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Abstract—The hippocampus of cases with neurofibrillary tangles (NFT) pathology classified as stages I–II, III–IV,
and V–VI without comorbidities, and middle-aged (MA) individuals with no NFT pathology, were examined to learn
about the composition of granulovacuolar degeneration (GVD). Our results confirm the presence of CK1-d, p38-P
Thr180/Tyr182, SAPK/JNK-P Thr183/Thr185, GSK-3a/b-P Tyr279/Tyr216, and GSK-3b Ser9 in the cytoplasmic gran-
ules in a subset of neurons of the CA1 and CA2 subfields of the hippocampus. Also, we identify the presence of
PKA a/b-P Thr197, SRC-P Tyr416, PAK1-P Ser199/Ser204, CAMK2A-P Tyr197, and PKCG-P Thr655 in cytoplasmic
granules in cases with NFT pathology, but not in MA cases. Our results also confirm the presence of b-catenin-P
Ser45/Thr41, IREa-P Ser274, eIF2a-P Ser51, TDP-43-P Ser403-404 (but absent TDP-43), and ubiquitin in cytoplas-
mic granules. Other components of the cytoplasmic granules are MAP2-P Thr1620/1623, MAP1B-P Thr1265,
ADD1-P Ser726, and ADD1/ADD1-P Ser726/Ser713, in addition to several tau species including 3Rtau, 4Rtau,
and tau-P Ser262. The analysis of GVD at progressive stages of NFT pathology reveals the early appearance of
phosphorylated kinases and proteins in cytoplasmic granules at stages I–II, before the appearance of pre-
tangles and NFTs. Most of these granules are not surrounded by LAMP1-positive membranes. Markers of
impaired ubiquitin-protesome system, abnormal reticulum stress response, and altered endocytic and autopha-
gic pathways occur in a subpopulation of neurons containing cytoplasmic granules, and they appear later. These
observations suggest early phosphorylation of kinases leading to their activation, and resulting in the abnormal
phosphorylation of various substrates, including tau, as a main alteration at the first stages of GVD.
This article is part of a Special Issue entitled: SI: Tauopathies. � 2021 The Author(s). Published by Elsevier Ltd on behalf of

IBRO. 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

Sporadic Alzheimer’s disease (sAD) is a biological

process, progressive with aging, characterized by the

presence of neurofibrillary tangles (NFTs) and senile

plaques (SPs) distributed throughout the brain with a
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distinctive pattern (Braak and del Tredici, 2011; Ferrer,

2012).

The main constituent of NFTs in sAD is a combination

of all six hyper-phosphorylated brain tau isoforms with a

variable almost equal proportion of 3Rtau and 4Rtau

isoforms (Goedert et al., 1988; Goedert et al., 1992;

Buée et al., 2000; Iqbal et al., 2005; Hernández and

Avila, 2007; Spillantini and Goedert, 2013). The study of

consecutive series of the current population recognizes

six stages of NFT pathology involving selected nuclei of

the telencephalon and the brainstem (Braak and Braak,

1991; Braak and Braak, 1995; Braak et al., 2011; Braak

and Del Tredici, 2015). About 85% of individuals aged
ons.org/licenses/by-nc-nd/4.0/).
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65 have NFT pathology, at least restricted to stages I–III

(Braak and Del Tredici, 2011; Ferrer, 2012; Ferrer and

Andrés-Benito, 2020). Most of them are cognitively nor-

mal and the neuropathological changes are considered

in the context of normal brain aging. Cases at middle

stages (stages III–IV), in which there is involvement of

the hippocampus and limbic system, may show mild cog-

nitive impairment or not suffer any apparent cognitive

defect. Cases at stages V–VI (advanced stages) in which

almost all the telencephalon and basal ganglia are filled

with NFTs suffer from clinical sAD (Nelson et al., 2012).

The main constituent of SPs is b-amyloid, which is

also the main component of diffuse plaques and b-
amyloid angiopathy. b-Amyloid deposition also

increases with disease progression following defined

patterns (Braak and Braak, 1991; Thal et al., 2002). The

majority of individuals at stages I–II and about of those

at stage III do not have SPs or b-amyloid deposits

(Braak et al., 2011; Ferrer, 2012; Ferrer and Andrés-

Benito, 2020). Increased numbers of SPs are common

accompanying stages III–IV onwards.

In addition to these two major hallmarks of AD, other

lesions are consistently present including Hirano bodies

and granulovacuolar degeneration (GVD). Hirano bodies

are eosinophilic, rod-shape inclusions derived from an

abnormal organization of the neuronal cytoskeleton

(Galloway et al., 1987). GVD is characterized by the pres-

ence of vacuolar cytoplasmic lesions with a dense central

core. GVD first appears in neurons of the hippocampal

subfields CA1 and CA2, and the subiculum; this is fol-

lowed by the entorhinal cortex, and CA4 neurons in stage

2, temporal neocortex in stage 3, amygdala and/or the

hypothalamus in stage 4, and cingulate, frontal, and pari-

etal cortices in stage five (Thal et al., 2011).

Tau hyper-phosphorylation is a determining factor in

the formation of NFTs. Phosphorylation is one of the

most common and essential mechanisms of protein

function. This posttranslational modification mostly

derives from activation/inhibition of protein function and/

or recruitment of interacting proteins with structurally

conserved domains. In the context of AD, tau hyper-

phosphorylation is a paradigm of altered protein

phosphorylation. However, robust phosphoproteomics

studies have identified a large number of

phosphorylated proteins in addition to tau at advanced

stages of AD (Tan et al., 2015; Triplett et al., 2016;

Rudrabhatla et al. 2011; Zahid et al., 2012; Dammer

et al., 2015; Tagawa et al., 2015; Chen et al., 2019;

Sathe et al., 2020; Drummond et al., 2020). We analyzed

the expression of phosphoproteins in the entorhinal cortex

and frontal cortex in cases with NFT pathology at stages

I–II, III–IV, and V–VI without co-morbidities in comparison

with middle-aged (MA) individuals without NFTs. A major

point was the identification of 214 dysregulated phospho-

proteins in the EC, of which 65 were dysregulated at the

first stages (I–II); 167 phosphoproteins were dysregulated

in the FC, 81 of them at stages I–II (Ferrer et al., 2021).

Therefore, aberrant phosphorylation appears with brain

aging at first stages of AD.

The objective of the present study is to assess the

cellular localization of selected dysregulated
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phosphoproteins in the hippocampus of the same group

of cases as those examined using (phospho)proteomics

(Ferrer et al., 2021), and their expression in particular

compartments including granules and GVD, pre-tangles

and NFTs, dystrophic neurites (DNs) surrounding SPs,

and neuropil threads (NTs). We also analyze the localiza-

tion of a subset of proteins with a focus on GVD in an

attempt to learn about its pathogenesis and possible func-

tional implications.
EXPERIMENTAL PROCEDURES

Tissue samples

Post-mortem samples were obtained from the Institute of

Neuropathology HUB-ICO-IDIBELL Biobank following the

guidelines of Spanish legislation on this matter and the

approval of the local ethics committee (CEIC) of the

Bellvitge University Hospital. The post-mortem interval

between death and tissue processing was between 3 h

and 11 h 15 min. One hemisphere was immediately cut

in coronal sections, 1-cm thick, and selected areas of

the encephalon were rapidly dissected, frozen on metal

plates over dry ice, placed in individual air-tight plastic

bags, numbered with water-resistant ink, and stored at

�80 �C until used for biochemical studies. The other

hemisphere was fixed by immersion in 4% buffered

formalin for 3 weeks for morphologic study. Transversal

sections of the spinal cord were alternatively frozen at

�80 �C or fixed by immersion in 4% buffered formalin.

