3, B3, C2 ++++ –
9 76 F 24 AD dementia 4 V-VI 2 A3, B3, C2 ++++ –
10 68 M 24 AD dementia 3 III 2 A2, B2, C2 ++ –
11 76 F 24 AD dementia 4 V-VI 2 A3, B3, C2 ++++ +
12 77 M 12 AD dementia 3 III 2 A2, B2, C2 ++ –
1 76 M 30 No dementia 0 0 0 0 – –
2 76 M 7 No dementia 1 0 0 A1, B0, C0 + –
3 71 F 16 No dementia 0 0 0 0 – –
4 70 M 27 No dementia 0 0 0 0 – –
5 81 F 24 No dementia 0 0 0 0 – –
6 80 M 13 No dementia 0 0 0 0 – –
7 56 M 16 No dementia 0 0 0 0 – –
8 54 M 12 No dementia 0 0 0 0 – –
9 62 F 26 No dementia 0 0 0 0 – –

AD, CERAD neuritic plaque score frequent. GVD, granulovacuolar degeneration; PMI, postmortem interval; IHC, DAB immunohisto-
chemistry. Neuropathological assessments: All cases were extensively characterized according to the routine protocol for neurodegenerative
diseases. Neuropathological diagnosis of AD was made following the NIA-AA criteria including Thal phasing for A� load, Braak-and-
Braak-staging for NFTs and CERAD neuritic plaque score to assess the density of neuritic plaques [29, 39, 88–92] (see Material and
Methods). CK1δ positive GVD bodies (GVBs): Semiquantitative assessment of GVD was performed by DAB immunohistochemistry using
CK1δ antibody as a marker for GVBs. Three hippocampal sections each from the above cases were stained. Abundance of strongly CK1δ-
immunoreactive GVBs in subicular neurons was scored as follows: ++++=>20%,+++=10–20%,++=5–10%,+=1–5%, –=<0.1% of subicular
neurons stained. This scoring was performed only to select AD cases with a similar load of GVD and to minimize the variability between
the cases. It is not meant to confirm the already well-established correlation between GVD stages and histopathological AD stages, which
are based on the spread of GVD pathology across various brain regions.

antibody was custom made and used by us in previous
studies [31–34].

Human postmortem brains

Human postmortem brain samples fixed in
buffered formalin (n = 12 AD patients, n = 9 age-
matched controls; Table 1) were obtained from the
archives of the Institute of Neuropathology, RWTH
University Hospital, Aachen (Germany) and from the
Department of (Neuro) Pathology, Academic Medi-
cal Center (AMC), University of Amsterdam, The
Netherlands (see Table 1). Both control and AD
cases were selected from a retrospective searchable
neuropathologic database, including cases with con-
sent for postmortem brain autopsy and use of their
brain material and medical records for research.
Controls included in the present study were adult
individuals without a history of neurological diseases
and without evidence of cognitive decline, based on
the last clinical evaluation. We included only cases

in which an extensive neuropathological protocol
was used (based upon the recommendations of the
Brain-Net Europe consortium [35]). The AD cases
included in the present study were individuals with
a clinical diagnosis of probable mild to moderate
AD [36, 37], more recently defined as “Alzheimer’s
clinical syndrome” [38]. The selected cases were
then re-assessed by neuropathologists using the rou-
tine updated protocol for neurodegenerative diseases
[39, 40], and included cases with neuropathologi-
cal verification and AD neuropathological changes
and similar load of GVD based on the immuno-
labelling of GVBs in subicular neurons using the
established marker CK1δ [17] (Table 1). We evalu-
ated TDP-43 pathology in both AD and controls cases
[41] using routinely used antibody against pTDP-
43 (Cosmo Bio Co. LTD, TIP-PTD-M01). None of
the control cases displayed TDP-43 pathology. TDP-
43 pathology was, however, observed in 5 out of
12 cases, with mild to moderate TDP-43 pathol-
ogy in the hippocampus (Table 1). We used these
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cases for co-labelling of pTDP-43 and GVBs. These
cases did not show any apparent/significant differ-
ences compared to non-TDP-43 positive AD cases
in the pattern of immunolabelling of other RBPs and
of the proteostasis factors studied. We excluded cases
with co-existing other neuropathological lesions (i.e.,
microvascular infarcts, hippocampal sclerosis, alpha-
synuclein inclusions) to avoid confounding factors.
The samples were used in compliance with the Dec-
laration of Helsinki. The studies were approved by the
Ethical Committees of the Medical Faculty, RWTH
Aachen (EK 127/18), and of the Academic Medical
Center, Amsterdam (W11 073). The postmortem tis-
sues had been obtained within 6–30 h after death (see
Table 1).

