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Abstract

Neurofibrillary tangles and granulovacuolar degeneration bodies:
Examining protein aggregation and accumulation
Sarita Lagalwar
Neurofibrillary tangle (NFT) formation in Alzheimer’s disease (AD) and
tauopathies occurs when tau protein adopts secondary structure and selfaggregates within neurons. Accompanying NFT maturation are post-translational
modifications to tau; hyperphosphorylation, truncation and conformational
changes occur in a highly sequential manner. In contrast, granulovacuolar
degeneration bodies (GVDs) are a second type of inclusion body that is found
within neurons of the hippocampus alongside NFTs in AD and tauopathies. The
composition of GVDs includes a number of proteins involved either in the posttranslational modification of tau or related to the proteasome system of the cell.
In this dissertation, we will examine the role of a protein kinase, stress-activated
protein kinase/ c-Jun N-terminal kinase (SAPK/JNK) that is an important factor in
tau phosphorylation and tau truncation by caspase. First, we will identify the
granular structures that p-SAPK/JNK forms in relation to NFT formation and AD.
Secondly, we will characterize these granules as GVD bodies. Finally, we will
explore how inhibition of the proteasome can lead to creation of p-SAPK/JNK-
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positive granular structures in N2A cells as well as tau aggregates that undergo
post-translational modifications reminiscent of NFT formation.
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List of Abbreviations

NFT

Neurofibrillary tangles

GVD

Granulovacuolar degeneration
Phospho-stress activated protein kinase/ c-Jun N-terminal

p-SAPK/JNK
kinase
AD

Alzheimer’s disease

PSP

Progressive Supranuclear Palsy

CBD

Corticobasal Degeneration

PiD

Pick’s disease

PHF

Paired Helical Filaments

SF

Straight Filaments

A

Beta Amyloid Peptide

APP

Amyloid Precursor Protein

CK1

Casein Kinase 1

GSK3

Glycogen synthase kinase-3

ERK

Extracellular signal-regulated kinase

MAPK

Mitogen-activated protein kinase
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Alzheimer’s Disease Neuropathology
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that
is characterized pathologically by the presence of intracellular tau inclusions
called neurofibrillary tangles (NFTs), as well as neuropil threads and the neuritic
component of plaques. Tangles, threads and neuritic plaques are primarily
composed of paired helical filaments (PHF’s) and straight filaments (SF’s) of
hyperphosphorylated tau protein while the core of senile plaques consists of
fibrillar beta-amyloid (Aβ). Accompanying the gross accumulation of tau and Aβ
is glial activation, loss of cholinergic transmission and neuronal cell death.
The anatomical pathway of neuronal death correlates with the progression
of tau pathology 1 and results in the clinical symptoms of AD which begins with
limbic deficits such as memory loss, but can eventually lead to problems with
cortical functioning 2. While NFT formation may not directly cause neuronal loss,
it likely contributes to the synaptic loss and dendritic remodeling that is seen
within these regions, and these changes are likely to be in involved in loss of
function 3.
Familial mutations account for 10% of all Alzheimer’s cases and affect the
processing of Aβ from amyloid precursor protein. Conversely, mutations of tau
are not known to cause familial AD but do result in ‘tauopathies’ producing
frontotemporal dementia 4, 5 that usually presents clinically as corticobasal
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degeneration (CBD), progressive supranuclear palsy (PSP) and Pick’s disease
(PiD).

Progressive Supranuclear Palsy, Corticobasal Degeneration and Pick’s
Disease Neuropathology
The morphology of tau-positive inclusions and the distribution of inclusions
in these diseases differ from the characteristic pathology of AD. In PSP and
CBD, tau inclusions are primarily found in frontal cortex, brainstem and striatal
tissue. In addition to neuronal pathology which includes some NFTs reminiscent
of those in AD as well as globose tangles, tau filaments form within astrocytes in
PSP as tufted astrocytes, and in CBD as astrocytic plaques 6-8. Moreover, in
Pick’s disease (PiD), tau accumulates within ballooned neurons and Pick bodies,
as well as NFTs which are mainly localized to the frontal cortex and dentate
gyrus 9, 10. Despite these distinguishing features, NFTs are distributed
throughout the hippocampus of AD, PSP, CBD and PiD, albeit at different
densities and degrees of severity 7, 9, 11, 12, a phenomenon likely due to the
process of normal aging.

Granulovacuolar Degeneration
In addition to the fibrillar lesions mentioned above, granulovacuolar
degeneration bodies (GVDs) are intracellular, non-fibrillar entities found primarily
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within pyramidal neurons of the limbic system. Although they are found
profusely within this region, little is understood regarding how their formation may
affect neuronal integrity. They are classically defined as cytoplasmic densecored granules of aggregated protein, between 0.5 and 1.5 μm in diameter, that
accumulate within double-membrane-bound vacuoles, 3-5 μm in diameter 13-15.
GVD bodies are primarily associated with AD but have been described
within hippocampal cells of PSP and PiD and well as aged, pathologically normal
cases 16-18. Early studies aiming to clarify the functional consequences of GVDs
have noted that the abundance of GVDs in hippocampal pyramidal neurons may
be associated with the selective vulnerability of those neurons to AD, hypoxia,
ischemia and epilepsy 19; still little is known about the clinical implications of GVD
bodies. Nevertheless, some insight into the function and or consequences of
GVDs can be made by examining their make-up.
GVDs appear to fall in two basic categories: those associated with ADrelated neurodegeneration and those associated with proteasome dysfunction.
On one hand, GVDs reportedly react with a tau antibody raised against paired
helical filaments from AD brain 20-23. However, the phopho-tau antibody used in
these studies may cross react with other phospho-tau epitopes 24 and other tau
antibodies have failed to detect with GVD bodies 20. Still, antibodies to activated
caspase-3, an apoptotic effector protease involved in the processing of tau 25 and
amyloid precursor protein 26, stains GVDs despite rarely recognizing other
pathological structures 27-30. Antibodies to the protein kinases glycogen-synthase
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kinase-3 (GSK3) and casein kinase 1 (CK1), both of which phosphorylate tau,
recognize GVDs as well 16, 17, 31-33. On the other hand, GVDs have been
detected by antibodies to the cellular marker of proteasome degradation,
ubiquitin 12, 13, and by antibodies to intermediaries in the ubiquitin system,
phospho-β-catenin 34 and Pin1 35.
The large variability among the components of GVDs is quite interesting,
and seems to contrast with the relatively systematic nature in which tau protein
forms NFTs. Notably, there is considerable overlap among GVD-forming
proteins and proteins involved in NFT synthesis. Moreover, both types of
inclusions are found within the pyramidal neurons of the limbic region during the
same stages of disease. Therefore a study of GVD formation, in the context of
NFT formation, is relevant and may improve our understanding of both
processes. The remainder of the introduction will present key proteins involved
in GVD formation and NFT formation, namely tau protein and phospho-stressactivated protein kinase/ c-Jun N-terminal kinase (p-SAPK/JNK), as well as their
role in the caspase-mediated apoptotic cascade.

Cellular and Biochemical Properties of Tau Protein
Tau, a microtubule-associated protein (MAP), is encoded by a gene on
chromosome 17 in humans. Alternative splicing of exons 2, 3 and 10 lead to six
major isoforms of tau in the central nervous system, the shortest of which is
expressed only during embryonic development. The longest isoform (ht40) is a
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441 amino acid protein that includes four microtubule binding repeat regions
which possess a great deal of homology to microtubule-associated protein 2
(MAP2).
In healthy cells, tau is primarily localized to axons 36, which contain
uniformly arranged microtubules, where it is thought to stabilize the microtubule
and promote assembly 37. In support of this assumption, cultured cells
expressing decreased amounts of tau fail to develop axon-like processes 38, 39.
In vitro, the MAPs, including tau, are necessary for microtubule nucleation and
elongation 40. However, tau null mice survive to adulthood and display little
abnormal phenotype 41, perhaps because other MAPs are able to take over the
normal role of tau. During the formation of NFTs, tau undergoes
hyperphosphorylation 42 and truncation 43, Gamblin, 2003 #18, leading to conformational
changes 44-46 and the formation of filaments 47 as well as a decrease in its affinity
for binding microtubules 48. These modifications are thought to lead to
intracellular accumulations of fibrillar tau, in the form of NFTs, neuropil threads
and neuritic plaques, and eventually to cell death.

Tau Protein and Neurodegeneration
Ongoing debate exists over the role that tau and Aβ play in AD
pathogenesis. On one hand, Aβ mutations trigger familial Alzheimer’s disease
while tau mutations do not. On the other hand, the progression of tau
neuropathology correlates well with neuronal loss while Aβ deposition does not.
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While there has been increasing evidence that soluble oligomers of Aβ may
play a role in producing neurotoxicity, perhaps through ligand binding 49, it has
also been shown that intracellular tau is crucial for effecting the neuronal death
signal 50. Specifically, the absence of intracellular tau blocked Aβ-induced
neurotoxicity in primary neurons of tau-null mice compared to wild-type neurons
despite kinase activation in both cell types 50. This suggests that tau, and
perhaps the downstream effects of post-translationally modified tau, is necessary
for carrying out the cell death signal in culture models.