The neuropathological study was carried out on paraffin

sections of twenty-five selected regions of the cerebrum,

cerebellum, brain stem, and spinal cord which were

stained with hematoxylin and eosin, Klüver-Barrera, and

periodic acid Schiff, or processed for

immunohistochemistry with anti-b-amyloid, phospho-tau

(clone AT8), a-synuclein, aB-crystallin, TDP-43, TDP-

43-P, ubiquitin, p62, glial fibrillary acidic protein, CD68,

and IBA1 antibodies (Ferrer et al., 2008; Ferrer, 2014).

Pathological cases (n = 15) were those having NFT

Braak stages I–II (n = 5; 3 male, 2 women, 68.8 ± 10.

9 years), III–IV (n = 5; 4 male, 1 female, 77.2 ± 5.7 ye

ars), and V–VI (n = 5; 81 ± 7.5 years). Cases with

associated pathology including other tauopathies, a-
synucleinopathy, TDP-43 proteinopathy, other

neurodegenerative diseases, vascular diseases, and

neoplastic diseases affecting the nervous system were

excluded. In addition, patients with arterial hypertension,

type II diabetes, morbid obesity, hyperlipidemia, hepatic

failure, renal failure, respiratory insufficiency, metabolic

syndromes, and prolonged axonal states such as those

occurring in intensive care units were excluded. Cases

with infectious, inflammatory, or autoimmune diseases,

either systemic or limited to the nervous system, were

not included. Middle-aged (MA) control cases (n = 9; 5

men, 4 women; 58.8 ± 12.3 years) had not suffered

from neurologic or psychiatric diseases and did not have

abnormalities in the neuropathological examination

including the absence of NFTs (Ferrer et al., 2021).

Supplementary Table 1 summarizes the

characteristics of cases used in this series. NFT

pathology was categorized according to the staging of
butor of Granulovacuolar Degeneration at the First Stages of Neurofibrillary Tangles Pathology. Neu-

https://doi.org/10.1016/j.neuroscience.2021.10.023


P. Andrés-Benito et al. / Neuroscience xxx (2021) xxx–xxx 3
Braak and Braak (1991) modified for paraffin sections

(Braak et al., 2006), b-amyloid deposits according to Thal

phases (Thal et al., 2002), and CERAD scores according

to the National Institute on Aging-Alzheimer’s Association

guidelines for the neuropathologic assessment of Alzhei-

mer’s disease (Hyman et al., 2012; Montine et al., 2012).

Additionally, cases 12 and 14, which were categorized as

phase A1 of Thal, had diffuse plaques in the frontal cortex

but not in the entorhinal cortex.

Immunohistochemistry and double-labeling
immunofluorescence and confocal microscopy

The selection of the antibodies was based on the list of

phosphoproteins identified in a previous (phospho)

proteomics study in the entorhinal cortex and frontal

cortex area 8 at different stages of NFT pathology

(Ferrer et al., 2021). The cases assessed in that work

are the same as those analyzed in the present study. All

MS raw data and search result files have been deposited

at the ProteomeXchange Consortium (http://proteome-

central.proteomexchange.org) via the PRIDE partner

repository with the dataset identifiers PXD021645

(Reviewer account details: Username: reviewer_

pxd021645@ebi.ac.uk; Password: ANBskoaI) and

PXD021653 (Reviewer account details: Username: re-

viewer_pxd021653@ebi.ac.uk; Password: kMAyoOkq).

In addition, other antibodies that recognize well-

established components of GVD are used for comparison

and validation purposes.

Paraffin-embedded, 4 lm-thick de-waxed paraffin

sections of the anterior and posterior hippocampus were

boiled in citrate buffer (20 min) to retrieve protein

antigenicity. Endogenous peroxidases were blocked by

incubation in 10% methanol-1% H2O2 solution (15 min)

followed by 3% normal horse serum solution. Then the

sections were incubated at 4 �C overnight with one of

the primary antibodies listed in Supplementary Table 2.

Following incubation with the primary antibody, the

sections were incubated with EnVision + system

peroxidase (Dako, Agilent Technologies, Santa Clara,

CA, USA) for 30 min at room temperature. The

peroxidase reaction was visualized with

diaminobenzidine and H2O2. Control of the

immunostaining included omission of the primary

antibody; no signal was obtained following incubation

with only the secondary antibody.

For double-labeling immunofluorescence and

confocal microscopy, de-waxed sections, 4 lm thick,

were stained with a saturated solution of Sudan black B

(Merck, Glostrup, DE) for 15 min to block the

autofluorescence of lipofuscin granules present in cell

bodies, and then rinsed in 70% ethanol and washed in

distilled water. The sections were incubated at 4 �C
overnight with combinations of primary antibodies. The

characteristics of the antibodies are listed in

Supplementary Table 2. After washing, the sections

were incubated with Alexa488 or Alexa546 (1:400,

Molecular Probes, Eugene, OR, USA) fluorescence

secondary antibodies against the corresponding host

species. Nuclei were stained with DRAQ5TM (dilution

1:2000, BioStatus, Loughborough, UK). After washing,
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the sections were mounted in Immuno-Fluore mounting

medium (ICN Biomedicals, Irvine, CA, USA), sealed,

and dried overnight. Sections were examined with a

Leica TCS-SL confocal microscope (Ferrer et al., 2014).
Semi-quantitative evaluation

Semi-quantitative assessment of optical microscopy

sections was carried out in AD cases stage V–VI. The

number of immunoreactive neurons with GVD and NFTs

positive with the different antibodies was counted in

three areas of the CA1 region at a magnification of

�400 selected at random in a given section in every

case. Serial sections, one of them stained with

haematoxylin and eosin, were used for this purpose.

The total number of neurons in selected areas was

counted in the section stained with haematoxylin and

eosin. The number of immunoreactive neurons with

every antibody was expressed as the percentage of the

total number of neurons in these areas. The expression

of positive neurons was eventually listed semi-

quantitatively considering the median values in AD

stage V–VI. The following signs were used as final

indicators; values for GVD, +++: 20–30% of the total

number of neurons; ++: 10–19; +: 1–9%; +/�: not

present in all sections; values for NFT, ###: 50–70%;

##: 20–49%; #: 1–19%; #/-: not present in all sections.

The evaluation of immunoreactivty in dystrophic neurites

of SPs and neuropil threads expressed as §§§, §§, §, –

indicate abundant, moderate number, rarely stained, or

not stained at all, respectively.
RESULTS

The study was centred on the CA1 and CA2 subfields of

the hippocampus in MA and in cases with progressive

stages of NFT pathology (stages I–II, III–IV, and V–VI)

with no associated pathologies. Special attention was

paid to the localization of phosphorylated kinases and

other phosphorylated proteins in comparison to common

markers of GVD, NFTs, DNs, and NTs.
Phosphorylated kinases

p38-P Thr180/tyr182 (p38-P) immunoreactivity was first

observed at stages I–II of NFT pathology in abundant

cytoplasmic granules in a subpopulation of CA1 and

CA2 neurons. The number of neurons with cytoplasmic

granules increased at the middle and advanced stages

of NFT pathology. In contrast, only a few pre-tangles

and rare NFTs were stained with anti-p38-P antibodies,

some of them also containing cytoplasmic granules.

p38-P was one of the best markers of cytoplasmic

granules across the NFT staging (Fig. 1A). DNs and

NTs were rarely stained with anti-p38-P antibodies.