Transgenic (tg) mouse brains

APP/PS1
The studies on APP/PS1 mouse tissue were per-

formed in accordance with the guidelines for the
care and use of laboratory animals (LANUV approval
number 8.87–50.10.37.09.112). Brains of 27- and 50-
week-old APP and PSEN1 mutant mice (B6.CgTg
(App695)3DboTg (PSEN1dE9) S9Dbo/J) and of
their age-matched littermates were used for immuno-
histochemistry, immunofluorescence (n = 6 for each
genotype), and western blotting (n = 3 for each geno-
type).

pR5 tg mice
Brain sections from 104-week-old pR5 (Tg

(Thy1-MAPT)183Gotz) mice and age-matched wild-
type mice were used for immunohistochemistry
and immunofluorescence (n = 4 for each geno-
type). Human tau transgenic pR5 mice have been
described in detail previously [8, 9]. Experiments
were approved by the State Agency for Nature,
Environment and Consumer Protection (LANUV)
North Rhine-Westphalia, Recklinghausen, Germany
(LANUV AZ 84-02.05.40.14.028).

CK1δ positive GVD bodies (GVBs)

Semi-quantitative assessment of GVD was per-
formed in sections stained with DAB immunohis-
tochemistry using CK1δ antibody as a marker for
GVBs [17]. Three hippocampal sections each from
the above-mentioned cases AD and controls were
stained (see Table 1 for details).

Diaminobenzidine (DAB) immunohistochemistry

3–4 �m paraffin sections were placed on poly-L-
lysine coated slides and allowed to dry in an oven
(37◦C) overnight and then processed for immunohis-
tochemistry described in detail elsewhere [33]. The
sections were deparaffinized in xylene for 20 min
and rehydrated in 100%, 96%, and 70% ethanol
for 5 min each followed by endogenous peroxidase
quenching (0.3% H2O2 in methanol) for 20 min.
For antigen retrieval, sections were heated in cit-
rate buffer, pH 6 (DAKO), for 20 min in a pressure
cooker. After washing in PBS, sections were incu-
bated with primary antibody (Supplementary Table 1)
for 1 h at room temperature or at 4◦C overnight. After
washing in PBS, sections were incubated with appro-
priate polymeric HRP-linker secondary antibody (IL
Immunologic, Duiven, The Netherlands) for 30 min
at room temperature. DAB reagent (DCS Innovative
Diagnostic System DAB kit) was used to visualize
antibody binding. The sections were then counter-
stained with 6% hematoxylin for 3 min. In the case
of 82E1 antibody, we used Biotin secondary anti-
body conjugate (Vector Laboratories, Burlingame,
CA, USA) followed by detection using the Vectastain
ABC HRP kit (Vector Laboratories). All procedures
were performed at room temperature.

Immunofluorescence

Single and double immunofluorescence staining
were performed as described by us already elsewhere
[33, 42]. In brief, deparaffinized tissue sections were
heated in citrate buffer, pH 6 (Dako), for 20 min in a
pressure cooker. Sections were then blocked (to avoid
non-specific bindings) with ready to use 10% normal
goat serum (Life Technologies, MD, USA) for 1 h
at room temperature before incubating with primary
antibody at 4◦C overnight. After two times washing
in TBS-T for 10 min, the sections were incubated
with Alexa conjugated secondary antibody (1 : 500
in PBS) at room temperature for 2 h. Sections were
washed in TBS-T (2 x 10 min) and stained for 10 min
with 0.1% Sudan Black in 80% ethanol to suppress
endogenous lipofuscin auto-fluorescence. Finally, the
sections were washed for 5 min in TBST and mounted
with Vectashield mounting medium (Vector Labora-
tories) containing DAPI.

Image acquisition

Images of the DAB-stained sections were taken
with a Zeiss Axioplan microscope equipped with a
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40x objective and an Axio Cam 506 color camera
(Zeiss). Images from immunofluorescence labelled
sections were taken with a Zeiss LSM 700 laser
scanning confocal microscope using 20x, 40x, and
63x objectives (Zeiss). Images were acquired by
averaging 4 scans per area of interest resulting
in an image size of 1024x1024 pixels. The laser
intensity was kept constant for all the samples exam-
ined. Captured confocal images were analyzed using
Adobe Photoshop CS5 and ZEN (Blue edition) 2009
software.

Semi-quantitative analysis of
co-immunolabelling (human tissue)

Average pixel intensity of the target proteins
(SigR1 and VAPB; Fig. 1B, F)/field of view were
quantified in three representative sections from each
of six AD patients (Braak stages V-VI) and in three
representative sections from each of three controls
(Braak stage 0) in 8–10 random fields, at low magni-
fication (20x), capturing approx. 30-40 neurons/field
of view. Average background pixel intensity was sub-
tracted. Average pixel intensity of the target proteins
(SigR1, GRP78, VAPB; Fig. 1C, D, F) in neurons
were quantified (E, F) using one representative sec-
tion each from six AD (Braak stages V-VI) patients
and one representative section each from three con-
trols (Braak stage 0). Approx. 20–30 neurons / field
of view in 8-10 random 20x fields were found, exam-
ining around 100–150 neurons per case by measuring
average pixel intensities of the regions of interest
drawn around each neuron. We used the unpaired
Student’s t-test for comparison between two sample
groups. Values represent the mean ± standard devia-
tion (SD). Differences between values were regarded
as significant when=*p<0.05.