SAPK/JNK and Neurodegeneration
In AD brain, accumulations of tau protein are hyperphosphorylated in the
form of PHF’s 51, 52. This relatively early finding in the field of tau
neurodegeneration research warranted further study into the role of kinase
activation in AD. Several labs showed that Aβ treatment activates a number of
kinases in cell culture models and leads to hyperphosphorylation of intracellular
tau 50, 53, 54.
Furthermore, phosphorylation of tau by various kinases was studied in
vitro: GSK3 (glycogen synthase kinase-3) 55, 56, CDK5 (cyclin-dependent kinase5) 56, 57, and members of the proline-directed MAPK superfamily 58 among other
kinases were all found to phosphorylate residues on recombinant tau . The
MAPKs are activated by tyrosine kinase receptors and once activated,
phosphorylate serine and threonine residues, which make up 17% of the tau
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molecule. Included in the MAPK family are extracellular signal-related kinases
(ERKs), p38 and stress-activated protein kinase/c-Jun N-terminal kinase
(SAPK/JNK).
SAPK/JNK is a particularly interesting candidate kinase for tau
hyperphosphorylation due to its role in apoptosis and many types of cellular
stress including oxidative stress 59, 60 and apoptosis 61, 62, both of which have
been implicated in AD 63, 64.
There are three isoforms of SAPK/JNK transcribed from independent
genes, which are then spliced into 10 variants. All three isoforms are found in
the brain, with JNK3 being neuron-specific 65. The SAPK/JNKs are activated
(phosphorylated) by upstream MAPKs with the help of scaffolding proteins 66. In
turn, activated SAPK/JNKs (p-SAPK/JNK) typically phosphorylate substrates that
contain a highly specific docking motif 67. As a result, they are known to only
phosphorylate a relatively small number of substrates- typically cytoskeletal,
mitochondrial and nuclear proteins 68. In vitro, the SAPK/JNKs phosphorylate
many residues on tau although there is some discrepancy over individual
residues. Nevertheless, it is accepted that SAPK/JNK can phosphorylate Ser422, Ser-202 and Thr-205 in vitro, all of which are phosphorylated predominantly
in pathological forms of tau and are not readily phosphorylated by non-MAPK
kinases 69, 70.
While the SAPK/JNKs are involved in some normal physiological
processes (i.e. neuronal development and regulation of cytoskeletal stability)
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they largely play a neurodegenerative role by activating pro-apoptotic signaling
molecules and inhibiting anti-apoptotic molecules 71. SAPK/JNK, p38 and ERK
are all activated in response to low doses of Aβ in cultured rat microglia studies
72

, while SAPK/JNK and ERK, but not p38, are activated in response to Aβ

injection in mammals 73 Transgenic mice over-expressing amyloid precursor
protein or mutated presenilin genes, both of which overproduce Aβ, express
significant amounts of p-SAPK/JNK and p38 in the cortex 74. Moreover, pSAPK/JNK overlaps with tau pathology in NFTs, neuritic plaques and
granulovacuolar degeneration bodies of AD tissue 75. Although neuritic pSAPK/JNK pathology does not correlate with caspase-3 activation or DNA
fragmentation 76, this is likely due to the difficulties associated with detection of
end-stage apoptotic markers in human brain.

Caspases and Neurodegeneration
Caspases are cysteine proteases that, when active, cleave substrates at
the terminal aspartate residue of the canonical nucleotide sequence DXXD.
They are constitutively expressed as pro-enzymes until cleaved to form a
catalytic heterodimer consisting of a large and small subunit 77. Caspases are
activated in response to a cellular signal for apoptosis, or programmed cell death.
Activated caspases transmit and augment the apoptotic signal by cleaving
downstream caspases as well as protein substrates that can then serve as
effectors of apoptosis.
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Various proteins serve as substrates for caspases. Caspase-3 cleaves
huntingtin protein sequentially, causing fragments to aggregate and form the
inclusions seen in Huntingtons disease 78. Caspase-3 and -7 cleave the
intermediate filament protein vimentin such that cleavage not only affects its
cytoskeletal integrity, but also generates an N-terminal fragment of vimentin
capable of inducing apoptosis and preventing full-length vimentin assembly 79.
The role of caspases in Alzheimer’s disease is still unclear. Activated
caspase-3 has been detected immunohistochemically in AD hippocampal
neurons and correlates with a rate of apoptosis suggestive of neurodegeneration
29

. However, other immunohistochemical studies have found caspase-3 activity

to be limited to the granules of GVD bodies within hippocampal neurons 80, Selznick,
1999 #115

. The preservation of the activated caspase-3 epitope within GVDs of

post-mortem fixed tissue suggests that the membrane-bound structure of GVDs
may obstruct the degradation of activated enzymes that normally occur rapidly
after death. Therefore, studying the components of GVDs that appear during
disease may provide further insight into factors involved in the disease that may
otherwise be lost in post-mortem tissue.

Caspase-Cleavage of Tau
Tau protein contains at least three potential caspase-cleavage sites, at
amino acids 2-25, 338-341 and 418-421 81. Accordingly, in recent years several
labs have focused their studies on the implications of tau protein as a substrate
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of caspases. In initial in vitro studies by Fasulo, et al., cell lysates containing
over-expressed tau were incubated with purified caspase-3, and the cleavage
products were isolated by western blotting and compared to lysates containing
over-expressed tau that had been mutated at each site. Caspase-3 was only
found to cleave at Asp-421. In order to detect caspase-cleaved tau in vivo (see
section entitled The Progression of Phosphorylated and Cleaved Tau Epitopes in
Alzheimer’s disease), our lab has generated a monoclonal antibody, TauC3,
which specifically recognizes tau truncated at the Asp-421-caspase cleavage
site. TauC3 detects the cleavage product of recombinant protein that has been
reacted with caspase-3, and detects cleavage of tau at the Asp-421 site induced
by Aβ treatment in primary neuronal cultures. Tau cleavage in cell culture by
induction of Aβ-induced apoptosis is associated with an increase in PARP, a
caspase-3 substrate 25. A polyclonal antibody generated to cleavage of tau at
Asp-421 was also developed concurrently by the Cotman lab 82.
To study the downstream effects of tau cleavage by caspase, fragments of
tau starting at amino acid Iso-151 and cleaved at various C-terminal sites were
transfected into COS cells and the cells were stained for apoptotic activity.
Fragments that were truncated between amino acids Glu-391 and Ser-422
exhibited significantly more apoptotic activity than full-length tau, or other
fragments with a more intact C-terminus 81.
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Caspases and P-SAPK/JNK
Both caspases and the SAPK/JNKs are activated in response to A

in cell

culture models but relatively little is known about the order of the sequence of
cellular events within this cascade. Two studies measured p-SAPK/JNK levels in
cultured cells in response to A

and found that the levels of the SAPK/JNKs, in

particular, JNK1, increased rapidly within the first 6 hours of treatment indicating
that p-SAPK/JNK activation was a proximal mediator of cell death 83, 84.
Furthermore, inhibitors of SAPK/JNK as well as JNK1-specific antisense were
able to block the neurotoxic effects of A
84

and prevent activation of caspase -3 83,

. The end-stage of apoptosis, DNA fragmentation, was blocked by JNK1

antisense as well 83 . These studies strongly suggest that phosphorylation, and
hence activation, of SAPK/JNKs occur soon after A

activation and they in turn

regulate caspase activity and apoptosis.

Alteration of Tau Filament Formation by Caspase-Cleavage and
Phosphorylation
Laser light scattering (LLS) measurements of tau polymerization induced
by arachidonic acid is an effective method of measuring the rate of in vitro
filament assembly 85. Tau truncated at Asp-421 and tau truncated at Glu-391
polymerize at a significantly faster rate than full-length tau 85, 86. Their
polymerization rates can be reduced to that of full-length tau with the addition of
a C-terminal ‘tail’ peptide representing amino acids 422-441 of tau 87. Taken
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together, the results of these experiments indicate that Aβ-induced caspase
cleavage of tau protein may be a driving force behind non-reversible filament
formation.
The effects of phosphorylation of tau may be more complex. Due to the
great number of residues that can be phosphorylated on tau in vitro, the effects
of phosphorylation of specific residues can be predicted by the method of
“pseudo-phosphorylation,” in which serine or threonine residues have been
mutated to glutamic acids, mimicking the relative size and charge of
phosphorylated residues. A full-length tau double mutant that has been pseudophosphorylated at amino acids Ser-396 and Ser-404 (the PHF-1 epitope)
increases the rate of normal tau polymerization 86. Furthermore, pseudophosphorylation of Ser-202 also increases filament formation, and this result is
enhanced when Thr-205 is pseudo-phosphorylated as well (AT8 epitope) 88.
While it is unclear how phosphorylation at Ser-422 affects filament
formation, it has been shown to inhibit caspase-cleavage of tau at Asp-42189.
Conceivably, in vivo, this could result in inhibition of filament formation by
preventing cleavage-accelerated polymerization. In support of this, it has been
shown that within a neuron as long as two decades may exist between the time
that tau becomes phosphorylated at Ser-422 and the point at which the tau within
the filament is cleaved 89. It is therefore likely that phosphorylation at this site
plays a physiologically inhibitory role in tangle formation.
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THE PROGRESSION OF PHOSPHORYLATED AND CLEAVED TAU
EPITOPES IN ALZHEIMER’S DISEASE
Extensive immunohistochemical and immunofluorescence studies have
been conducted on post-mortem fixed tissue from Alzheimer’s patients. Using
antibodies to tau that are specific for C-terminal truncations, site-specific
phosphorylations, and conformational changes, data has been generated
showing that these antibodies can be used to track the molecular evolution of the
NFT. Each of these antibodies recognizes molecular events within NFTs. Some
appear prior to or early in the onset of AD, while others are more indicative of
disease 25, 45, 86, 90, 91. Tissue in the early stages of AD contains pre-tangles and
early-stage NFTs that are rich in tau hyperphosphorylated at a number of
residues including Ser-422, the AT8 site and the PHF-1 sites 22, 92-94, and tau that
has adopted the Alz50-conformation 90, 95. Cleavage at Asp-421 occurs after
adoption of the Alz50-conformation 90, 96. Later-stage, extracellular NFTs contain
tau that has been further truncated at Glu-391 90, 96.
The availability of antibodies that detect specific post-translational
modifications to tau protein has made it possible to study the temporal pattern of
these epitopes in relation to each other. As a result, we have learned the
sequential nature of molecular changes that occur as tau evolves from its normal
state to the pathological state during NFT formation. It seems probable that early
modifications are needed in order for tau to reach the advanced stages of

29
pathology. Therefore increasing our knowledge of what occurs at the early
stage may provide potential targets to halt further NFT synthesis.