A different pattern was found for stress-activated

protein kinase/Jun amino-terminal kinase Thr183/Thr185

(SAPK/JNK-P) immunoreactivity. No positive structures

were present in MA cases. SAPK/JNK-P-positive

cytoplasmic granules were found in a few neurons of

the CA1 and CA2 subfields. In contrast, pre-tangles and

NFTs showed strong SAPK/JNK-P-immunoreactivity
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Fig. 1. Immunohistochemistry of phosphorylated kinases p38-P Thr180/Tyr182, SAPK/JNK-P Thr183/Thr185, PKA a/b-P Thr197, and SRC-P Tyr

416 in the CA1 area of the hippocampus in middle-aged cases (MA), and at stages I–II, III–IV, and V–VI of NFT pathology. (A) p-38-P

immunoreactivity is found in cytoplasmic granules of a subset of neurons (thick arrows), and in fibrillary cytoplasmic deposits (thin arrows). Both

lesions may be seen in the same neuron. (B) SAPK/JNK-P is found predominantly in cytoplasmic deposits consistent with NFTs (thin arrows);

neurons with cytoplasmic granules (thick arrow) are scanty when compared with parallel sections stained with anti-p38-P antibodies. The

morphology of the inclusion at stage I–II resembles a Hirano body but it showed a characteristic NFT morphology in an immediate section stained

with the AT8 antibody. (C) PKA a/b-P immunoreactivity decorates the cytoplasm of neurons in MA and NFT cases. Cytoplasmic PKA a/b-P is

reduced with NFT staging, but strong PKA a/b-P-positive granules (thick arrows), and immunoreactive deposits consistent with NFTs (thin arrows)

appear in the cytoplasm in a subset of neurons with NFT stage progression. (D) SRC-P immunoreactivity occurs in the cytoplasm of neurons in MA

and pathological cases. Strong SRC-P immunostaining identifies a few neurons with cytoplasmic granules (thick arrows), or with elongated deposits

consistent with pre-tangles or tangles (long arrows). Note the early appearance of cytoplasmic granules in comparison to the late formation of NFT-

like deposits. Paraffin sections, lightly counterstained with hematoxylin, bar = 50 lm.
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along with disease progression (Fig. 1B). DNs and NTs

were stained with anti-SAPK/JNK-P antibodies.

Weak protein kinase A or cyclic AMP-dependent

protein kinase A Thr197 (PKA a/b-P) immunoreactivity

decorated the nucleus and cytoplasm of CA1 and CA2

hippocampal neurons in MA and NFT cases. Also, PKA

a/b-P immunoreactivity recognized cytoplasmic granules

in selected neurons in the CA1 and CA2 areas of the

hippocampus at the first stages (I–II) of NFT pathology,

increasing in number at the middle stages (III–IV).

Some NFTs and pre-tangles were immunostained with

anti-PKA a/b-P antibodies; a few neurons contained

both PKA a/b-P-positive cytoplasmic granules and NFTs

(Fig. 1C). DNs and NTs were negative.
Please cite this article in press as: Andrés-Benito P et al. Dysregulated Protein Phosphorylation as Main Contri

roscience (2021), https://doi.org/10.1016/j.neuroscience.2021.10.023
Anti-tyrosine-protein kinase SRC Tyr416 (SRC-P)

antibodies weakly decorated the nucleus and cytoplasm

of neurons in MA and NFT cases. Also, neurons with

cytoplasmic granules, and subpopulations of pre-tangles

and NFTs, were immunostained with anti-SRC-P

antibodies across NFT staging. However, many neurons

with GVD, as revealed by hematoxylin counterstaining,

were devoid of SRC-P-positive granules. Moreover,

SRC-P immunoreactivity was decreased in the

cytoplasm of some neurons at stages V–V when

compared with MA cases (Fig. 1D). DNs and NTs were

negative with anti-SRC-P antibodies.

Serine threonine protein kinase 1 Ser199/Ser204

(PAK1-P) immunoreactivity was localized in the nucleus
butor of Granulovacuolar Degeneration at the First Stages of Neurofibrillary Tangles Pathology. Neu-
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of neurons in MA and NFT cases. Granular cytoplasmic

inclusions and NFTs were strongly immunostained with

anti-PAK1-P antibodies. The number of labeled neurons

in the CA1 and CA2 subfields increased with NFT stage

progression (Fig. 2A). DNs and NTs were negative with

anti-PAK-1 antibodies.

No calcium-calmodulin kinase 2A Tyr786 (CAMK2A-

P) immunostaining was observed in MA cases.

However, abundant CAMK2A-P-positive cytoplasmic

granules appeared in CA1 and CA2 neurons at stages

I–II; the number of affected neurons increased at stages

III–IV and V–VI. NFTs were negative with this antibody

at all stages (Fig. 2B). DNs and NTs were not stained

with anti-CAMK2A-P antibodies.

Neurons of the CA1 and CA2 subfields in MA cases,

and at different NFT stages showed weak cytoplasmic

protein kinase C c type Thr655 (PKCG-P)
Fig. 2. Immunohistochemistry of phosphorylated kinases PAK1-P Ser199/S

area of the hippocampus in MA, and at stages I–II, III–IV, and V–VI of NFT

pathological cases. Cytoplasmic granules of selected neurons (thick arrows)

immunoreactivity. (B) CAMK2A-P antibodies stain cytoplasmic granules

immunoreactivity shows a similar pattern. Positive granules (thick arrows) a

stained with anti-PKCG-P antibodies. The characteristics of the staining at sta

the figure. (D) GSK 3b-P Ser9 immunoreactivity showing positive cytoplasmic

cytoplasmic granules, often located within a vacuole, strongly immunostaine

with hematoxylin, bar = 50 lm.
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immunoreactivity. A subpopulation of neurons in the

CA1 and CA2 subfields evidenced strong PKCG-P

immunoreactivity in cytoplasmic granules. NFTs were

negative (Fig. 2C). DNs and NTs were not stained with

anti-PKCG-P antibodies.

The antibody GSK a/b-P recognized glycogen

synthase kinase 3 a phosphorylated at Tyr279 and b at

Tyr216. Antibodies against GSK 3a/b-P stained

cytoplasmic granules in a subpopulation of CA1 and

CA2 neurons. NFTs were weakly-labelled with the

antibody GSK-P Tyr279/Tyr216 (Ferrer et al., 2002) (data

not shown). The anti-phospho-specific GSK-3b-P Ser9

antibody decorated NFTs, DNs, and NPs (Ferrer et al.,

2002, 2005). Cytoplasmic granules were also immunos-

tained with anti-GSK-3b-P Ser9 antibodies in our study

(Fig. 2D).
er204, CAMK2A-P Tyr 786, PKCG-P THr655, and CK1-d in the CA1

pathology. (A) PAK1-P decorates the nuclei of neurons in MA and

and inclusions reminiscent of NFTs (thin arrows) show strong PAK1-P

in a subset of hippocampal neurons (thick arrows). (C) PKCG-P

re seen in a subset of neurons. Structures mimicking NFTs are not

ges V–VI are similar to those seen at stages III/IV and were skipped in

granules within vacuoles (thick arrow) in AD stage V–VI. (E) Neuronal
d with anti-CK1-d antibodies. Paraffin sections, lightly counterstained

of Granulovacuolar Degeneration at the First Stages of Neurofibrillary Tangles Pathology. Neuroscience
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Other phosphorylated proteins

The antibody AT8 (anti-tau-P Ser202/Thr205) and

phospho-tau specific anti-tau-P Thr181 antibody

decorated pre-tangles, NFTs, DNs, and NTs, but not

GVD. In contrast, the antibody tau-P Ser262 decorated

cytoplasmic granules of a subpopulation of CA1 and

CA2 neurons, in addition to NFTs, DNs, and NTs

(Fig. 3A).

Neurons with pre-tangles and NFTs showed MAP2-P

Thr1620/1623 immunoreactivity. Also, MAP2-P-positive

granules were present in neurons at pre-tangle stages

(Fig. 3B). The pattern of sections stained with MAP2-P

antibodies was similar to that seen in parallel sections

stained with the antibody AT8 (excepting the negative

AT8 staining of cytoplasmic granules).