Semi-quantitative analysis of
co-immunolabelling (mouse tissue)

Average pixel intensity of the target proteins
(SigR1 and VAPB; Supplementery Figure 2D, E)
/ field of view were quantified in one representa-
tive section from each of three APP/PS1 (50-week)
transgenic mice and one representative section each
from three age-matched littermates. 8–10 random
fields in low magnification (20x) were examined, cap-
turing approximately 20–30 neurons/field of view.
Average background pixel intensity was subtracted.
We used the unpaired Student’s t-test for compar-
ison between two sample groups. Values represent

the mean ± standard deviation (SD). Differences
between values were regarded as significant when
*p<0.05.

Western blot analysis

Western blots of brain tissue were performed
as described previously [33]. Briefly, human and
mouse brain tissues were homogenized in ice-cold
radioimmunoprecipitation assay (RIPA) lysis buffer,
with protease inhibitor cocktail (Roche Life Science,
Penzberg, Germany). The crude lysates were briefly
centrifuged and then processed for the bicinchoninic
acid protein assay (BCA; Thermo Scientific) accord-
ing to the manufacturer’s protocol. Equal amounts of
protein were boiled in Laemmli sample buffer for 5-
10 min and processed for SDS-PAGE. The protein
gels were transferred onto polyvinylidene fluoride
(PVDF) membranes. The blots were then blocked
with 4% skimmed milk in TBS-T for 30 min and incu-
bated with specific primary antibody (Supplementary
Table 1) overnight at 4◦C under agitation. There-
after, the blots were washed three times in TBS-T for
10 min each and incubated for 1 h with appropriate
horseradish peroxidase (HRP)-conjugated secondary
antibody (Thermo Scientific). Immunoreactive pro-
tein bands were visualized by exposing the blots on
an X-ray film (Fuji Films). Quantification of the band
intensities was performed after normalizing to tubulin
levels using Adobe Photoshop CS5. Values represent
the mean ± SD (**p<0.05).

RESULTS

ER stress and aberrant association of ER
chaperones with GVBs

GVD is predominantly present in brain regions that
are most affected by AD pathology such as hippocam-
pus (CA1, CA2, CA4, and subiculum) [29]. GVBs
can be detected as membrane bound vesicular struc-
tures by routine hematoxylin-eosin (Fig. 1A) or by
silver staining. We used the established GVB marker,
Casein kinase 1 isoform delta (CK1δ) [29] to label
GVBs in subicular neurons (Fig. 1A; Supplementary
Figure 1A).

ER chaperones are critical regulators in maintain-
ing proteotoxic effects and/or autophagy overload
due to A� and pTau accumulations in AD brain
[43]. Consistent with this, we observed signifi-
cantly elevated overall immunoreactivity for the ER
chaperone SigR1 in subicular neurons of the AD