PREVIEW
The aim of this dissertation is to examine the accumulation of the MAP
kinase p-SAPK/JNK, which phosphorylates critical sites on tau protein, within the
context of tau aggregation during disease. In Chapter 2, the temporal formation
of p-SAPK/JNK into granules will be studied in comparison to molecular changes
that occur to tau during NFT evolution. Chapter 3 will seek to characterize the pSAPK/JNK granule as a GVD body, therefore further linking formation of GVDs to
the onset of tau-related neurodegeneration. The intent of Chapter 4 is to clarify
the preceding findings by the use of a cell culture model. By manipulating the
proteasome system to create GVD-like structures, we provide insight into a
possible over-riding pathway that may be the driving force for the accumulation of
toxic proteins, like p-SAPK/JNK, into granular structures. We are also able to
drive the formation of granular tau, which becomes phosphorylated and cleaved
in a manner reminiscent of NFTs in disease. The final chapter will conclude with
discussion of the ubiquitin-proteasome system in NFT and GVD formation as well
as prospective analysis of the data presented in this dissertation.
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CHAPTER TWO: Formation of Phospho-SAPK/JNK Granules in the
Hippocampus is an Early Event in Alzheimer’s Disease

J Neuropathol Exp Neurol. 65(5):455-64. 2006.
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Abstract
The MAP kinase SAPK/JNK phosphorylates tau protein at many of its
proline-directed serine/threonine residues in vitro and is a likely candidate kinase
to phosphorylate the pathologically relevant S422 site on tau. Since
phosphorylation of tau, particularly at S422, is a relatively early marker of AD and
seems to precede tangle formation, it appears likely that an early form of
activated SAPK/JNK might be detected by immunohistochemical means around
the time that tau begins to aggregate into tangles. We report here that an
antibody to phospho-SAPK/JNK (p-SAPK/JNK) reacts with several types of
lesions including granular bodies in limbic areas; NFTs in limbic cortex and
temporal neocortex; occasional neuritic plaques in temporal neocortex; and
select axons in the hippocampus, entorhinal cortex and inferior temporal cortex.
In order to characterize the appearance of granular p-SAPK/JNK and determine
if it appears early in disease, we employed an immunohistochemical study of
post-mortem limbic tissue from 20 cases ranging from Braak stages I-VI. By costaining with anti-tau antibodies specific to different molecular events that occur
during tangle evolution, we were able to identify the appearance of p-SAPK/JNK
in early Braak stages with an increased elevation during the limbic stages of
Alzheimer’s disease and during the early stages of the formation of individual
hippocampal tangles.

32

Introduction
Alzheimer’s disease (AD) is characterized by the presence of beta amyloid
peptide in the form of extracellular plaques 97 and hyperphosphorylated
filamentous tau protein that forms neurofibrillary tangles (NFTs), neuropil
threads, and the neuritic component of plaques 98. The anatomical progression
of tau pathology correlates with regional neurodegeneration 99. NFTs and cell
loss initially occur in the limbic system, particularly the entorhinal cortex and
hippocampus, and progress to the neocortex 100. Accompanying this process are
clinical symptoms beginning with limbic deficits such as memory loss and
eventually including disturbances in higher cortical functioning 2, 101.
In concert with the anatomical progression, NFTs also undergo molecular
changes during the course of Alzheimer’s disease. In this process, tau protein is
abnormally hyperphosphorylated 92, 102 and truncated 25, 43, 82, 91, 103 at multiple
sites, accompanied by changes in its conformation 44, 46, 90.
Hyperphosphorylation can alter tau’s affinity for microtubules 48, 104 and although
some site-specific phosphorylation may protect against aggregation 104, it is
thought that the net effect of these modifications is to favor filament formation
leading to intracellular accumulation of tau 86, 87, 105. The availability of numerous
antibodies that specifically recognize various tau epitopes when phosphorylated,
truncated, or folded (reviewed in Binder, et al., 2005 96) have made it possible to
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track the temporal sequence of these changes in diseased brain by
immunohistochemical means.
Proteins other than tau are found within many of the pathological tau
lesions. Antibodies against active forms of several proline-directed
serine/threonine kinases known to phosphorylate tau in vitro have been reported
to react with neurofibrillary pathology. Glycogen synthase kinase-3 (GSK3) 106,
107

, cyclin-dependent kinase-5 (CDK5) 106, and the mitogen-activated protein

kinases (MAPKs): extracellular signal-related kinase (ERK) 108-111, p38 108-110, 112,
113

, and stress-activated protein kinase/ c-Jun N-terminal kinase (SAPK /JNK) 108-

113

all overlap to varying extents with neuritic pathology. GSK3 and the MAPKs,

in particular, are found in two distinct types of inclusions: a fibrillar form which colocalizes with NFTs and a granular or punctate form which accumulates in
morphologically healthy as well as tangle-bearing neurons 106-114, suggesting that
granular deposits may precede the formation of inclusions. Since
phosphorylation of tau occurs early in NFT pathogenesis 1, 80, 92, we hypothesize
that the involvement of active kinases in tangle formation would be an early event
as well, thus making a study of the granular form important.
We have focused the current study on the activated form of SAPK/JNK (pSAPK/JNK) for the following reasons: The SAPK/JNK variants are activated by
dual phosphorylation at Thr-183 and Tyr-185 and in turn phosphorylate tau at
pathologically relevant sites, including Ser-422, 69, 70 with high efficacy in vitro 70.
Moreover, p-SAPK/JNK levels are elevated in AD compared to control brain 75,

34
115

. Interestingly, SAPK/JNK is activated by beta-amyloid (A ) peptide 73, 74, 116

and is a critical component of the Aβ-induced toxicity pathway 73, as is tau 50.
Finally, p-SAPK/JNK regulates the activity of caspase-3 117, 118, the effector
caspase thought to cleave tau at its C-terminus 25, 82, 91 leaving behind a fragment
that aggregates more rapidly than full-length tau 25, 87.
In initial studies, we found consistent immunostaining with p-SAPK/JNK in
limbic regions but not in the neocortex. Therefore we limited our investigation to
limbic areas. This study is designed to identify the chronological appearance of
granular p-SAPK/JNK with respect to both overall disease progression and the
maturation of individual NFTs in the CA1 region of the hippocampus and layers II
and V of entorhinal cortex. A cohort of 20 cases ranging between Braak stages I
and VI were double-labeled with an antibody to p-SAPK/JNK and three anti-tau
antibodies, Alz50, TauC3 and MN423, which recognize progressive molecular
events in the maturation of the NFT. We found that p-SAPK/JNK appears in
intraneuronal granules early during the onset of disease and is associated with
early stages of hippocampal NFT formation.

Materials and Methods
Primary Antibodies
The several monoclonal anti-tau antibodies were purified as described
previously: Alz50 119, 120 reacts with a discontinuous conformation-dependent
epitope of tau (residues 7-9 and 312-342) in which the N-terminus of the
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molecule is folded onto the microtubule-binding region. TauC3 25 recognizes
C-terminal caspase-cleavage at Asp-421, and MN423 121 recognizes C-terminal
protease truncation at Glu-391. These three epitopes appear in a particular
order such that adoption of the Alz50-conformation occurs first, followed by
truncation at the TauC3 site, and further degradation at the MN423 site. The
monoclonal tau antibody AT8, recognizing an early but prolonged
phosphorylation-specific epitope (Ser202/Thr205) 122 was purchased from
Endogen (#MN1020; Endogen, Rockford, IL). A polyclonal antibody recognizing
dual phosphorylation (Thr-183/Tyr-185) of activated SAPK/JNK was obtained
commercially (#9251; Cell Signaling Technology, Inc., Beverly, MA). We verified
through Western blot analysis of total protein homogenates and paired helical
filament-enriched homogenates from AD tissue that the p-SAPK/JNK antibody
recognizes protein at the expected molecular weight of SAPK/JNK (data not
shown).

Human Subjects
Post-mortem fixed sections of hippocampus, entorhinal cortex and
temporal cortex from five clinically-diagnosed AD cases (Braak stages V-VI) and
ten clinically non-demented cases (Braak stages I-IV) were obtained from the
Northwestern University Cognitive Neurology and Alzheimer’s Disease Center.
The corresponding tissue from five additional AD cases was obtained from the
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Rush Alzheimer’s Disease Center. Demographic data for all cases is given in
Table 1.
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Table 1. Summary of Cases in Study I
Case

Age

Gender

PMI

CERAD

Braak

1

83

M

5

0

I-II

2

82

F

5

0

I-II

3

70

F

3

0

I-II

4

78

M

3

A

I-II

5

76

M

20

B

I-II

6

77

M

4

B

I-II

7

107

F

8

A

III-IV

8

91

F

4

B

III-IV

9

86

F

8

C

III-IV

10

82

M

12

C

III-IV

11

72

F

7

C

V-VI

12

78

M

7

C

V-VI

13

75

M

4

C

V-VI

14

77

F

5

C

V-VI

15

86

M

5

C

V-VI

16

71

F

4

N/A

V-VI

17

50

F

5.5

N/A

V-VI

18

66

M

3

N/A

V-VI

19

89

M

5

N/A

V-VI

20

69

M

10

N/A

V-VI

PMI, Post-mortem Interval (hrs); CERAD ranks
amyloid plaque load on a scale of 0-A-B-C, with C

being the most severe
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Double-label Immunofluorescence and Confocal Microscopy
Free-floating, 40 μm-thick sections of hippocampus, entorhinal cortex and
the inferior, middle and superior gyri of the temporal cortex were immunostained
according to a modified version of previously reported protocols 16, 90 and
visualized by fluorescence microscopy. Specifically, following incubations in
0.4% TritonX-100 to permeabilize cell membranes, 3%H202/ 30% methanol to
reduce blood vessel staining, and treatment with 3% horse serum/ 0.1% Triton to
block non-specific binding, sections were double-labeled overnight at 4 °C with
anti-p-SAPK/JNK (1:100 dilution of the supplied titer) and either Alz50 (0.84
μg/mL), TauC3 (1 μg/mL) or MN423 (0.1 μg/mL). The antibodies were reacted
with biotinylated-goat-anti-rabbit and TRITC-conjugated goat-anti-mouse
secondary antibodies (Jackson ImmunoResearch; West Grove, PA) overnight at
4 °C. The p-SAPK/JNK signal was amplified by a two-hour reaction in ABC Elite
(Vector Labs, Burlingame, CA) and further enhanced with FITC-tyramide, which
was prepared by reacting 155.3 mg/mL of 5-(and-6)carboxyfluoresceinsuccinimidyl ester (Molecular Probes, Carlsbad, CA) dissolved in DMSO with
48.7 mg/mL tyramine (Sigma-Aldrich, St. Louis, MO) in DMSO at a 1:1 ratio 123,
124

. The final solution was diluted 1:50,000 in 0.00015% H202/ 0.1M borate, pH

8.0, and applied to the tissue sections for 30 minutes (Refer to Appendix B for
more information on tyramide amplification). The sections were mounted onto
ionized slides (Superfrost/Plus; Fisher Scientific, Pittsburgh, PA), treated with 2%
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Sudan black (Sigma-Aldrich) saturated in 70% ethanol for 3 minutes to
minimize autofluorescence due to lipofuscin 125, differentiated in 70% ethanol and
coverslipped with Vectashield (Vector Labs). Confocal microscopy was used to
capture three-dimensional stacked images and was performed with a Zeiss LSM
510 laser scanning confocal microscope as previously described 90.