In contrast to MAP2-P, MAP1B-P Thr1265

immunoreactivity decorated the nuclei of neurons in MA

and NFT cases. Moreover, a subpopulation of CA1 and
Fig. 3. Immunohistochemistry of phosphorylated proteins tau-P-Ser262, MA

CA1 area of the hippocampus in (MA, and at stages I–II, III–IV, and V–VI of N

cytoplasmic granules (thick arrows), and cytoplasmic fibrillary inclusions con

with anti-MAP2-P antibodies. Note the early appearance of granular cytop

inclusions. (C) MAP1B-P immunoreactivity decorates cytoplasmic granules

antibody. (D) NFL-P immunostaining is not found in cytoplasmic granules bu

arrows). Paraffin sections, lightly counterstained with hematoxylin, bar = 50
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CA2 neurons displayed cytoplasmic granules with

strong MAP1B-P immunoreactivity at stages I–II of NFT

pathology. The number of cells with positive granules

increased at the middle and advanced stages. NFTs,

DNs, and NTs were negative with anti-MAP1B-P

antibodies (Fig. 3C).

Rare positive fibers showed NFL-P Ser473

immunoreactivity in MA cases. A few neurons with

NFTs were stained at different NFT stages. However,

the number of NFL-P-positive neurons was by far

smaller than the number of NFTs recognized with AT8

and anti-MAP2-P antibodies (Fig. 3D).

The hippocampus of MA individuals was negative with

anti-catenin b-P Ser45/Thr41 antibodies. However,

numerous catenin b-P-immunoreactivity cytoplasmic

granules decorated a subpopulation of CA1 and CA2

neurons at the first stages of NFT pathology. The

number of affected neurons increased at stages III–IV

together with the appearance of catenin-b-P-
P2-P Thr1620/1623, MAP1B-P Thr1265, and NFL-P Ser473 in the

FT pathology. [Where is A?] (B) MAP2-P immunoreactivity occurs in

sistent with NFTs (thin arrows). Neuropil threads are also decorated

lasmic inclusions in comparison with the late formation of NFT-like

in a subset of neurons (thick arrows). NFTs are not stained with this

t is found in a few neurons with deposits resembling pre-tangles (thin

lm.
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immunoreactive NFTs. The number of neurons with

cytoplasmic granules was maintained or even

decreased at stages V–VI in parallel to the increase in

the number of positive NFTs in the same regions

(Fig. 4A). DNs and NTs were negative.

Weak adducin1-P Ser726 (ADD1-P) immunoreactivity

decorated the cytoplasm of neurons in MA cases. ADD1-

P-positive cytoplasmic granules appeared in a few

neurons in the CA1 and CA2 subfields at stages I–II.

The number of neurons with granules increased at

stages III–IV, and decreased at stages V–VI. This

occurred in parallel to the appearance of ADD1-P-

immunoreactive NFTs, and with the presence of ADD1-

P-positive astrocytes (Fig. 4B). DNs and NTs were

negative. ADD1/ADD2-P Ser726/Ser713 antibodies

showed the same pattern of staining. Abundant ADD1/

ADD2-P-positive cytoplasmic granules were found in a
Fig. 4. Immunohistochemistry of phosphorylated proteins catenin b-P Ser45

CA1 area of the hippocampus in MA, and at stages I–II, III–IV, and V–VI of N

arrows), and fibrillary cytoplasmic deposits in neurons (thin arrows) reminiscen

(C) ADD1/ADD2-P immunoreactivity is found in cytoplasmic granules in a s

consistent with NFTs (thin arrows). Both antibodies also stain reactive astrocy

the middle (ADD1-P) and lower (ADD1/ADD2-P) panels. (D, E) Cytoplasmic

TDP-43 Ser403-404 antibodies (thick arrows) at AD stages III–IV and V–VI

immunoreactivity stains cytoplasmic granules (thick arrows), often located w

case. (G) Phosphorylated eukaryotic initiation factor 2a (eIF2a-P Ser51) is ra

an ADV–VI case. Paraffin sections, lightly counterstained with hematoxylin,
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subpopulation of CA1 and CA2 neurons at stages I–II.

The number of neurons with granules increased at

stages III–IV, only to decrease thereafter. In contrast,

the number of ADD1/ADD2-P-positive NFTs and

astrocytes increased with the stage progression

(Fig. 4C). DNs and NTs were negative. Diffuse plaques

were labeled with anti-ADD1-P and anti-ADD1/ADD2-P

antibodies; the staining was likely related to fine

astrocyte processes (data not shown).

The antibody anti-TDP43-P Ser403-404 decorated

cytoplasmic granules in a subset of neurons in the CA1

and CA2 subfields at different AD stages (Fig. 4D, E).

NFTs, DNs, and NTs were negative.

The antibody anti-phosphorylated inositol-requiring

enzyme 1a (IRE1a-P Ser274) immunostained

cytoplasmic granules, often located within a vacuole, in

a subset of CA1 and CA2 neurons in NFT cases more
/Thr41, ADD1-P Ser726, and ADD1/ADD2-P Ser726/Ser713, in the

FT pathology. (A) Cytoplasmic granules in a subset of neurons (thick

t of NFTs show strong catenin b-P immunoreactivity. (B) ADD1-P and

ubset of neurons (thick arrows), and cytoplasmic fibrillary inclusions

tes (asterisks). AD stages in the upper panel (catenin-b) also relate to

granules in a subset of CA1 and CA2 neurons are stained with anti-

. (F) Phosphorylated inositol-requiring enzyme 1a (IRE1a-P Ser274)

ithin a vacuole, in a subset of CA1 and CA2 neurons in an ADV–VI

rely encountered in neurons with cytoplasmic granules (thick arrow) in

bar = 50 lm.
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common at advanced AD stages. NFTs, DNs, and NT

were negative (Fig. 4F).

The antibody anti-phosphorylated eukaryotic initiation

factor 2 (eIF2a-P Ser51) immunostained a few neurons

with cytoplasmic granules in CA1 and CA2 neurons in

NFT cases. NFTs, DNs, and NT were negative (Fig. 4G).
Other non-phosphorylated kinases and proteins

Antibodies against neurofilaments of 200 kDa and

160 kDa (high and medium molecular weight

neurofilaments; clones RT97 and BF10, respectively)

decorated neurofilaments in the neuropil and white

matter, and the soma of neurons in MA and in cases

with NFT pathology. NFTs showed variable RT97 and

increased BF10 immunostaining. Some DNs displayed

moderate to strong RT97 and BF10 immunoreactivy.

GVD was negative (data not shown).

Casein kinase-d (CK1-d) immunoreactivity was

localized in cytoplasmic granules of a subpopulation of

neurons in the CA1 and CA2 subfields at first stages of

NFT pathology. The number of neurons with CK1-d-
positive cytoplasmic granules increased with NFT

staging progression. NFTs, DNs, and NTs were

negative with anti-CSK-d antibodies (Fig. 2E).
Fig. 5. (A, B) anti-3Rtau antibodies decorate cytoplasmic granules in a subse

presence of positive cytoplasmic granules in a subset of neurons in the

immunostained (thin arrows). (E) In contrast to catenin b-P Ser45/Thr41, ant

Cytoplasmic granules are rarely stained with anti-p62 antibodies, although

arrow). (G) Ubiquitin immunostaining shows positive cytoplasmic granules in

ubiquitin-positive granules. (H) Although uncommon, some cytoplasmic granu

(I–L) LAMP1 immunoreactivity is found in cytoplasmic vacuoles (thick arrow

LAMP1-positive vacuoles in addition to the diffuse granular immunostainin

contain LAMP1-immunoreactive granules inside them. Paraffin sections, ligh

(L), bar = 20 lm.
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Cytoplasmic granules in CA1 and CA2 neurons were

stained with anti-3Rtau and anti-4Rtau antibodies

(Fig. 5A–D). However, the number of positive neurons

was smaller than the number of neurons with CK1-d-
immunoreactive granules as revealed in parallel

sections. NFTs and DNs were also immunostained with

anti-3Rtau and anti-4Rtau antibodies

In contrast to anti-catenin b-P Ser45/Thr41, the

catenin b antibody stained very few cytoplasmic

granules in CA1 and CA2 neurons (Fig. 5E). NFTs,

DNs, and NTs were negative.