144 A. Yamoah et al. / RNA Binding Proteins and ER Chaperones in AD

Fig. 1. A) Left panel: Representative H&E stained subicular neurons of age-matched control brain compared to an AD case. Arrows: GVBs.
Right panel: CK1δ immunoreactive GVBs (arrows) in AD subicular neurons. Scale bars: 20 �m. B) Increased levels of the ER chaperone
SigR1 in subicular neurons of AD patient compared to the age-matched control. Scale bars: 20 �m. Values represent the mean ± SD
(**p<0.05). C-F) Double immunofluorescence labeling for CK1δ and for the ER chaperones SigR1 (C) GRP78 (D) and for the UPR co-
factor VAPB (F). Note the overall increased levels of SigR1, GRP78 and VAPB in AD subicular neurons (white arrows), but reduced levels
of SigR1, GRP78 (C, D, E) and VAPB (F) immunoreactivity in subicular neurons harboring GVBs (red arrowheads, quantification). GVBs
harboring neurons are represented as CK1δ (+ve) and neurons without GVBs are denoted as CK1 (–ve) (Scale bars: 20 �m. Values represent
the mean ± SD (**p<0.05). G) Double immunofluorescence labeling of SigR1 and pTau (AT8). Note the Co-localization of increased SigR1
immunoreactivity with granular pTau (arrow) but decrease of SigR1 immunoreactivity (red arrowheads) in neurons containing mature pTau
tangles in AD subicular neurons. Scale bars: 20 �m. H) Immunoblot analysis of hippocampal tissue homogenates from AD cases and their
age matched controls showing an increase in ER chaperons SigR1, GRP78 and proteotoxic stress marker HSP70 in AD.
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Fig. 2. A) Left panel: Representative H&E stained CA1- subicular neurons of 104-week-old-pR5 tg mice compared to an age-matched wt
mouse. Arrows: GVBs. Right panel: CK1δ immunoreactive GVBs (arrows) in pR5 tg mice CA1- subicular neurons. Scale bars: 15 �m.
B) Increased levels of the ER chaperone SigR1 in CA1- subicular neurons compared to the wt mice. Scale bars: 15 �m. C, D) Double
immunofluorescence labeling for CK1δ and for the ER chaperones SigR1 (C) and GRP78 (D). Note the reduced levels of SigR1, GRP78
immunoreactivity in neurons harboring GVBs (red arrowheads). White arrows: Increased levels of SigR1 and GRP78 in neurons without
GVBs. Scale bars: 15 �m. E) Double immunofluorescence labeling of SigR1 and pTau (AT8). Note the Co-localization of increased SigR1
immunoreactivity with pTau: Scale bar: 15 �m.
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brains (Fig. 1B). However, those neurons which were
affected by GVD, which comprise about 25% of the
total neuronal population in the cases examined by
us, showed lower SigR1 levels, and there was only
minor co-localization of SigR1 with GVBs (Fig. 1C).
Similarly, immunoreactivity for GRP78, a prime ini-
tiator of the UPR, was reduced in subicular neurons
harboring GVBs (Fig. 1D, E), and VAPB, a UPR
co-factor [44], was found to be generally increased
in subicular neurons of AD brains. Those neurons
which harbored GVBs showed a less pronounced
VAPB buildup (Fig. 1F). GVBs showed only minor,
if any colocalization with any of these ER chaperones
(Fig. 1C, D, F). Similarly, human AD neurons har-
boring small granular pTau deposits showed elevated
SigR1 immunoreactivity, and these pTau aggregates
were regularly co-localized with SigR1 (Fig. 1G;
Supplementary Figure 1B), suggesting that SigR1
chaperone is involved in clearing such small granu-
lar pTau accumulations. Neurons with mature NFTs
lacked both the chaperone buildup and significant
GVBs (Fig. 1G; Supplementary Figure 1C). On the
other hand, moderately affected dentate gyrus neu-
rons [45] which carried only a minor load of pTau
and GVBs (Supplementary Figure 1G) and showed
particularly high levels of SigR1 (Supplementary
Figure 1E) and GRP78 (not shown). The overall
increased levels of ER chaperones were confirmed by
western blot analyses of AD patient and age-matched
control hippocampi (Fig. 1H).

ER chaperones and GVBs in pR5 Tau tg mice

The pR5 mouse strain is a well-established tauopa-
thy model that develops NFTs due to overexpression
of the longest human tau isoform harboring the
P301 L mutation [46, 47]. We confirmed that 104-
week-old pR5 mice displayed CK1δ immunoreactive
GVBs coinciding with NFT pathology [8, 9] in
hippocampus (Fig. 2A; Supplementary Figure 1A).
These GVBs were morphologically similar to the
GVBs present in human AD; they have already been
shown to be immunoreactive for several UPR markers
[9]. We found that, similar to the situation in human
AD brain, CA1-subicular neurons of pR5 mice con-
sistently showed overall increased levels of the ER
chaperones SigR1, GRP78, and VAPB (Fig. 2B-
D; Supplementary Figure 1F). Again, those neurons
that harbored GVBs showed decreased SigR1 and
GRP78 levels, and there was only minor, if any
co-localization of SigR1 with GVBs (Fig. 2C, D).
Also consistent with the changes observed in human

AD brain, granular, pre-tangle pTau aggregates co-
localized with SigR1 immunoreactivity (Fig. 2E) and
some of them were also found to be co-localized with
GVBs (Supplementary Figure 1H).

CK1δ-positive incipient GVBs and ER
chaperones in APP/PS1 transgenic mice

APP/PS1 tg mouse brains showed prominent
extracellular A� plaque pathology (Supplementary
Figure 2A), but their hippocampal pyramidal neu-
rons, in contrast to the pR5 mice, harbored only
rather small, probably incipient accumulations of
GVB-like, CK1δ-immunoreactive granular struc-
tures (Supplementary Figures 1A, 2C). They were
distinct from mature human GVBs in many respects,
such as smaller size, frequent presence of granular
cores without outer layer morphology, and recur-
rent appearance in distinct groups, but not scattered
over the neuronal cytoplasm (Supplementary Fig-
ures 1A, 2B, C). Like human AD and pR5 mouse
neurons, SigR1 and VAPB were found at overall
elevated levels in APP/PS1 mouse neurons; how-
ever, in contrast to the human AD patient and pR5
mouse GVBs, the CK1δ-immunoreactive granules in
APP/PS1 mouse neurons were SigR1- and VAPB-
positive (Supplementary Figure 2D, E). Similarly,
these structures were strongly ubiquitin immunore-
active (Supplementary Figure 2F). Consistent with
the immunohistochemical results, immunoblot anal-
ysis of total APP/PS1 mouse brain homogenates
revealed a significant age-dependent increase in the
proteotoxic stress markers SigR1, GRP78, Hsp70,
and Hsp27 as well as ubiquitin conjugates (Supple-
mentary Figure 2G).