Quantitative Analysis of Fluorescently Labeled Cells
The relative distribution of p-SAPK/JNK labeling was compared to labeling
of the three anti-tau antibodies, Alz-50, TauC3, and MN423. Systematic random
samples, at 20X magnification, were analyzed, resulting in counting fields
measuring 0.6mm by 0.44mm and spaced 3mm apart. The number of fields
counted depended on the size of the region. Typically, in the CA1 region of the
hippocampus and layer V of entorhinal cortex, there were 6-10 fields per region.
In layer II of the entorhinal cortex, the 0.6mm by 0.4mm counting fields spanned
the islands in such a way that at least a portion of each island was counted. At
20X magnification, entorhinal layer II cells and layer V cells were never found
within the same field. Sections were viewed on a Nikon E800 microscope by
focusing using a Z motor, the top and bottom of the section were determined,
and then an intermediate plane of focus was chosen at random. Images were
captured in this plane by using a SPOT camera and SPOT version 4.1 software
(Diagnostic Instruments, Sterling Heights, MI). Counting only the cells that
appeared in focus, the number of cells and/or NFTs labeling with either or both of
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the antibodies was ascertained. Single-labeled and double-labeled counts
were averaged across fields in each region and for each case. Co-labeling of
cells and NFTs was verified by confocal microscopy as previously described 90.

Statistical Analyses
Analysis of variance (ANOVA) was used to assess the differences in
staining patterns between different levels of pathological severity; pair-wise
comparisons were assessed using Fisher’s protected least significant difference
(PLSD) post-hoc analysis. Bivariate regression analysis was used to compare
the labeling of the p-SAPK/JNK antibody to the labeling of the different anti-tau
antibodies. Differences in the regressions were calculated using t-tests 126.
ANOVA and regression statistics were performed using Statview 5.0.1 (SAS
Institute Inc., Cary, NC); standard normal z-tests on the regression data were
performed using SAS software (SAS Institute Inc.).

Results
P-SAPK/JNK Neuropathology in AD
The p-SAPK/JNK antibody reacted with a unique set of neuropathological
structures in the tissue examined. Tangles with distinct fibrillar morphology (Fig.
1A) made up a subset of NFTs in the hippocampus and entorhinal cortex,
particularly in Braak stages IV-VI. There was also profuse staining of punctate or
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granular p-SAPK/JNK throughout cells in the hippocampus and to a lesser
extent in the entorhinal cortex (Fig. 1B), which constituted the predominant form
of p-SAPK/JNK staining in the 20 cases studied. In the inferior temporal gyrus of
four of the ten Braak stage V-VI cases studied, p-SAPK/JNK was found in
neuritic

42

Figure 1
Phospho-SAPK/JNK appears in a number of pathological and non-pathological
structures in AD tissue. Confocal microscopic images showing phospho-SAPK/JNK
labeling of (A) a fibrillar tangle, (B) two cells containing cytoplasmic granular bodies,
(C) neuritic plaques (arrows) and (D) decorated axons. A single axon is followed by
the white arrowheads. Bar = 10 μm. (E) Non-immunostained section of aged tissue
shown at 20X magnification. The intensity of wavelength excitation has been
doubled compared to images in Fig. 1A-D in order to clearly show autofluorescence
due to lipofusin. The black circle shown in the bottom third of the image is a blood
vessel. (F) Non-immunostained section of aged tissue that has been treated with 2%
Sudan black and shown at 20X magnification. The intensity of wavelength excitation
is equal to the settings of Figure 1E. A blood vessel lies in the upper half of the
image. Minimal autofluorescence due to lipofuscin can be seen in the bottom half of
the image.
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plaques (Fig. 1C). Finally, in all stages, p-SAPK/JNK stained axons
throughout the alveus of the hippocampus, layer I of the entorhinal cortex and
occasionally in the plexiform layers of temporal neocortex (Fig. 1D). In our
hands, there was little p-SAPK/JNK neuropathology in non-temporal regions of
AD brain tissue. To ensure that these observations were not contaminated by
the autofluorescent lipofuscin commonly seen in the CNS cells of aged tissue, we
treated the tissue with Sudan black 125. Confocal microscopy of an unstained
section of tissue from temporal cortex clearly reveals autofluorescence typical of
lipofuscin (Fig. 1E). Using the same confocal settings, Fig. 1F shows a large
reduction in autofluorescence in non-immunostained tissue that has been treated
with 2% Sudan black.

Quantification of Disease Progression and Pathological Cellular Severity
We sought to ascertain when granular p-SAPK/JNK first appears, both in
terms of overall pathological disease progression and in terms of pathological
severity within the cell. To quantify disease progression, we used a cohort of
cases ranging from Braak stages I-VI (Table 1). The cases were divided into
three groups corresponding to Braak stages I-II, III-IV and V-VI. These groups
are known as the “transentorhinal stages”, the “limbic stages”, and the
“isocortical stages”, respectively, and describe the furthest neuroanatomical
progression of neuritic pathology at that stage 99, 100. There was no statistical
difference in age, gender or post-mortem interval (PMI) among the three groups.
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To assess pathological severity within cells, we employed three
monoclonal antibodies to tau that recognize specific stages of tangle maturation.
The Alz50 antibody stains pre-tangles and early NFTs, TauC3 recognizes
tangles in an intermediate stage and MN423 sees mature, late-stage tangles 90,
91

. Based on this evidence, cases with low Braak scores would be predicted to

have fewer total tangles with a greater proportion of these tangles being Alz50positive, while cases with high Braak scores would be predicted to have more
total tangles with a greater proportion of these being MN423-positive. In
addition, a greater proportion of MN423- tangles are expected in entorhinal
cortex layers II (EC-L2) and V (EC-L5) compared to the CA1 region of the
hippocampus (Hc-CA1) (Fig. 2), based on data published by Braak and Braak 99,
100

.
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Figure 2
Graphical representation of the pathological severity of the study tissue. The
proportion of tangles containing an early Alz50+ tau epitope (white bars) and the midstage TauC3+ epitope (gray bars) decreases with Braak stage, while the proportion of
tangles containing a late MN423+ tau epitope (black bars) increases with Braak stage.
Hc-CA1 = CA1 region of the hippocampus, EC-L2 = layer II of entorhinal cortex, EC-L5
= layer V of entorhinal cortex (Mean ± 1 S.D.)
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Granular p-SAPK/JNK and Disease Progression
Cells containing granular p-SAPK/JNK were counted in the CA1 region of
the hippocampus and layers II and V of entorhinal cortex. We found that in all
three anatomical regions there is an augmentation in the number of cells
containing p-SAPK/JNK granules in Braak stages III-IV when compared to Braak
stages I-II (Fig. 3). Specifically, analysis by ANOVA and the Fisher’s PLSD test
showed a significant 320% increase in the CA1 region of the hippocampus (F=
3.725, 2; p=0.042) and a 240% increase in layer II of entorhinal cortex (F= 5.098,
2; p=0.008). Although not statistically significant, there is a 200% increase in
layer V of entorhinal cortex. In stages V-VI, the increase in p-SAPK/JNK
granule-containing cells, when compared to Braak stages I-II, persists and is
significant in the CA1 region (F=3.725, 2; p=0.23) and layer II of entorhinal cortex
(F=5.098,2; p=0.045). It should also be noted that while levels of p-SAPK/JNK
granules are similar in CA1, layer II and layer V in Braak stages I-II, in stages IIIIV there is 150% increase of labeled cells in the CA1 region compared to layer II
(p=NS) and a statistically significant 225% increase compared to layer V
(p<0.05). Similarly, in Braak stages V-VI, there is 200% increase in the number
of granule-containing CA1 cells compared to layer II (p<0.05) and a 270%
increase compared to layer V (p<0.01). There is no correlation of granular pSAPK/JNK levels with age, gender, PMI or severity of amyloid deposition (data
not shown), indicating that factors influencing early neuritic pathology, particularly
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in the CA1 of the hippocampus, may be influencing formation of granular pSAPK/JNK as well.