In the same line, the antibody anti-TDP-43 did not

stain cytoplasmic granules (data not shown), in contrast

to the antibody against TDP43-P Ser403-404.

The antibody anti-p62 immunostained the cytoplasm

of a subset of neurons in the hippocampus, some of

them with the morphology of NFTs. Curiously, p62-

immunoreactive neurons with vacuoles rarely showed

p62-positive intravacuolar granules (Fig. 5F).

Ubiquitin was found in a subset of neurons with

cytoplasmic vacuoles in the CA1 and CA2 subfields.

However, ubiquitin granules were not seen in most

neurons with vacuoles. Curiously, ubiquitin-

immunoreactive granules were also located at the

periphery of the external neuronal cytoplasmic
t of CA1 neurons (thick arrows. (C, D) anti-4Rtau antibodies show the

CA1 subfield of the hippocampus (thick arrow). NFTs are also

ibodies raised against catenin b stain a few cytoplasmic granules. (F)
p62 decorates the cytoplasm of neurons containing vacuoles (white

a few neurons; affected neurons are often accompanied by peripheral

les, often located within a vacuole, show strong LC3 immunostaining.

s) and dystrophic neurites of senile plaques (DNs). A few DNs have

g (white arrow). Several LAMP1-positive cytoplasmic vacuoles also

tly counterstained with hematoxylin, bar = 50 lm, excepting (K) and
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membrane (Fig. 5G). Some NFTs and most DNs

contained ubiquitin; NTs were seldom positive. In short,

the number of neurons with ubiquitin-positive granules

was clearly smaller than the number of neurons with

CK1-d- and p38-P-immunoreactive granules as revealed

in serial sections of the same cases.

Moderate LC3 immunoreactivity decorated the

cytoplasm and neuronal processes. LC3 antibodies

stained cytoplasmic granules in CA1 and CA2 neurons.

However, the number of neurons with LC3-positive

granules and the number of positive granules per cell

were smaller compared with the number of neurons with

CK1-d-positive granules and the number of positive

granules per neuron, when comparing serial sections of

the same case. (Fig. 5H). The antibody LC3 in tissue

sections does not discriminate between the cytosolic

form (LC-I) and the LC3-phosphatidylethanolamine

conjugate (LC3-II) which is recruited to autophagosomal

membranes (Tanida et al., 2008).

Cytoplasmic vacuoles with granules in neurons of the

CA1 and CA2 subfields were stained with anti-LAMP1.

LAMP1 antibodies also decorated DNs with a diffuse
Table 1. Localization of kinases and selected phosphorylated and non-phosph

NFT pathology; GVD: granulovacuolar degeneration; NFTs: neurofibrillary ta

threads. Semi-quantitative assessment of lesions in the CA1 region of ADV–V

neurons; ++: 10–19; +: 1–9%; +/–: not present in all sections; values for NFT

The evaluation of immunoreactivty in dystrophic neurites of senile plaques and n

number, rarely stained or not stained at all, respectively

granules/GVD NF

p38-P Thr180/Tyr182 +++ #

SAPK/JNK-P Thr183/Thr185 + ##

PKA a/b-P Thr197 ++ #

SRC-P Tyr416 +, ; #,

GSK 3a/b-P Tyr279/Tyr216 ++ #/–

GSK 3 b Ser9 – ##

PAK1-P Ser199/Ser204 ++ ##

CAMK2A-P Tyr786 ++ –

PKCG-P Thr655 ++ –

CK1-d +++ –

3Rtau + ##

4Rtau + ##

Tau AT8 – ##

Tau-P Thr181 – ##

Tau-P Ser262 ++ ##

MAP2-P Thr1620/1623 + ##

MAP1B-P Thr1265 + –

NFL-P Ser473 – #/–

NFH (200 kDa) RT97 – #/–

NFM (160 kDa) BF10 – #/–

ADD1-P Ser726 + #

ADD/1/ADD2-P Ser726/Ser713 + #

catenin b +/– –

catenin b-P Ser45/Thr41 ++ #

TDP-43 – –

TDP-43-P Ser409 + –

IRE-P Ser 274 + –

eIF2a-P Ser51 + –

p62 + #

ubiquitin + #

LC3 + –

LAMP1 ++ –
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pattern, but very rarely NFTs; NTs were negative, as

detailed elsewhere (Barrachina et al., 2006). LAMP1

immunoreactivity was observed inside the vacuoles in a

subpopulation of neurons. LAMP1-positive vacuoles were

distinguished in some DNs in addition to the diffuse

immunostaining (Fig. 5I–L).

Table 1 summarizes the immunohistochemical

characteristics of GVD, NFT, SPs and NTs in the CA1

region of the hippocampus in cases with NFT pathology

stages V–VI.
Double-labeling immunofluorescence and confocal
microscopy

Double-labeling immunofluorescence was carried out in

selected tissue sections to elucidate the relationship

between p38-P, SAPK/JNK-P, GSK3 a/b-P, PK1-P, and
SRC-P, and phospho-tau deposits, as revealed with the

antibodies AT8 and P-tauThr181.

p38-P-positive cytoplasmic granules were not stained

with the antibody AT8. p38-P immunoreactivity was

observed in a few neurons with variable amounts of P-
orylated proteins in the CA1 subfield of the hippocampus in cases with

ngles; DN/SPs: dystrophic neurites of senile plaques; NPs: neuropil

I cases detailed in methods; values for GVD, +++: 20–30% of total

, ###: 50–70%; ##: 20–49%; #: 1–19%; #/–: not present in all sections.

europil threads expressed as §§§, §§, §, – indicate abundant, moderate

Ts DN/SPs NTs others

§ –

§§§ §

– –

=, ; – –

– –

§§ –

– –

– –

– –

§§ –

§§ §

§§ §

# §§§ §§§

# §§§ §§§

# §§§ §

# §§§ §§

– –

§/– –

§/– –

§/– –

– – astrocytes

– – astrocytes

– –

– –

– –

– –

– –

– –

§ –

§§ §

– –

§§§ microglia
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tau deposition in the cytoplasm, some of them considered

pre-tangles (Fig. 6A, B). NFTs were rarely stained with

anti-p38-P antibodies while some neurons contained

p38-P-immunoreactive granules with no trace of AT8

immunoreactivity (Fig. 6C).

SAPK/JNK-P immunoreactivity decorated cytoplasmic

granules in neurons, but not in AT8-positive neurons (data

not shown). Neurons with pre-tangles showing AT8

perinuclear immunoreactivity were negative with anti-

SAPK/JNK-P antibodies (Fig. 6D). In contrast, strong

SAPK/JNK-P immunoreactivity co-localized with AT8-tau

in NFTs (Fig. 6E).

GSK3 a/b-P immunoreactivity decorated the

cytoplasmic granules in a few neurons in the CA1 and

CA2 areas of the hippocampus that did not contain tau-

P Thr181 in the cytoplasm. Neurons with NFTs and

without NFTs were weakly immunostained with anti-

GSK3 a/b-P antibodies (Fig. 7A).

Anti-PAK1-P antibodies decorated cytoplasmic

granules in a subset of neurons in the CA1 and CA2

subfields. The cytoplasmic granules were negative with

AT8, but AT8 immunoreactivity was present in the

cytoplasm of neurons containing PAK1-P-positive

granules; AT8 deposits in these neurons had the

morphology of pre-tangles (Fig. 7B). In contrast, NFTs

rarely displayed PK1-P immunoreactivity (Fig. 7C).

The intensity of SRC-P immunoreactivity varied in

individual neurons in cases with NFTs. SRC-P

immunoreactivity increased in some neurons without

tau-P Thr181 deposits, but SRC-P immunoreactivity was

reduced in most neurons with NFTs. Neurons with

increased SRC-P and tau-P THr181 deposits were

seldom observed (Fig. 7D, E).