RNA binding protein homeostasis and GVBs

pTau can alter autophagy at multiple steps [48] and
can trigger the formation of GVBs in vivo as well as
in vitro [25]. Similarly, DPR aggregates, which alter
autophagy pathways [26], were found within GVBs
in neurons of ALS/FTD patients with C9orf72 expan-
sion [15]. RBPs such as TDP-43 form aggregates in
AD patient neurons and quite often granular pTDP-
43 aggregates co-localize with GVBs in AD patient
hippocampal neurons [29]. Furthermore, RBPs asso-
ciated with SGs progressively accumulate together
with tau in mouse models of tauopathy, as well
as in human AD and FTLD-Tau brain tissue [49].
Therefore, in an attempt to identify the trigger for
GVD, we next examined RBPs in subicular neu-
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rons affected by GVD. Subicular neurons from AD
patients contained several NFTs, resembling pTDP-
43-immunoreactive aggregates and many granular
or vesicular aggregates (20–30%), some of which
were co-localized with GVBs as described pre-
viously by others [29, 41, 50] (Fig. 3A, lower
panel). Consistent with this, pR5 mouse hippocampal
neurons also frequently showed globular and vesic-
ular pTDP43-immunoreactive structures (Fig. 3B)
which were co-localized with the GVB marker CK1δ

(Fig. 3B, lower panel). Even though pR5 mouse
neurons displayed abundant pTau-positive NFTs,
larger tangle-like pTDP-43 aggregates were absent
(Fig. 3B). To decipher whether the co-localization
of pTDP-43 with GVBs is indicative of a more
general buildup of RBPs in AD neurons, we exam-
ined AD brains with antibodies against Matrin 3
and FUS as well as SG proteins used by us pre-
viously when studying ALS pathomechanisms [42,
51, 52]. Matrin 3 is of prime importance because
it regulates the transcription and stability of RBPs
including TDP-43 and FUS [53]. Moreover, MATR3
mutations lead to ALS and distal vacuolar myopathy
in patients [54–56]. We found nuclear accumula-
tion and cytoplasmic mis-localization of Matrin 3 in
those neurons which contained GVBs. These globular
or vesicular cytoplasmic Matrin 3-immunoreactive
structures co-localized with GVBs (Fig. 3C). In
contrast, neurons in control cases showed basal lev-
els of nuclear Matrin 3-immunoreactivity and no
cytoplasmic Matrin 3 (Fig. 3C, upper panel). Of
note, Matrin 3 levels were unchanged and there
was no obvious cytoplasmic mis-localization of
Matrin 3-immunoreactivity present in pR5 mouse
hippocampal neurons (Fig. 3D). Consistent with the
pattern of Matrin 3-immunoreactivity, cytoplasmic
mis-localization and co-localization of FUS together
with GVBs (Fig. 3E) was observed in human AD neu-
rons. However, there was no clear-cut link between
GVD pathology and reduced or increased intensity of
nuclear FUS staining. Interestingly, even though pR5
hippocampal neurons showed significant granular
cytoplasmic FUS labelling, FUS immunoreactivity
was not co-localized with GVBs (Fig. 3F; lower
panel).

Because aggregation of RBPs proceeds through the
SG pathway, we stained SGs together with GVBs.
Using antibodies against the SG marker G3BP as pre-
viously described by us and others [42, 57], we found
that many human AD as well as the pR5 mouse neu-
rons develop cytoplasmic accumulations of G3BP,
along with reduced nuclear G3BP immunoreac-

tivity (Fig. 3G). These cytoplasmic accumulations
were often CK1δ-positive (Fig. 3G). SGs includ-
ing processing bodies (P-bodies), which are also
cytoplasmic accumulations of non-translating mes-
senger ribonucleoprotein complexes (mRNPs), are
cleared by autophagy [58]. Compared to the controls
we found increased granular cytoplasmic immunore-
activity and reduced nuclear immunoreactivity for
the P-body marker S6 kinase in AD brain subic-
ular neurons (Fig. 3H; Supplementary Figure 3A);
some of the granular S6 kinase staining co-localized
with CK1δ-positive GVBs (Fig. 3H, lower panel).
Similarly, increased granular cytoplasmic immunore-
activity of S6 kinase co-localized with CK1δ-positive
GVBs in pR5 hippocampal neurons (Fig. 3I). Taken
together, abnormal cytoplasmic RBP aggregates co-
localize with GVBs, suggesting that RBP aggregates
possibly trigger GVB formation and that GVBs might
actually be involved in the removal of such aggre-
gates. They are in line with a recent study showing
that DPR aggregates contribute to GVD pathology in
C9orf72-related FTLD/ALS [15].