Figure 3
Granular p-SAPK/JNK+ cells increase early in AD. The number of cells
containing phospho-SAPK/JNK granules increases between Braak stages I-II
(white bars) and III-IV (gray bars), followed by a slight decrease seen in Braak
stages V-VI (black bars). (Mean ± 1SEM)

Granular p-SAPK/JNK and Pathological Cellular Severity
To assess the temporal appearance of granular p-SAPK/JNK with respect
to NFT maturation within cells, sections of hippocampus and entorhinal cortex
were double-stained with p-SAPK/JNK and either Alz50, TauC3 or MN423.
NFTs were double-labeled with p-SAPK/JNK granules and Alz50, TauC3 or
MN423 are shown in Fig. 4 using confocal microscopy. While there is some colocalization with tau, most of the granules appear to reside in areas of the cell
that do not contain fibrillar tau. The series of three double-labeled images of
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each pair of antibodies show a representative slice through the top, middle and
bottom z-axes of the cell or NFT, and shown below that are the projected threedimensional images of the full z-stack. Due to the fact that a large percentage of
the p-SAPK/JNK granules were not found in NFT-bearing cells positive for Alz50,
TauC3 or MN423, we used the phosphorylation-dependent tau antibody AT8
which recognizes morphologically normal neurons and pre-tangles as well as
mature NFTs 1 to confirm the early nature of this phenomenon. We found that pSAPK/JNK granules were found within the cytoplasm of several AT8-postive
pyramidal neurons that appeared to be morphologically healthy and still
contained intact processes (Fig. 4).
Single- and double-labeled cells and NFTs were counted per 0.6mm x
0.44mm field and averaged within the CA1 region and layers II and V of the
entorhinal cortex. We found that a subset of cells containing p-SAPK/JNK
granules co-label with Alz50, TauC3 and MN423 (Fig. 5A). Approximately 20%
of all p-SAPK/JNK granule-containing cells co-label with Alz50, approximately
5% co-label with TauC3 and slightly less than that co-label with MN423. Analysis
by ANOVA and the Fisher’s PLSD test confirms that the degree of granule colocalization with Alz50 is significantly greater than with TauC3 or MN423 in the
CA1 (F=15.658, 2; p<0.0001 for TauC3 and MN423 compared to Alz50), layer II
(F=10.642, 2; p= 0.0002 for TauC3 and MN423 compared to Alz50) and layer V
(F=7.609, 2; p=0.0024 for TauC3 compared to Alz50 and
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Figure 4
Double-labeling of p-SAPK/JNK with Alz50, TauC3 and MN423. Confocal images
showing neurons and NFTs double-labeling with p-SAPK/JNK (green) and tau (red):
either Alz50 (column A), TauC3 (column B) or MN423 (column C). A population of
phospho-SAPK/JNK granules are not found in NFTs but are seen in morphologically
normal neurons and pre-tangles, as is shown by double-labeling of a neuron containing
intact basal dendrites with phospho-SAPK/JNK and the AT8 anti-tau antibody (column
D). The top three rows show a representative image through the top, middle and bottom
optical layers along the z-axis of the NFT (A-C) or cell (D). The merged projections of all
z-layers are shown in the bottom row. Bar = 10 μm.
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p=0.009 for MN423 compared to Alz50) and suggests that phosphorylation of
tau by SAPK/JNK may occur relatively early during the formation of tangles
within limbic areas.
In order to further examine the time at which p-SAPK/JNK granules
appear with respect to tau-epitope appearance, correlations between the number
of co-labeled granular p-SAPK/JNK and tau cells were plotted against total
Alz50+ (Fig. 5B), TauC3+ (Fig. 5C) and MN423+ (Fig. 5D) cells. A highly
statistically significant correlation of R2=0.71 was found between the number of
Alz50 and granular p-SAPK/JNK co-labeled cells and all Alz50 cells (Fig. 5B;
P<0.0001). In contrast, there was a correlation of R2=0.56 between co-labeled pSAPK/JNK/ TauC3 cells and total TauC3 cells (Fig. 5C; P<0.0001), and a
correlation of R2=0.49 between co-labeled p-SAPK/JNK/ MN423 cells and total
MN423 cells (Fig. 5D; P<0.0001). Since a high percentage of granular pSAPK/JNK is not co-resident in cells positive for Alz50, TauC3 or MN423,
correlations were also plotted between total granular p-SAPK/JNK cells and each
of the anti-tau antibodies (Fig. 5E-G). Similarly, there is a higher correlation
between total granular p-SAPK/JNK cells and the Alz50 antibody, with R2=0.31,
(Fig. 5E; P<0.0001), followed by a correlation of R2=0.28 with the TauC3
antibody (Fig. 5F; P<0.0001). No correlation was found between total granular pSAPK/JNK+ cells and total MN423+ cells (Fig. 5G; R2=0.00, P=NS). Standard
normal z-tests were performed on pairs of correlations, using the methods of
Raghunathan et al. 126 in order to compare correlations with no common
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variables. Notably, there was a significant difference between the doublelabeling/Alz50 correlation (Fig. 5B) and the double-labeling/TauC3 correlation
(Fig. 5C), which further suggests that granules appear early during hippocampal
NFT maturation (z=1.96, p=0.05). Taken together, this data provides strong
evidence that p-SAPK/JNK granules form early in the onset of AD tau pathology,
and coincide more with the appearance of the Alz50-epitope than with later
epitopes of tau characterized by the TauC3 and MN423 antibodies.
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Figure 5
Granular p-SAPK/JNK+ cells increase early during tangle development. (A) The bar
graph shows the percentage of granular phospho-SAPK/JNK+ cells that double-label
with Alz50 (white bars), TauC3 (gray bars) and MN423 (black bars). (Mean ± 1 SEM)
(B-D) Correlation plots of cells positive for granular phospho-SAPK/JNK and Alz50 (B),
TauC3 (C) or MN423 (D) versus total cell counts for the respective tau antibody. (E-F)
Correlation plots of all phospho-SAPK/JNK granule-containing cells vs. cells positive for
Alz50 (E), TauC3 (F) or MN423 (G). All data points represent the mean number of
labeled cells per visual field (0.6mm x 0.44mm). The correlation plots contain data
points from the CA1 region of the hippocampus and layers II and V of the entorhinal
cortex. In B-F, p<0.0001. In G, p=NS.
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Discussion
SAPK/JNK and Apoptosis
SAPK/JNK is a particularly interesting candidate kinase for tau
hyperphosphorylation due to its role in cellular stress 59, 60 and apoptosis 61, 62.
Although the SAPK/JNK isoforms are involved in neuronal development and
regulation of cytoskeletal stability, they largely play a neurodegenerative role by
activating pro-apoptotic signaling molecules and inhibiting anti-apoptotic
molecules 71. However, DNA fragmentation, the end-stage marker of apoptosis,
does not accompany neuritic p-SAPK/JNK pathology 76. Moreover, there are
conflicting reports as to whether end-stage apoptotic markers appear in neuronal
tissue undergoing degeneration 80, 127-130. There are two possibilities for the
dearth of evidence for apoptosis in neurons in vivo. The first is that apoptotic
markers may be lost due to the loss of neurons. However, this would imply that
cell death and clearance is a rapid process. The presence of large populations
of intact neurons undergoing neurodegeneration seems to dispel this possibility.
The other, more likely, scenario is that apoptotic signaling mechanisms are
activated during the onset of neurodegeneration, but the process is never fully
carried out.
Tangle Maturation
The anti-tau antibodies used in this study, Alz50, TauC3 and MN423, were
selected for their ability to recognize epitopes of the tau molecule that arise
during distinct stages of tangle evolution 90, 91. One of the earliest events to occur
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in this maturation process is adoption by the tau molecule of the Alz50-epitope
in which the N-terminus is folded onto the microtubule-binding region 119. This is
followed by carboxy-terminal truncation at Asp-421 by the apoptotic protease
caspase-3 (as is recognized by the TauC3 antibody) 25, 82, 91 and ultimately further
protease truncation to Glu-391 (MN423 antibody) 121. Consequently, in AD
tissue, Alz50 reacts with an early conformation of tau found in pre-tangles and
intracellular NFTs 90, 131, TauC3-tau appears in fibrillar intracellular tangles, and
the MN423 antibody reacts with more mature extracellular tangles 132. Some
double-labeling within tangles has been reported to occur between Alz50 and
TauC3, but not between MN423 and either Alz50 or TauC3 90, 91 suggesting that
these epitopes reflect distinct stages of tangle evolution.
Tau Phosphorylation and Truncation by Caspase
In addition to the conformational changes and truncations of tau that are
observed by the above antibodies, phosphorylation of specific residues
accompanies the maturation of tau within the tangle. In particular,
phosphorylation of the Ser-422 residue on tau, one amino acid downstream of
the caspase-3 cleavage site, is readily demonstrable in paired helical filament-tau
but is only found in normal adult tau in trace amounts 133. The Ser-422 site is a
very good substrate for several of the SAPK/JNK isoforms and can also be
phosphorylated, with slightly less affinity, by ERK. It is not easily phosphorylated
by any of the non-MAP kinases that phosphorylate other sites on tau 70, 133.
Recent data in our lab demonstrates that Ser-422 phosphorylation regulates the

55
ability of caspase-3 to cleave tau at Asp-421 89. Parenthetically, the Cterminus of tau beginning at Asp-421 acts as an inhibitory domain which, once
irreversibly lost through caspase-3 cleavage, allows the remaining N-terminal
fragment to polymerize more rapidly than full-length tau protein 25, 87.
Protein Aggregation as a Form of Sequestration?
Two distinctive forms of p-SAPK/JNK are associated with neuritic
pathology in Alzheimer’s disease. The fibrillar form has been widely reported to
co-localize with fibrillar tau within NFTs 75, 108-110, 112, 113, 115. Granules, as shown
in this report, correlate better with early markers of tau protein although they do
not appear to greatly co-localize with fibrillar tau in these cells. One possibility is
that the formation of granules is an attempt by the cell to sequester p-SAPK/JNK
and prevent the further activation of apoptotic mechanisms, similar to evidence
suggesting that Lewy body formation in Parkinson’s disease may be a
mechanism for substantia nigra neurons to sequester iron, thereby minimizing
cellular damage due to oxidative stress 134. The data presented in this paper
shows that the majority of p-SAPK/JNK granule-containing cells either do not
contain fibrillar tau or contain fibrillar tau that has not yet been cleaved,
suggesting an inhibition of caspase-activity and thus supporting this hypothesis.
Perhaps p-SAPK/JNK that is not sequestered into granules becomes associated
with tau during the process of NFT maturation, or maybe loss of granular
structure allows free p-SAPK/JNK to associate with fibrillar tau, accounting for
the prevalence of co-localization between fibrillar p-SAPK/JNK and NFT-tau.
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It is important to note two particular findings of this study. The first
being that although granular p-SAPK/JNK co-labels with Alz50 to a greater extent
than with TauC3 or MN423 (Fig. 5A), and the number of cells containing granular
p-SAPK/JNK correlates better with the number of Alz50+ tangles than with the
number of TauC3+ or MN423+ tangles (Fig. 5B-G), approximately 70% of
granular p-SAPK/JNK does not co-label with the above three antibodies.
However, when the AT8 antibody was used, we did see co-labeling with AT8+
pre-tangles. While co-labeling of granular p-SAPK/JNK with AT8-pretangles
supports our quantitative data suggesting that granular p-SAPK/JNK appears in
limbic areas during the early formation of tangles, we do not presume that the
majority of p-SAPK/JNK granules reside in cells undergoing the early stages of
tangle formation. Rather, it is much more likely that similar processes (i.e.
apoptosis, oxidative stress) which contribute to the formation of tangles in a
population of cells also contribute to the formation of granular bodies containing
p-SAPK/JNK.
The second finding of note is that although we conclude that p-SAPK/JNK
is an early event in Alzheimer’s disease pathogenesis, we see a large increase in
the number of p-SAPK/JNK granule-containing cells during Braak stages III-IV.
This occurrence is not contradictory however. In Braak stages I-II, tangles begin
to form primarily in the trans-entorhinal areas. Early tangle formation is not seen
in the hippocampus or entorhinal cortex until stages III-IV 99, 100 . Furthermore,
the Alz50 and TauC3 epitopes do not appear in great numbers of NFTs in the
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CA1 region until Braak stages III-IV (Figure 2). Since granular p-SAPK/JNK is
found primarily within limbic cortex and is rare in the neocortex, we believe that
augmentation of these granules during Braak stages III-IV accompanies the
onset of tau pathology in the hippocampus and entorhinal cortex. There are
several possibilities as to why this may occur. Conceivably, cortical cells may
have not yet experienced the degree of neurodegeneration that limbic cells have.
Or perhaps upregulation of p-SAPK/JNK within the hippocampus causes
aggregation into granules by the rules of mass action. Another possibility is that
p-SAPK/JNK is activated and phosphorylates tau in most regions with abundant
tau pathology but a factor unique to hippocampal pyramidal neurons causes the
sequestration of p-SAPK/JNK into granules. Thus, the role of p-SAPK/JNK in the
hippocampus during disease merits further investigation.
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CHAPTER THREE: Relation of Phospho-SAPK/JNK Granules in
Alzheimer’s Disease and Tauopathies to Granulovacuolar Degeneration
Bodies