MAP2-P immunoreactivity showed the same pattern

of NFT immunostaining as the antibody AT8. NFTs

were strongly stained with anti-MAP2-P antibodies;

neurons without NFTs were not (Fig. 8A, B). In contrast,

moderate ADD1-P immunoreactivity was seen in the

cytoplasm of neurons in MA and cases with NFT

pathology. Increased ADD1-P immunoreactivity

occurred in the cytoplasmic granules in a subset of

neurons. Although granules were negative with AT8,

most neurons with ADD1-P-immunoreactive granules

showed cytoplasmic AT8 immunoreactivity (Fig. 8C, D).

NFTs were rarely stained with anti-ADD1-P antibodies

(Fig. 8D).

In order to learn about the relationship between CK1-d
and other cytoplasmic granule markers double-labelling

immunofluorescence was assessed in selected tissue

sections. LC3-positive granules were scanty and rarely

co-localized with the most abundant CK1-d-
immunoreactive granules (Fig. 8E).
Fig. 6. Double-labeling immunofluorescence and confocal microscopy of p38

and SAPK/JNK-P (green) and AT8 (red) (D, E) in the hippocampus at stag

cytoplasm of neurons with weak or moderate phospho-tau deposits (long arro

only p38-P-immunoreactive granules with no phospho-tau (thick arrows), and

(C). SAPK/JNK-P immunoreactivity is not seen in neurons with pre-tangles (D
phospho-tau in NFTs (E). Nuclei are labeled with DRAQ5TM (blue). Paraffin se

this figure legend, the reader is referred to the web version of this article.)
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In contrast, CK1-d-positive granules commonly co-

localized with p38-P, MAP1B-P, CAMK2A-P, PKA a/b-
P, and tau-P Ser262 (Fig. 9). This does not mean

complete co-localization, as a minority of CK1-d-positive
granules were not stained with anti-p38-P or with anti-

CAMK2A-P antibodies (Fig. 9A and C), and a few

MAP1B-P- and PKA a/b-P-immunoreactive granules

were not stained with anti-CK1-d antibodies (Fig. 9B and

D). In contrast to tau AT8 and tau-P Thr181, tau-P

Ser262 co-localized with CK1-d in the cytoplasmic

granules (Fig. 9E).

Double-labelling with LAMP1 and CK1-d showed

variable co-localization. Some neurons, particularly at

first stages of NFT pathology showed CK1-d-positive
cytoplasmic granules without surrounding vacuoles.

However, increased LAMP1 immunoreactivity was

diffuse in the cytoplasm (Fig. 10A). Other neurons

contained CK1-d-immunoractive granules with no

vacuoles and no increase in LAMP1 immunoreactivity.

Mature GVD was characterized by CK1-d-positive
granules inside LAMP1-immunoreactive vacuoles. Yet

not all granules were surrounded by LAMP1-

immunoreactive membranes, thus suggesting free

localization of a relatively percentage of CK1-d-positive
granules in neurons at advanced stages of NFT

pathology with mature GVD (Fig. 10B, C).
DISCUSSION

Cytoplasmic granules in CA1 neurons are common in

cases with NFT pathology, and their number, although

with individual variations, increases with NFT stage

progression. Cytoplasmic granules are better visualized

with selected antibodies than in haematoxylin and eosin-

stained sections. Some of them lack a surrounding

membrane and do not appear as classical GVDs. This

is probably due in part to the different pathways that

cytoplasmic granules follow in neurons; some of them

are recruited in NFTs; others will form the core of

GVDs. It is difficult to ascertain the eventual fate of a

particular cytoplasmic granule at the time in which it

lacks a membrane. Moreover, GVD can be found in

neurons with tangles; instead, neurons with tangles

usually lack vacuoles with granules inside in most brain

regions, including the hippocampus. That means that

GVD and NFTs are distinct neuronal alterations.

Commonalities and differences are detailed below.
Kinases and other proteins in GVD

Various kinases are localized in neurons with GVD. Some

of them identify the granules with antibodies directed to
-P Thr180/Tyr182 (green) and AT8 (tau-P Ser202/Thr205; red) (A–C),
es III–IV of NFT pathology. p38-P is found in small granules in the

wheads) and early phospho-tau deposits (A, B). Some neurons have

others only phospho-tau without p38-P-positive granules (thin arrows)

). In contrast, strong SAPK/JNK-P immunoreactivity co-localizes with

ctions, bar = 20 lm. (For interpretation of the references to colour in

"
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non-phospho-specific epitopes of the proteins, such as

casein kinase 1 isoforms (CK1-a, d, and e) (Ghoshal

et al., 1999; Schwab et al., 2000; Kannanayakal et al.,

2006), cyclin-dependent kinase-5 (cdk5) (Nakamori

et al., 2012), dual-specificity tyrosine-phosphorylation-re

gulated kinase 1 A (DYRK1A) (Wegiel et al., 2008), and

SRC tyrosine kinase (SRC) (Bhaskar et al., 2005). Other

kinases are detected in the granules using phospho-

specific antibodies. Active glycogen synthase kinase 3b
(P-GSK-3a and GSK-3b) (Leroy et al., 2002), p38-

activated mitogen-activated protein kinase (p38-P) (Zhu

et al., 2000), stress-activated protein kinase/c-Jun N-

terminal kinase (SAPK/JNK-P) (Lagalwar et al., 2007),

and active p70 S6 kinase (An et al., 2003) are among this

group.

Our results confirm the presence of CK1-d, p38-P

Thr180/Tyr182 (p38-P), stress-activated protein kinase/

c-Jun N-terminal kinase Thr183/Thr185 (SAPK/JNK-P),

glycogen synthase kinase 3a/b Tyr279/Tyr216 (GSK-3a/
b-P), and GSK-3b Ser9 in the cytoplasmic granules in a

subset of neurons of the CA1 and CA2 areas of the

hippocampus. Also, we identify for the first time the

presence of phosphorylated protein kinase A or cyclic

AMP-dependent protein kinase A Thr197 (PKA a/b-P),
SRC tyrosine kinase Tyr 416 (SRC-P), serine threonine

protein kinase 1 Ser199/Ser204 (PAK1-P), calcium-

calmodulin kinase 2A Tyr197 (CAMK2A-P), and protein

kinase C type c Thr655 (PKCG-P) in cytoplasmic

granules in a subset of neurons in the CA1 and CA2

subfields in cases with NFT pathology, but not in MA

cases.

Previous studies identified several proteins in the

cytoplasmic granules in subsets of CA1 and CA2

neurons: cleaved amyloid protein, phospho-catenin-b,
cleaved caspase 3, charged multivesicular body protein

2B, phospho-c-Jun, phosphorylated eukaryotic initiation

factors, phosphorylated inositol-requiring enzyme 1a
(IREa), phosphorylated mammalian target of rapamycin

(mTOR), ribosomal proteins, Smads 2 and 3, p62, and

ubiquitin among others (Okamoto et al., 1991; Love

et al., 1988; Stadelmann et al., 1999; Selznick et al.,

1999; Su et al., 2002; Ghanevati and Miller, 2005; Lee

et al., 2006; Ueberham et al., 2006; Thakur et al., 2007;

Chalmers and Love, 2007; Hoozemans et al., 2009;

Castellani et al., 2011; Funk et al., 2011; Köhler, 2016).