Endosomes, exosomes, and GVD

Recent studies suggested that exosomes from AD
brain contain A� oligomers and that exosomes may
act as vehicles for the neuron-to-neuron transfer
of toxic A� oligomers in cell culture models [59,
60]. Blocking the formation, secretion or uptake of
exosomes was found to reduce both the spread of
oligomers and their toxicity in these cell culture
systems [59, 60]. Considering that most exoso-
mal vesicles originate from endosomes [61], we
therefore examined endosomes in neurons affected
by GVD. Staining with antibodies against Rab11
and Mannnose-6-phosphate confirmed that these
late endosomal markers co-localize with GVBs in
AD patient subicular neurons (Supplementary Fig-
ure 3D), as shown already by others [17]. Additional
immunohistochemistry revealed that GVBs also co-
localize with the early and intermediate endosomal
markers EEA1 and Rab7 (Supplementary Figure 3D)
and with the Golgi marker GM130 (Supplementary
Figure 3C). Of note, in a recent study we showed
that the Golgi protein GolginA4, that was found to
be elevated in cerebrospinal fluid of AD patients, is
a major constituent of GVBs [62] (Fig. 4A). Thus,
we hypothesized that GVBs might actually undergo
exocytosis.

Even though not specific, universally applicable
exosomal markers have evolved so far. Tetraspanins
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Fig. 3. A) DAB immunohistochemistry (upper panel) for pTDP-43 showing immunostaining associated with NFT-like structures and
double immunofluorescence labeling (lower panel) demonstrating co-localization of pTDP-43 immunoreactivity with GVBs in human AD
subicular neurons. Scale bars: 15 �m. B) DAB immunohistochemistry for pTDP-43 showing diffuse nuclear immunoreactivity in wt mice
CA1-subicular neurons (upper panel) and cytoplasmic granular accumulations (middle panel, white arrows) and rare globular accumulations
(middle panel, black arrow) in pR5 tg mice. Double immunofluorescence labeling (lower panel) demonstrating co-localization of pTDP-43
immunoreactivity with GVBs in pR5 tg mice CA1- subicular neurons. Scale bars: 15 �m. C) Matrin 3 and CK1δ double immunofluorescence:
Increased levels of Matrin 3 in the nucleus and vesicular immunoreactive structures co-localizing with GVBs in human AD subicular neurons
(middle and lower panels). Note the normal nuclear Matrin 3 levels in a neuron from the control case (upper panel). Scale bar: 20 �m. D)
Matrin 3 and CK1δ double immunofluorescence showing no cytoplasmic mis-localization of Matrin 3 as well as no co-localization with
GVBs in pR5 tg mice CA1-subicular neurons. Scale bar: 15 �m. E, F) FUS and CK1δ double immunofluorescence: Strong co-localization of
cytoplasmic FUS accumulations with GVBs in human AD patient subicular neurons (E), while there is no co-localization of cytoplasmic FUS
with GVBs in pR5 tg mice CA1-subicular neurons (F). Scale bars: 15 �m. G) CK1δ-immunoreactive GVBs often co-stained with G3BP. Note
the loss of nuclear G3BP immunoreactivity (white arrowheads) in the neurons containing GVBs. Scale bars: 15 �m. (H) Loss of S6-kinase
nuclear immunoreactivity (white arrowhead) and increased cytoplasmic accumulation in subicular AD neurons, which consistently showed
CK1δ labeling (White arrow). Note the S6-Kinase-immunoreactive NFT-like structure (red arrowhead). Scale bars: 20 �m. I) Increased
cytoplasmic accumulations of S6-kinase in CA1-subicular neurons of pR5 tg mice, which were consistently co-localized with CK1δ labeling
(arrow). Scale bar: 15 �m.
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such as CD9, CD63, and CD81 and components of
the endosomal sorting complex required for transport
(ESCRT) including TSG101, Flotillin 1, and Alix [59,
60, 63] are currently being used to label exosomal
vesicles. We found a consistent pattern of immunola-
belling of vesicles at low density in subicular neurons
of human control cases and of control mice using
both a monoclonal (BD Biosciences) and a poly-
clonal antibody (Cell Signaling) against Flotillin 1
(Fig. 4B). In contrast, incubation with the monoclonal
antibody against CD9 (antibody online, Germany)
yielded abundant cytoplasmic immunoreactivity in
many other cells in both human AD and control and
mouse brains (Supplementary Figure 3B). Based on
these observations, we decided to focus on the mon-
oclonal Flotillin 1 antibody (BD Biosciences) for
our subsequent analyses. The same monoclonal anti-
body has also been used for the staining of human
autopsy specimens in the recent study by Sardar
Sinha et al. on exosomal mechanisms in AD [60]. We
found that Flotillin 1-positive vesicles were markedly
increased in number and size in subicular neurons of
AD patients and in CA1-subicular neurons of pR5 and
APP/PS1 tg mice; in many of these pyramidal neu-
rons, Flotillin-1 immunoreactivity was co-localized
with CK1δ-positive (Fig. 4C, D) and Golgin A4-
positive GVBs (Fig. 4E, F).