Acta Neuropathol. 113(1):63-73. 2007.
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Abstract
Protein misfolding is a distinguishing feature of a number of
neurodegenerative diseases. Accumulation of misfolded protein often results in
cellular lesions, the location of lesions correlating with the nature of symptoms.
Alzheimer’s disease (AD), Progressive Supranuclear Palsy (PSP), Corticobasal
Degeneration (CBD) and Pick’s Disease (PiD) all present with pathological
lesions containing hyperphosphorylated filamentous tau protein; however the
location and type of lesion varies. In addition, granulovacuolar degeneration
(GVD) bodies have been reported within hippocampal pyramidal neurons in AD,
PSP, CBD and PiD tissue. GVDs are defined as electron- dense granules within
double membrane-bound cytoplasmic vacuoles. We have previously reported
that the phosphorylated form of stress-activated protein kinase/c-Jun N-terminal
kinase (p-SAPK/JNK) accumulates in granules within hippocampal pyramidal cell
bodies in AD tissue at the time that hyperphosphorylated tau begins to aggregate
into early-stage NFTs. We now report that p-SAPK/JNK granules are found
within the hippocampal CA1 region of PSP, CBD and PiD cases as well and that
these granules are likely GVD bodies. Quantitatively, p-SAPK/JNK granules and
GVDs are found in comparable numbers of CA1 cells. Within cells, p-SAPK/JNK
granules are distributed throughout the cytoplasm in a manner similar to the
distribution of GVDs and a subset of granules co-localize with GVD markers.
Ultrastructurally, p-SAPK/JNK granules are located in large cytoplasmic
vacuoles, thereby fitting the definition of a GVD body. With the implication of
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granular p-SAPK/JNK as a marker of GVDs, our study strongly suggests that a
heterogeneous group of proteins form GVDs. The mechanism of GVD formation
is therefore an interesting one, and is likely separate and distinct from the
mechanism of tau inclusion formation.
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Introduction
Neurodegenerative disorders are typically characterized by distinct
pathological lesions that are located in specific brain regions. In Alzheimer’s
disease (AD), hyperphosphorylated tau protein aggregates intraneuronally to
form neurofibrillary tangles (NFTs), neuropil threads and the neuritic component
of plaques 98 and is accompanied by extracellular beta amyloid plaques 97. The
anatomical localization of tau pathology in AD closely correlates with the
progression of neuronal loss 99 from transentorhinal cortex to limbic cortex to
neocortex 135. In contrast, tau pathology in progressive supranuclear palsy (PSP)
and corticobasal degeneration (CBD) is primarily found in frontal cortex,
brainstem and striatal tissue. In addition to neuronal pathology which includes
some NFTs reminiscent of those in AD as well as globose tangles, tau filaments
form as tufted astrocytes in PSP and as astrocytic plaques in CBD 6, 7, 10.
Moreover, in Pick’s disease (PiD), tau accumulates within ballooned neurons and
Pick bodies, as well as NFTs which are mainly localized to the frontal cortex and
dentate gyrus 9, 10. Despite distinguishing features there is a degree of
pathological overlap among the four diseases. For example, NFTs are
distributed throughout the hippocampus of AD, PSP, CBD and PiD, albeit at
different densities and degrees of severity 7, 9, 11, 12.
In addition to the pathological lesions described above, granulovacuolar
degeneration bodies (GVDs) are described within hippocampal cells of AD, PSP,
PiD and non-pathologically impaired aged cases 16-18. GVD bodies are defined
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ultrastructurally as cytoplasmic dense-cored granules of aggregated protein
that accumulate within large, membrane-bound vacuoles 13, 14. Proteins that
have been reported to form GVDs strongly suggest a link between GVDs and
AD-related neurodegeneration: A tau antibody raised against paired helical
filaments from AD brain has been found to recognize GVDs although antibodies
to other forms of tau do not 20-23. Activation of caspase-3, an apoptotic effector
protease involved in processing of tau 25 and amyloid precursor protein 26 have
been found in GVDs but rarely in other pathological structures 27-30. The protein
kinases glycogen-synthase kinase-3 (GSK3) and casein kinase 1 (CK1), which
phosphorylate tau, are markers of GVDs as well 16, 17, 31-33. Furthermore, there is
evidence of proteasome dysfunction in GVD-containing cells: GVDs have been
detected by antibodies to the cellular marker of proteasome degradation,
ubiquitin 12, 13, and by antibodies to intermediaries in the ubiquitin system,
phospho-β-catenin 34 and Pin1 35.
We previously conducted a comprehensive study on the granular form of
phosphorylated stress-activated protein kinase/ C-jun N-terminal kinase (pSAPK/JNK) in relation to the temporal progression of tau tangles within AD
tissue. We found that p-SAPK/JNK granules are elevated in CA1 and entorhinal
pyramidal neurons during the limbic stages of Alzheimer’s disease (Braak stages
III-IV), during which time tau is first beginning to assemble into tangles 136.
While the morphology of p-SAPK/JNK granules have been described as GVDs
75

, there has not been immunohistochemical or ultrastructural evidence to
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positively characterize p-SAPK/JNK granules as GVD bodies. However, the
granules are a likely candidate for GVDs due to the role of p-SAPK/JNK as a
critical component of the beta amyloid-induced toxicity pathway 73, regulator of
caspase-3 activity 117, 118 and as the likely kinase phosphorylating pathological
residues on tau 69, 70. We have designed the current study to determine whether
p-SAPK/JNK granules are GVD bodies by the following methods: comparison of
immunohistochemical staining of p-SAPK/JNK and the GVD marker CK1ε in AD,
PSP, CBD and PiD hippocampus, co-localization by confocal microscopy with
GVD markers, lack of co-localization with other intracellular vesicles and, finally,
investigation of the ultrastructure of the granules.

Materials and Methods
Primary Antibodies
A polyclonal antibody recognizing dual phosphorylation (Thr-183/Tyr-185)
of activated SAPK/JNK was obtained commercially (#9251; Cell Signaling
Technology, Inc., Beverly, MA). The specificity of this antibody has been shown
by western blotting of human hippocampal tissue from control and AD cases 137.
The phosphorylation-dependent monoclonal anti-tau antibody PHF-1 138, and the
monoclonal antibodies anti-CK1α (IC94.1) 8 and anti-CK1δ (IC128A) 8 were
purified as described previously 119. Monoclonal antibodies to CK1ε (#40520),
Lamp-1 (#611042), BiP/GRP78 (#610978), Bcl-2 (#610538) and synaptophysin
(#611880) were purchased from BD Transduction Laboratories (San Jose, CA)
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and a monoclonal antibody to ubiquitin (#U0508) was purchased from SigmaAldrich (St. Louis, MO).

Human Subjects
Post-mortem fixed hippocampal sections from six clinically-diagnosed AD
cases (Braak stages V-VI), three PSP cases, three CBD cases and two PiD
cases were obtained from the Northwestern University Cognitive Neurology and
Alzheimer’s Disease Center. The corresponding tissue from an additional three
PSP, three CBD and three PiD cases were obtained from the Mayo Clinic
Alzheimer’s Disease Research Center. Demographic data for all cases is given
in Table 2.