Our results confirm the presence of phospho-b-catenin
Ser45/Thr41 (but also the low expression of catenin-b),
IREa-P Ser274, eIF2a-P Ser51, TDP-43-P Ser403-404

(but absent TDP-43), and ubiquitin. We have identified

other phosphorylated proteins in the cytoplasmic granules
Fig. 7. Double-labeling immunofluorescence and confocal microscopy of G

Ser199/Ser204 (green) and AT8 (red) (B, C), and SRC-P Tyr 416 (green) and

pathology. GSK3 ab-P is found in neurons with phosphorylated tau deposits ((
subset of neurons. The cytoplasmic granules are negative with the AT8 anti

with pre-tangles containing PK1-P-positive granules ((B), thick large arrows);

The intensity of SRC-P immunostaining is increased in some neurons with

neurons with NFTs (asterisks) (D, E). Nuclei are labeled with DRAQ5TM (blue

interpretation of the references to colour in this figure legend, the reader is r
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such as MAP2-P Thr1620/1623, MAP1B-P Thr1265,

ADD1-P Ser726, and ADD1/ADD1-P Ser726/Ser713.
Common and differential composition of GVD, and
NFTs, DNs and NTs

Several phosphorylated kinases are expressed in subsets

of neurons with pre-tangles and NFTs (Arendt et al.,

1995; Perry et al., 1999; Hensley et al., 1999; Pei et al.,

1999; Zhu et al., 2000; Zhu et al., 2001a,b; Zhu et al.,

2002; Pei et al., 2001; Atzori et al., 2001; Ferrer et al.,

2001a,b; Pei et al., 2002a,b; Ferrer et al., 2002; Sun

et al., 2003; Ferrer, 2004; Ferrer et al., 2005). The expres-

sion of such active kinases is accompanied by the activa-

tion of the corresponding upstream activators in neurons

with NFTs (Arendt et al., 1995; Ferrer et al., 2001a,b;

Zhu et al., 2001c, Pei et al., 2002a,b; Zhu et al., 2003a,

Zhu et al., 2003b). The present study confirms the exis-

tence of p38-P Thr180/Tyr182, SAPK/JNK-P Thr183/

Thr185, GSK 3a/b-P Tyr279/Tyr216, and GSK3b-P Ser9

in neurons with pre-tangles and tangles. p38-P

immunoreactivity appears at early stages of tau deposi-

tion, whereas SAPK/JNK-P, and the active and inactive

forms of GSK-3a/b-P, appear at more advanced stages.

Particularly, pre-tangles bearing typical hyper-

phosphorylated perinuclear deposition are not stained

with anti-SAPK/JNK-P antibodies in our series. Mature

NFTs show strong SAPK/JNK-P immunoreactivity. Other

kinases also associate with NFTs. Some of them are

identified with antibodies not directed to active forms like

cell division cycle (cdc2), cdk5, CK1-d, GSK-3b, and

microtubule-affinity regulating kinase (MARK) (Liu et al.,

1995; Yamaguchi et al., 1996; Pei et al., 1997; Pei

et al., 1998; Schwab et al., 2000; Chin et al., 2000;

Borghi et al., 2002). Other kinases are recognized with

antibodies directed against the active (phosphorylated)

forms being cdc2-P (Vincent et al., 1997; Pei et al.,

2002a,b), protein kinase B (PKB-P) (Pei et al., 2003),

and p70 S6 kinase (An et al., 2003).

Our study identifies new kinases in NFTs. PKA a/b-P
Thr197 and PAK1-P Ser199/Ser204 antibodies decorate

subsets of pre-tangles and NFTs. Double-labelling

immunofluorescence with anti-SRC-P and anti-P-tau-

Thr181 reveals a curious scenario; many neurons with

pre-tangles and NFTs show reduced SRC-P

immunoreactivity, while increased SRC-P

immunoreactivity is mainly found in neurons without P-

tau Thr181deposits. Since different phospho-tau

epitopes may be expressed in neurons (Köhler, 2016),

this observation does not necessarily indicate an oppos-

ing relation between phospho-tau and SRC-P in selected
SK3 ab-P Tyr279/Tyr216 (green) and tauP-Thr181 (red), PAK1-P

tauP-Thr181 (red) (D, E) in the hippocampus at stages III–IV of NFT

A), thin arrows). Anti-PK1-P antibodies stain cytoplasmic granules in a

body, but AT8 immunoreactivity is found in the cytoplasm of neurons

however, PK1-P immunostaining is very rare in NFTs (C, thin arrows).

out P-tau deposits (thick arrow), but it is reduced in the majority of

). Paraffin sections, (A–C), bar = 20 lm; (D, E), bar = 40 lm. (For

eferred to the web version of this article.)
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neurons, but rather an opposite correlation between SRC-

P and this particular anti-P-tau epitope.

In contrast to NFTs and cytoplasmic granules, a

limited number of active kinases are localized in

dystrophic neurites of SPs: SAPK/JNK-P, GSK-3a/b-P,
and p38-P. Neuropil threads are not stained, with the

assessed anti-kinase antibodies used in the present

study excepting for SAPK/JNK-P.

P38-P is more abundant in GVD than in NFTs, but the

opposite occurs regarding SAPK/JNK-P. GSK 3a/b-P
Tyr279/Tyr216 predominates in cytoplasmic granules

but GSK 3 b Ser9 in NFTs. CAMK2A-P and PKCG-P,

and CK1d only localize in granular cytoplasmic

inclusions but not in NFTs.

One of the main differences between GVD and NFT is

the participation of different tau species. A summary of

principal phospho-tau species in NFTs is detailed

elsewhere (Ferrer et al., 2014). Several phospho-tau spe-

cies in NFTs are absent in GVD excepting Ser-P Ser262,

among a few others (Köhler, 2016). In contrast, antibod-

ies directed to several tau species truncated at the N-

terminal recognize components of GVD (Bondareff

et al., 1991; Dickson et al., 1993; Leroy et al., 2002).

Regarding other proteins, NFTs are enriched in

MAP2-P Thr1620/1623, while MAP1B-P Thr1265 is

restricted to GVD; NFLs are absent in GVD but present

in NFTs. Phosphorylated TDP-43-P is present in the

granules of GVD, as already reported (Kadokura et al.,

2009), but not in NFTs.

Immunohistochemistry to CK1-a and AT8, and laser

microdissection have identified the proteomes of

neurons containing GVD and NFTs, respectively, using

label free LC-MS/MS (Hondius et al., 2021). A significant

change in abundance of 115 proteins in GVD-containing

neurons and 197 in NFT-containing neurons was

observed compared to control neurons (Hondius et al.,

2021). The method used in that survey did not permit

the identification of phosphorylated proteins. The added

value of our investigation is the identification of several

new phosphorylated kinases and phosphorylated proteins

in GVD which are differentially expressed when compared

with NFTs and DNs. Commonalities and differences

between GVD, NFTs, DNs and NTs are summarized in

Table 1.

Variability of GVD, and convergence of pathogenic
pathways

Some neurons show typical vacuoles with dense

inclusions characteristic of GVD in which the granules

are immunostained with most of the antibodies
Fig. 8. Double-labeling immunofluorescence and confocal microscopy of M

(green) and AT8 (red) (C, D) in the hippocampus at stages III–IV of NFT pa

ADD1-P immunoreactivity occurs in cytoplasmic granules inside vacuoles in

neurons with AT8-immunoreactivity in the cytoplasm outside of vacuoles ((C,
ADD1-P antibodies ((D), thin arrow). Representative image of double-labeli

negativity in CK1-d-positive granules (white short arrows). Nuclei are labeled

bar = 30 lm; (D), bar = 50 lm. (For interpretation of the references to colou

article.)
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assessed in the present study. However, the number of

positive granules is variable depending on the antibody

thus proving that not all the phosphorylated and non-

phosphorylated components are present in every

neuron with GVD. This is not new, as the variability of

integrants in GVDs including tubulins, neurofilaments,

phospho-tau species, p62, and ubiquitin has been

detailed (Köhler, 2016). Casein kinase 1a (CK1-a) iso-

forms and charged multivesicular body protein 2B

(CHMP2B) are considered good markers of GVD

(Ghoshal et al., 1999; Schwab et al., 2000; Funk et al.,

2011). However, the number of neurons with CHMP2B-

immunoreactive granules is higher than the number of

neurons with GVD (Yamazaki et al., 2010). Table 1 further

illustrates the variable incidence of the different compo-

nents in the present series.