Prompted by these observations, we next exam-
ined whether these Flotillin-1-positive vesicles also
contain pTau and RBP aggregates, as detected by
us in GVBs (see above and Fig. 3, Supplementary
Figure 1). We observed frequent and prominent co-
localization of Flotillin-1-immunoreactive vesicles
with granular pTau in human AD subicular neurons
and in pR5 mouse hippocampal neurons (Fig. 5A).
Some of these Flotillin-1-immunoreactive vesicu-
lar structures actually appeared to enclose smaller
granular pTau immunoreactive species (Fig. 5A;
arrows). Similarly, pTDP-43-immunoreactive aggre-
gates were found to be co-localized with or even
enclosed by Flotillin-1-positive vesicles (Fig. 5B) in
both human AD and pR5 mouse neurons. In line
with a recent report showing co-localization of 82E1-
immunoreactive intracellular A� oligomers with
Flotillin-1-positive granular structures in human AD
brain [60], we found (albeit minor) co-localization of
Flotillin-1-positive vesicles with 82E1-positive intra-
cellular deposits in human AD subicular neurons
(Fig. 5C) and in hippocampal APP/PS1 mouse neu-
rons (Fig. 5D). However, only very minor, if any,
co-localization of A�-(81E1-) immunoreactive intra-
neuronal material with CK1δ-positive GVBs was

observed by us in AD patient subicular neurons
(not shown). There was no detectable co-labelling
of extracellular 82E1-positive A� in AD patient and
APP/PS1 mouse hippocampi with our Flotillin-1 anti-
body (not shown).

DISCUSSION

ER stress and UPR activation are early phenomena
in neurodegenerative diseases [24] including AD [4,
64, 65]. Thus, in AD pathogenesis, ER alterations
leading to inadequate UPR should cause autophagy
impairment and subsequent accumulation of GVBs.
ER chaperones like GRP78, SigR1, and SIL1 and ER
tethering proteins such as VAPB are determinants of
ER functions including protein quality control/UPR
and autophagy [66–69]. Mutations in such ER
proteins can lead to familial neurodegenerative
disorders [70–73]. In addition, they have been
shown to be abnormally modified in AD [74–77],
Parkinson’s disease [75], Huntington’s disease [78],
and ALS [33, 34, 67], disorders that feature distinct
ultrastructural ER alterations and defective protein
degradation pathways [79]. Consistent with these
studies, we found increased immunoreactivity for
SigR1, GRP78, and VAPB in AD patient subicular
neurons. SigR1 was often co-localized with small
granular pTau aggregates (Fig. 1G), suggesting that
SigR1 is involved in maintaining protein homeostasis
in these neurons. In contrast, this buildup of GRP78,
SigR1, and VAPB was lacking in those subicular
neurons which showed GVD (Fig. 1C–F), suggest-
ing that those neurons that can no longer maintain
protein homeostasis by chaperone activation engage
the GVD pathway. These results are in line with the
findings that UPR is activated in pre-tangle neurons
and that GVBs display immunoreactivity for UPR
markers such as PKR-like ER kinase (pPERK), phos-
phorylated inositol-requiring enzyme 1� (pIRE1),
and phosphorylated eukaryotic translation initiation
factor 2� (peIF2�) in both human AD and pR5 mice
brain, suggesting that the UPR is activated in these
neurons even before mature NFTs are formed [55,
57]. Thus, activated UPR in these neurons could be
neuroprotective initially; however, persistent UPR
might promote further tau hyperphosphorylation
[10, 80].

Studies on human AD brains complemented by
recent in vitro and in vivo experiments have shown
that the extent of tau pathology strongly correlates
with GVB load, suggesting that tau buildup can
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Fig. 4. A) Co-immunofluorescence labeling of CK1δ-immunoreactive GVBs together with Golgin A4 in AD patient subicular and pR5 tg
mice CA1-subicular neurons. Scale bars: 15 �m. B) Increased size and density of Flotillin-1-immunoreactive vesicles in AD patient subicular
neurons and in APP/PS1 tg mice and pR5 tg mice CA1-subicular neurons compared to the control and to wt mice. Upper right panel: DAB
immunohistochemistry showing increased Flotillin-1-immunoreactive vesicles associated with GBVs (white arrows). Scale bars: 15 �m. C,
D) Co-immunofluorescence labeling of CK1δ-immunoreactive GVBs, together with Flotillin-1 in AD brain subicular neurons (C) and in
pR5 tg mice CA1-subicular neurons (D). Note that while many GVBs are co-localized with Flotillin-1 (white arrows); few actually appear
to be completely enclosed by Flotillin-1 labeled vesicles (yellow arrows). Scale bars: 10 �m. E, F) Co-immunofluorescence of GolginA4
together with Flotillin-1, in AD brain subicular neurons (E) and in pR5 tg mice CA1-subicular neurons (F). Note that Golgin A4-labeled
granules often co-localize with Flotillin-1 labeled vesicles (arrows). Scale bars: 10 �m.