Table 2. Demographic data of patients in Study II.
Case

Pathological Dx

Age

Gender

Braak PMI

1

AD

87

F

VI

16

2

AD

77

F

VI

18

3

AD

64

F

VI

19

4

AD

86

M

VI

5

5

AD

78

M

V

7

6

AD

75

M

VI

4

7

PSP

71

M

IV

14

8

PSP

87

M

II

19

9

PSP

87

M

II

19

10

PSP

60

M

III

7

11

PSP

55

F

0

6

12

PSP

57

M

II

-

13

CBD

93

F

IV

22

14

CBD

82

F

II

12

15

CBD

78

M

0

8

16

CBD

56

F

I

-

17

CBD

57

M

0

2

18

CBD

60

F

0-I

-

19

PiD

75

M

I

-

20

PiD

74

F

II-IV

4

21

PiD

66

M

I

16

22

PiD

55

M

0

9

23

PiD

60

F

I

14

Dx= diagnosis; PMI= post-mortem interval (hrs)
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Immunohistochemistry and Quantitative Analysis of Labeled Cells
Free-floating, 40 μm-thick sections of hippocampus were immunostained
according to a modified version of previously reported protocols 45, 136 and
visualized by brightfield microscopy. Specifically, following incubations in 0.4%
TritonX-100 to permeabilize cell membranes, 3% H202/ 30% methanol to reduce
blood vessel staining, and treatment with 3% horse serum/ 0.1% Triton to block
non-specific binding, sections were incubated with either anti-p-SAPK/JNK
(1:100 dilution of the supplied titer), anti-CK1ε (1:100 dilution of supplied titer) or
PHF-1 (0.1 μg/mL) at 4 °C overnight. After further blocking with 0.02 μg/mL
human IgG (Jackson ImmunoResearch, West Grove, PA), the sections were
incubated in either biotinylated-goat-anti-rabbit or anti-mouse secondary antibody
(Jackson ImmunoResearch) overnight at 4 °C. The antibody signals were
amplified by a two-hour reaction in ABC Elite (Vector Labs, Burlingame, CA) and
reacted with diaminobenzidene (DAB) using the ImmunoPure Metal Enhanced
DAB Substrate Kit (Pierce, Rockford, IL) until staining could be visualized by
brightfield microscopy. Optimal DAB staining times of each antibody were
obtained and these times were employed throughout the study. Sections were
mounted onto ionized slides (Superfrost/Plus; Fisher Scientific, Pittsburgh, PA),
stained with hematoxylin to visualize nuclei, dehydrated through graded
alcohols, cleared with xylene and coverslipped with Permaslip (Alban Scientific
Inc., St. Louis, MO). Cells labeled by each of the three antibodies were scored
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using stereologic technique in the CA1 region of the hippocampus according to
the protocol described in Lagalwar, et al. 136. The data was graphed using
Statview 5.0.1 software (SAS Institute Inc., Cary, NC).

Double-label Immunofluorescence and Confocal Microscopy
Hippocampal sections were double-labeled with p-SAPK/JNK and markers
of GVDs and intracellular vesicles. Immunofluorescence and confocal
microscopy were performed as previously described 136 with the exception that
tissue was pre-treated with 0.1% SDS/ 5 μM DTT prior to incubation in antiLamp-1 or anti-Bcl-2 antibody. (Refer to Appendix B for more information on the
tyramide amplification system that was used to detect p-SAPK/JNK).

Immuno-Electron Microscopy
AD tissue was immunostained with anti-p-SAPK/JNK, anti-CK1ε or without
primary antibody (as a negative control) and reacted with DAB as described
above. Staining of GVDs was verified by brightfield microscopy. The tissue was
fixed with 2% glutaraldehyde, dehydrated through graded alcohols, embedded in
resin, sectioned into 100 nm ultra-thin sections and placed onto EM grids. The
grids were then negatively stained with 2% uranyl acetate and Reynolds lead
citrate stain and examined with the JEOL JEM-1220 electron microscope at 60
kV and either 20,000x or 40,000x magnification.
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Results
P-SAPK/JNK granules and GVD bodies appear in AD, PSP, CBD and PiD
hippocampal cells
Clinically diagnosed hippocampal CA1 tissue from six AD cases, six PSP
cases, six CBD cases and five PiD cases (see Table 2 for demographic
information) were immunostained with anti-p-SAPK/JNK, the GVD marker antiCK1ε and the phosphorylation-dependent tau antibody PHF-1. P-SAPK/JNK
granules and GVDs could be seen in the CA1 region of the hippocampus in all 23
cases studied. However the abundance of p-SAPK/JNK granules and GVD
bodies varied by disease. Fig. 6 shows staining of representative cases from
each of the four diseases. In AD tissue, p-SAPK/JNK granules (Fig. 6a) and
GVDs (Fig. 6b) were found within a large number of pyramidal neurons within the
CA1 region. Within cell bodies, the quantity of granules and GVDs were often
numerous, as is shown by the magnified insets. In addition to the granular
staining, the anti-p-SAPK/JNK and anti-CK1 ε antibodies often stained the cell
body as well as the proximal and basal dendrites of pyramidal neurons. The
PHF-1 antibody, which recognizes the characteristic phosphorylated tau
pathology in each disease, stained NFTs, pre-tangles, neuropil threads and
neuritic plaques in AD (Fig. 6c).
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Figure 6
AD, PSP, CBD and PiD pathology stained with anti-p-SAPK/JNK, anti-CK1ε and PHF-1.
Antibodies against p-SAPK/JNK (a,d,g,j), CK1ε (b,e,h,k), and phosphorylated tau protein
(c,f,i,l) were used to stain hippocampal CA1 tissue from cases clinically diagnosed for
AD (a-c), PSP (d-f), CBD (g-i) and PiD (j-l). The α-p-SAPK/JNK and α-CK1ε insets show
higher magnification images of cells containing granules. The inset in Fig. 1j shows
granules (*) and a Pick body (●) within the same cell. PHF-1 staining reveals the
characteristic tau pathology of each disease. Insets show an NFT (c), tufted astrocyte
(f), astrocytic plaque (i) and Pick bodies (l). Bar = 50 μm.
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Anti-p-SAPK/JNK (Fig. 6g) and anti-CK1ε (Fig. 6h) stained granules and GVDs
in a few cells in the CA1 region of CBD tissue. Few numbers of granules could
be seen within cell bodies (insets). In addition to granular staining, anti-pSAPK/JNK recognized some NFTs, but staining was limited to the cell body and
was not seen in dendrites. Anti-CK1ε only showed granular staining. Neither of
the kinase antibodies reacted with astrocytic pathology. PHF-1 recognized
NFTs, coiled bodies and astrocytic plaques in the CBD hippocampus (Fig. 6i and
inset).
Greater numbers of cells showed p-SAPK/JNK granules (Fig. 6j) and
CK1ε + GVDs (Fig. 6k) in PiD hippocampal tissue, although few numbers of
granules or GVDs were apparent within individual cell bodies (insets). The
kinase antibodies recognized Pick bodies in a few cells, and in some cases Pick
body-containing cells also showed granular staining, which was distinguishable
from GVDs by size (Fig. 6j and k insets). PHF-1 (Fig. 6l) recognized numerous
Pick bodies and occasional NFTs within PiD hippocampus.
Quantitatively, anti-CK1 ε and anti-p-SAPK/JNK stained GVDs and
granules in a comparable number of cells within CA1 in each of the four diseases
studied (Fig. 7). The numbers of cells in CA1 containing GVDs or granules was
nearly three- to four-fold higher in AD and PiD tissue than in PSP and CBD
tissue. The number of cells containing granules or GVDs did not correlate with
age, gender, Braak scores or post-mortem intervals (PMI) (data not shown).
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Figure 7
Levels of p-SAPK/JNK granule-containing cells are comparable to the levels of GVDcontaining cells. Hippocampal CA1 staining shows no significant differences between
the quantity of cells positive for p-SAPK/JNK granules (black bars) and cells positive for
CK1 ε -GVDs (white bars). Mean ± 1 SEM.

The p-SAPK/JNK antibody recognizes disease pathology
In addition to granular staining, disease-specific pathology that reacted
with the p-SAPK/JNK antibody and PHF-1 was identified and counted in the CA1
region of all cases. In AD tissue, approximately one-fourth as many NFTs were
recognized by anti-p-SAPK/JNK as were recognized with PHF-1 (Fig. 8a). In
PSP tissue, a comparable number of NFTs were recognized by both anti-pSAPK/JNK and PHF-1. Additionally, an equivalent number of tufted astrocytes
were seen by both antibodies. P-SAPK/JNK did not react with globose tangles
(Fig. 8b). In CBD tissue, fewer NFTs were scored
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Figure 8
P-SAPK/JNK antibody recognizes granules and other pathology in AD, PSP, CBD and
PiD hippocampal CA1 cells. Graphs show p-SAPK/JNK staining (black bars) of granules
along with NFTs, globose tangles, astrocytic plaques and Pick bodies in AD (a), PSP (b),
CBD (c) and PiD (d). For reference, PHF-1 staining of NFTs, globose tangles, astrocytic
plaques and Pick bodies is shown with the white bars. PHF-1 does not stain granules.
Mean ± 1 SEM.

with anti-p-SAPK/JNK as compared with PHF-1, and a smaller number of
globose tangles were counted with anti-p-SAPK/JNK when compared to PHF-1.
Anti-p-SAPK/JNK did not react with astrocytic pathology in the CBD cases (Fig.
8c). In PiD, anti-p-SAPK/JNK reacted with a small number of NFTs and a few
Pick bodies, whereas PHF-1 recognized a small number of NFTs, astrocytes and
numerous Pick bodies (Fig. 8d). PHF-1 did not react with GVD bodies in any of
the 23 cases studied.
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P-SAPK/JNK granules co-localize with a subset of CK1 isoform-specific
GVD bodies and are ubiqutinated.
Double-labeling immunofluorescence and confocal microscopy were
performed on hippocampal sections of AD tissue with anti-p-SAPK/JNK and
antibodies to CK1α, δ and ε isoforms as well as ubiquitin. Fig. 9 shows threedimensional projections reconstructed from z-stacks. P-SAPK/JNK granules
were found throughout the cytoplasm of hippocampal pyramidal neurons.
Additionally, staining with antibodies to each of the CK1 isoforms revealed that
GVD bodies specific to these isoforms were found profusely as well.
Nevertheless, strong co-localization (enlarged in the insets) between the pSAPK/JNK granules and the CK1-positive GVD bodies was seen only in a small
subset of total granules/GVD bodies in these neurons. In contrast to colocalization with few CK1-positive granules, the majority of p-SAPK/JNK granules
in all of our cases co-localized with ubiquitin. Taken together, this data suggests
that GVDs are composed of more than one population of protein aggregates nonselectively formed through an ubiquitin-mediated mechanism.
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Figure 9
P-SAPK/JNK granules co-localize with a subset of CK1 isoform-specific GVD bodies
and are ubiquitinated. Confocal projections of z-slices showing double-labeling of
cells from AD hippocampus. P-SAPK/JNK granules and GVDs recognized by
antibodies to CK1α (a-c), CK1δ (d-f) and CK1ε (g-i) may be located within the same
cells but only a subset of those granules co-localize. In contrast, most p-SAPK/JNK
granules co-localize with ubiquitin (j-l). The left column shows the GVD marker in the
red channel, the middle column shows p-SAPK/JNK granules in the green channel
and the right column shows the merged image with co-localization in yellow. The
inset shows larger magnification images of co-localized granules. Bar = 10 μm.
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Figure 10
P-SAPK/JNK granules are compartmentalized separately from other intracellular components.
Confocal projections of z-slices showing double-labeling of cells from AD hippocampus. PSAPK/JNK granules do not co-localize with Lamp-1 (lysosome marker, a-c), BIP/GRP78
(endoplasmic reticulum marker, d-f), Bcl-2 (mitochondria marker, g-i) or synaptophysin (synaptic
vesicle marker, j-l). The left column shows intracellular components in the red channel, the middle
column shows p-SAPK/JNK granules and the right column shows the merged images. Bar = 10
μm.
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P-SAPK/JNK granules are distinct intracellular components
Double-labeling immunofluorescence and confocal microscopy were
performed on p-SAPK/JNK granules and markers for lysosomes, endoplasmic
reticulum, mitochondria, and synaptic vesicles (Fig. 10) in hippocampal tissue.
We did not see co-localization between p-SAPK/JNK granules and staining by
any of the four organelle antibodies. Moreover, the presence of p-SAPK/JNK
granules did not affect organelle morphology. Therefore, it is unlikely that
granular staining is due to intermediate events in protein degradation, protein
synthesis or protein trafficking pathways.