Some granules in neurons with GVD co-localize with

markers of the unfolded protein response (UPR) in

neurons with pre-tangles, including phosphorylated

PKR-like ER kinase (PERK-P), IRE1-a-P, and

phosphorylated eukaryotic translation initiation factor 2a
(eIF2-a-P) (Hoozemans et al., 2005; Hoozemans et al.,

2009). Markers of the UPR are also observed in neurons

with NFTs (Unterberger et al., 2006), and in neurons with

no evidence of pre-tangle stage in the present series.

However, the number of neurons with eIF2a-P Ser51-

immunoredactive granules is lower than the number of

neurons with IRE-P Ser 274-immunoractive granules.

Furthermore, the number of neurons with CK1-d- or

p38-P-positive granules roughly doubles the number of

neurons with IRE-P Ser 274-positive granules.

GVD bodies contain LC3 and p62, while others are

surrounded by LAMP1 immunoreactivity, thus

suggesting progression to late-stage autophagic

vacuoles (Funk et al., 2011). However, LC3 is not a con-

stant component of GVD, and p62 is very rare. p62 and

ubiquitin also recognize a subset of NFTs and DNs in

sAD. LAMP1 is associated with later stages of autophagy.

LAMP1 immunoreactivity in neurons containing cytoplas-

mic granules is often manifested as fine granular imunore-

activity in the cytoplasm with occasional ring-like

condensation consistent with the membrane of the vac-

uole (Funk et al., 2011). However, not all cytoplasmic

granules stained with p38-P and CK1-d are localized

within a vacuole, or at least they are not surrounded by

a LAMP1-immunoreactive membrane.

The molecular composition of cytoplasmic granules

suggests a convergence of altered proteolysis, impaired

ubiquitin–proteasome system, abnormal reticulum stress

responses, and altered endocytic and autophagic
AP2-P Thr1620/1623 (green) and AT8 (red) (A, B), ADD1-P Ser726

thology. MAP2-P is co-localized with AT8 in NFTs (A, B). Increased
neurons without AT8-immunoractive deposits ((C), short thick arrow),

D), long thick arrow). However, NFTs are usually not stained with anti-

ng immunofluorescence with LC3 and CK1-d antibodies shows LC3

with DRAQ5TM (blue). Paraffin sections, (A, B, F), bar = 20 lm; (C),
r in this figure legend, the reader is referred to the web version of this
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pathways (Okamoto et al. 1991; Oyanagi and Ikuta, 1974;

Krigman et al., 1965; Aberle et al., 1997; Ghanevati and

Miller, 2005; Hoozemans et al., 2005; Barrachina et al.,

2006; Hoozemans et al., 2009; Funk et al., 2011; Funk

and Kuret, 2012). Recently, mitophagy was added to

the list of alterations linked to GVD (Hou et al., 2020).

However, early stages of GVD contain only granules

and not vacuoles.

It is suggested that tau is the main candidate for

triggering GVD (Köhler, 2016). GVD is the first cellular

response that develops before the appearance of pre-

tangles. Later on, the number of tangles increases in par-

allel to the decrease in the number of GVDs (Hoozemans

et al., 2009; Yamazaki et al., 2011; Nijholt et al., 2012;

Köhler, 2016). Tau pathology provokes the generation

of GVDs in different mouse models in vivo and in primary

neurons in vitro (Ishizawa et al., 2003; Köhler et al., 2013;

Köhler et al., 2014; Wiersma et al., 2019; Wiersma and

Scheper, 2020). In short, the most widely accepted model

follows the scheme: abnormal tau in pretangles induces

abnormal reticulum stress responses, which in turn trigger

endocytic and autophagic pathways in the face of

impaired proteolysis and UPS function. This scenario is

consistent with the idea that GVD is the final stage of an

active process linked to failed degradation of abnormal

protein aggregates in the cytoplasm of a subpopulation

of neurons.
Early kinase activation and abnormal
phosphorylation as key factors in the pathogenesis
of GVD

Although GVD can be induced by tau pathology in

particular settings (Wiersma et al., 2019), it is not clear

that tau is the only inducer of GVD in AD. Several pro-

teomics and network analysis in cellular and animal mod-

els have shown a large number of tau interactors and

modulators; interacting proteins include microtubule-

associated proteins, synaptic proteins, membrane pro-

teins, major protein complexes involved in RNA process-

ing and translation, several heat shock proteins, the

proteasome, and kinases and phosphatases, among

many others (Gunawardana et al., 2015; Stancu et al.,

2019; Sinsky et al., 2020; Feuillette et al. 2020). Recent

quantitative proteomics on micro-dissected NFTs and

affinity purification-mass spectrometry used to pinpoint

which of the identified proteins specifically binds to phos-

phorylated tau, reveal that 75 proteins in NFTs interact

with phospho-tau (Drummond et al., 2020). Several com-

ponents of NFTs do not interact with phospho-tau,

thereby indicating that NFTs are not composed only of

phospho-tau and phospho-tau interactors.
Fig. 9. Double-labeling immunofluorescence and confocal microscopy of CK

Ser262 (red) in the hippocampus at stages III–IV of NFT pathology. CK1d-p
CAMK2A-P (C), PKA a/b-P (D), and tau-P Ser262 (E). However, a minority

anti-CAMK2A-P antibodies (C), and a few MAP1B-P- and PKA a/b-P-immuno

respectively); tau-P Ser262 co-localizes with CK1-d in the cytoplasmic gr

bar = 20 lm. (For interpretation of the references to colour in this figure leg
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A similar scenario is suggested here for GVD. Our

study identifies several proteins, and particularly

phosphorylated kinases as new components of

cytoplasmic granules. Phosphorylation is one of the

most common and essential mechanisms of protein

function. This posttranslational modification mostly

results from activation/inhibition of protein function and/

or recruitment of interacting proteins with structurally

conserved domains. Most identified phosphorylated

kinases are active forms which phosphorylate various

substrates including tau. Other kinases are not tau

kinases. Most identified active kinases and

phosphorylated proteins are found in the cytoplasmic

granules before the appearance of pre-tangles and

tangles in the CA1 and CA2 subfields of the

hippocampus; most of them appear before the

appearance of LAMP1-positive vacuoles. Among

kinases, p38-P, SAPK/JNK-P, MAPK/ERK-P, PKA a/b-
P, SRC-P, GSK3b-P, PAK1-P, CAMK2A-P, PKCG-P,

and CK1-d are identified in the cytoplasmic granules at

stages I–II of NFT pathology. Also, the cytoplasmic

granules in neurons contain tau-P Ser262, MAP1B-P,

ADD1-P, ADD1/ADD2-P, catenin b-P, and TDP-43-P at

stages I–II of NFT pathology. In contrast, 3Rtau and

4Rtau in granules are not as common as tau-P Ser262;

non-phosphorylated catenin b is scanty, and non-

phosphorylated TDP-43 is absent in granules when

compared with the corresponding phosphorylated forms.

These findings support the idea that abnormal hyper-

phosphorylation driven by diverse active kinases is an

early event in the pathogenesis of GVD. Exacerbated

activated kinases phosphorylate different substrates

including some tau species, among other proteins.

Markers of the UPS, reticulum stress response and

autophagy appear later. In summary, the present

findings point to early phosphorylation of kinases

leading to their activation, and resulting in the abnormal

phosphorylation of various substrates, including tau, as

a principal inducer of GVD.
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Fig. 10. Double-labeling immunofluorescence and confocal microscopy of LAMP1 (green) and CK1-d (red) in the hippocampus at stages I–II (A),
II–IV (B), and V–VI (C). CK1-d-immunoreactive granules are not surrounded by LAMP1-immunoreactive vacuoles but show diffuse increased

cytoplasmic LAMP1 immunoreactivity. This changes may represent early stages of GVD (A). Other neurons show numerous CK1-d-
immunoreactive granules surrounded by LAMP1-immunoreactive membranes (B, C) (arrows). However, only a minority of granules are encircled

by membranes. Nuclei are labeled with DRAQ5TM (blue). Paraffin sections, bar = 30 lm. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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