trigger the formation of GVBs [5, 7, 25]. Other
recent studies have demonstrated that DPR aggre-
gates contribute to GVD in neurons of ALS/FTD

patients with C9orf72 expansion [15]. Consistent
with this we recently reported GVD pathology in
cases of C9orf72-related FTLD [62]. Furthermore,
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Fig. 5. A, B) Double immunofluorescence for Flotillin-1 together with pTau- (A) and pTDP-43 (B), demonstrating that these aggregates
are often co-localized with and/or are enclosed by Flotillin-1 labeled vesicles (arrows) in AD patient subicular and in pR5 tg mice CA1-
subicular (lower panels), neurons, maximum intensity projections (below) to show the co-localization. Scale bars: 15 �m. C) Double
immunofluorescence of A� oligomer (82E1 antibody) and Flotillin-1. There was a rather rare, somewhat arbitrary coincidence of Flotillin-
1-labeled structures with 82E1 immunoreactivity within human AD subicular neurons (arrows) in the vicinity of 82E1-labeled A� plaques
(P). Scale bars: 15 �m. D) In APP/PS1 tg mice 82E1 immunoreactive intracellular material is often co-localized with Flotillin-1-labeled
vesicles (arrows) within subicular neurons in the vicinity of A� plaques (P). Scale bars: 10 �m.
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Fig. 6. Schematic representation: pTau and RBPs can potentially trigger GVD in AD neurons. GVD affected neurons seldom contain
pre-tangle pTau and show an activated UPR. SigR1 and other ER chaperones are elevated to minimize the misfolded protein stress as a
protective mechanism. Persistent UPR could potentiate further tau phosphorylation and leads to mature tangle formation and promotes
neurodegeneration. On the other hand, neurons with higher load of GVBs do not contain mature tangles. Some GVBs might undergo
exocytosis.

RBPs such as TDP-43 form aggregates in AD patient
neurons and quite often such granular pTDP-43
aggregates co-localize with GVBs [29, 81]. Finally,
RBPs associated with SGs progressively accumulate
together with tau in neurons of tauopathy mice as
well as in human AD and FTLD-tau brain tissue
[49]. Thus, it appears reasonable to speculate that
not only pTau, but also RBPs could trigger GVD.
Consistent with this notion we observed cytoplasmic
mis-localization of Matrin 3 and FUS together with
pTDP-43 within CK1δ-positive GVBs. Similarly, the
SG protein G3BP together with the P-body marker S6
kinase showed increased granular and NFT-like cyto-
plasmic immunoreactivity co-localizing with pTau
and with GVBs in human AD subicular and pR5
mouse hippocampal neurons (Figs. 3 and 5). Thus,
our results support the concept that GVBs function
as an early, reversible, and protective structure due to
their appearance parallel to the buildup of SGs and
other RBP accumulations [81]. Further, autophagy
impairment could potentiate GVD, supporting a
vicious circle, similar to the recently described path-
omechanisms related to the buildup and propagation
of mutated TDP-43, C9orf72, FUS [51, 82], SOD1
[83], and VAPB [84, 85].

The evidence discussed thus far suggests that
GVBs form a neuronal intracellular compartment
designed to accumulate heterogeneous materials
awaiting intracellular degradation. Another poten-

tial mechanism for dealing with such material is the
exocytotic release. Consistent with this hypothesis,
exocytotic vesicles or exosomes from blood, CSF and
cultured neuronal cells have been shown to contain
tau, A�, and �-synuclein [30, 59, 86, 87]. In line with
these findings, we recently showed that CSF obtained
from AD patients contains elevated levels of the Golgi
protein GolginA4, which we also found to accumu-
late extensively in GVBs [62]. We now observed
that CK1δ-positive GVBs frequently co-localize with
Flotillin-1-positive vesicles; moreover, aggregated
pTDP-43 and pTau that were present in GVBs were
also found to be co-localized with Flotillin-1-positive
vesicles. Together, these results are compatible with
the notion that GVBs might actually be exocytosed.
However, these descriptive observations have to be
complemented by functional/experimental work to
validate this hypothesis.

Finally, the recently published observation of intra-
cellular A�-positive granular structures co-localizing
with Flotillin-1-immunoreactive vesicles in AD brain
neurons [60] prompted us to ask whether intra-
neuronal A�-(82E1-) immunoreactivity co-localizes
with Flotillin-1-positive vesicles in our series of
AD cases. We found that such co-localizations were
also present in our cases, albeit at a rather low fre-
quency. However, there was virtually no detectable
co-localization of A� with CK1δ-positive GVBs.
Moreover, the small CK1δ-positive granular struc-



A. Yamoah et al. / RNA Binding Proteins and ER Chaperones in AD 153

tures found in hippocampal neurons of APP/PS-1
mice (Supplementary Figures 1 and 2) were clearly
different from the mature GVBs detected by us using
the same antibody in human AD subicular and pR5
mouse hippocampal neurons, consistent with the
absence of tau pathology in APP/PS-1 mice. Appar-
ently the elevated SigR1, GRP78 and VAPB levels
in APP/PS-1 mouse neurons (Supplementary Fig-
ure 2) are part of the stress response which keeps
proteotoxic stress at manageable levels.
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