P-SAPK/JNK granules are dense-cored bodies located in intracellular
membrane-bound vesicles
Immunohistochemistry and electron microscopy were performed on AD
hippocampal tissue with anti-CK1ε or anti-p-SAPK/JNK, or without primary
antibody as a negative control, to visualize the ultrastructure of granules and
GVDs. Cytoplasmic vacuoles were present within cells of gray matter tissue.
The negative control tissue reveals only background staining of cellular
membranes and nuclear chromatin (Fig. 11a) and background staining of GVD
bodies within vacuoles (Fig. 11b). In contrast, GVDs can be clearly visualized
within cytoplasmic vacuoles by anti-CK1ε (Fig. 11c) as dense-cored granules
(Fig. 11d). Similarly, granular staining by anti-p-SAPK/JNK is seen within

77
compartmentalized vacuoles located outside the nucleus (Fig. 11e) and
closely resembles CK1ε -positive GVDs in the magnified image (Fig. 11f).

78

Figure 11
Ultrastructure of p-SAPK/JNK granules reveals similarity to GVDs. Immuno-electron
microscopic images of intracellular GVDs in AD hippocampal grey matter stained
without primary antibody (a,b), with anti-CK1ε (c,d) or with anti-p-SAPK/JNK (e,f)
shown at 2000X (a,c,e) and 4000X (b,d,f). Asterisks show background staining of
GVDs when no primary antibody was applied (b) while staining with both CK1ε (d) and
p-SAPK/JNK (f) reveals dense-cored granules located within cytoplasmic vacuoles. N
= nucleus. Bar = 2 μm.
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Discussion
GVDs are often assumed to be a pathological entity associated with AD,
however they have been described within the hippocampus of a number of
neurodegenerative diseases 16-18. We saw CK1ε -positive GVDs and pSAPK/JNK-positive granules in every case we investigated, including each of the
six PSP and six CBD cases. Although GVDs have also been described as a
byproduct of normal aging 18, we did not see a correlation between age and GVD
density; however, it is important to note that only five of our 23 subjects were
below the age of 60. We did see notable differences in GVD density depending
on disease, with the highest occurrence of CK1-positive GVDs and pSAPK/JNK-positive granules in AD and PiD hippocampus and the lowest in PSP
and CBD hippocampus (Fig. 1,2). Markedly, there was also a high density of
PHF-1-positive pathology among our AD and PiD cases and a low density
among our PSP and CBD cases (Fig. 1,3), suggesting a link between fibrillar
phospho-tau pathology and GVDs.
The composition of GVDs varies considerably and can be divided into two
categories: proteins involved in tau and amyloid processing in AD 16, 17, 20-23, 27-31,
32 , 33

and proteins associated with the ubiquitin-proteasome system 12, 13, 34, 35.

Our co-localization studies between p-SAPK/JNK and the CK1 isoforms (Fig. 4)
indicate that different kinase antibodies recognize similar numbers of GVDs.
However, within individual GVD bodies, there may often be a single primary
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component. Moreover, double-labeling of granules with p-SAPK/JNK and
ubiquitin antibodies indicates that p-SAPK/JNK granules are often, although not
always, ubiquitinated. This finding is consistent with observations that GVD
bodies are typically, but not universally, positive for ubiquitin 13, 139 We do not
see co-localization of the p-SAPK/JNK-positive GVDs with markers of
lysosomes, endoplasmic reticulum, mitochondria or synaptic vesicles signifying
that these granules are distinct from normal cellular vesicles (Fig. 5). If
packaging of proteins into GVDs is a mechanism developed by the cell to
sequester toxic soluble proteins, it must be a more universal mechanism than
assembly of hyperphosphorylated tau into NFTs or aggregation of beta amyloid
peptide into plaques.
Ultrastructurally, the morphology of p-SAPK/JNK granules resembles
CK1ε -positive GVDs (Fig. 6). Immuno-EM with antibodies specific to both CK1ε
and p-SAPK/JNK reveal dense-cored granules of 0.5-1.5 μm in diameter located
within cytoplasmic granules. These characteristics concur with the classical
definition of GVD bodies 15. Admittedly, in addition to the granular staining seen
in the p-SAPK/JNK immunoelectron-micrographs, there is also the presence of
lamellar staining resembling lamellar bodies or ribosome-lamella complexes
derived from rough endoplasmic reticulum 140, 141. Since we do not see the
lamellar staining pattern in our primary delete negative control, the lamellar
staining is likely due to specific binding of the antibody. Moreover, blotting of
human hippocampal tissue with this antibody specifically recognized bands the
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size of p-SAPK/JNK which were elevated in AD tissue compared to controls
137

. In addition, we have probed AD-diagnosed cortical tissue with the antibody

and verify that it specifically detects protein bands running at 54 kDa (JNK2) and
46 kDa (JNK1) (data not shown). Therefore the lamellar staining by anti-pSAPK/JNK may be reflective of the numerous functions of SAPK/JNK within the
cell. The SAPK/JNKs are involved in many cellular stress pathways including
being activated during protein misfolding-induced stress within the endoplasmic
reticulum 142. Moreover, SAPK/JNKs phosphorylate multiple substrates located
in the endoplasmic reticulum 143, 144. It is feasible that substrate-enzyme binding
was preserved within lamellar bodies during the process of resin-embedding and
fixation of tissue.
Given that many protein aggregates are ubiquitinated, the exact
relationship between proteasome dysfunction and aggregation is an important
one but is still unclear. Proteasome inhibition induces GVD-like aggresome
formation 34 and beta amyloid processing 145 in neuroblastoma cell lines.
Conversely, expression of aggregation-prone proteins into inclusion bodies
resulted in a nearly complete inhibition of the ubiquitin-proteasome system in
HEK cells 146. More recent evidence proposed that early aggregation of proteins
within the nucleus and cytosol globally impaired ubiquitin-proteasome function
before the aggregates assembled into inclusion bodies 147. In previous studies
we have shown that p-SAPK/JNK granules are more often found in hippocampal
and entorhinal neurons that have not yet formed or are just beginning to form
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NFTs, but are rarely found in neurons containing mature NFTs 136. Similar
findings showing lack of co-localization between GVDs and NFTs within the
same neurons were reported using anti-CK1 antibodies 32. If early assembly of
phospho-tau into pre-NFTs shuts down the proteasome system and given that
inhibition of the proteasome has been shown to cause apoptosis in cell lines 148150

, it is possible that the cell’s response to apoptotic signals is to package and

sequester the toxic proteins, in this case the SAPK/JNK and CK1 kinases, into
GVDs. Conceivably if GVDs were not formed, then the soluble toxic proteins
would be free to hyperphosphorylate tau leading to mature NFT formation.
In a study of AD tissue, proteasome inhibition was highest in the
hippocampus and parahippocampal gyrus, although there was significant
inhibition in temporal and parietal cortex as well 151. Why then do CA1
hippocampal pyramidal neurons, and to a lesser extent other limbic cells,
preferentially form GVDs? Since CA1 neurons are implicated in learning and
memory function, they are likely to be highly plastic and therefore more
susceptible to both NFT formation and proteasome dysfunction (reviewed in 152,
153

).
To summarize, in the current study we provide evidence that p-SAPK/JNK

granules are likely GVDs and we have previously shown that they rarely form
within cells containing mature NFTs 136. Further research is needed to learn why
GVDs are localized to the hippocampus and how mechanisms that contribute to
their formation are related to NFT formation.
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CHAPTER FOUR: Granular Accumulation of p-SAPK/JNK and Tau Protein
in N2A Cells Induced By Lactacystin Treatment

Manuscript in progress
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Abstract
Aggregation of post-translationally modified tau protein into neurofibrillary
tangles (NFTs) occurs in limbic, temporal and frontal cortex during the
progression of Alzheimer’s disease (AD) and tauopathies. In hippocampal
neurons, the accumulation of numerous toxic proteins into granulovacuolar
degeneration (GVD) bodies occurs simultaneously alongside NFT formation.
Among the post-translational modifications to tau are hyperphosphorylation and
truncation which occur in a sequential manner during NFT maturation. In
contrast, enzymes which are capable of causing these post-translational
modifications to tau accumulate into GVDs in a seemingly unordered manner.
Based on evidence that most GVDs are ubiquitinated, the ubiquitin-proteasome
system (UPS) seems to be a likely candidate trigger in GVD formation. However,
evidence demonstrating that NFT formation is driven by disruption of the UPS is
inconclusive. In this study we inhibit the UPS in N2A cells with the proteasome
inhibitor lactacystin and examine 1) the formation of two GVD proteins, phosphostress-activated protein kinase/ c-Jun N-terminal kinase (p-SAPK/JNK) and
casein kinase 1 (CK1), into granular structures and 2) post-translational
modifications and aggregation of tau. We report that lactacystin treatment
induces granule formation of p-SAPK/JNK and CK1 as well as tau
phosphorylated at the PS422, AT8 and PHF-1 epitopes. Furthermore, tau within
granules has an intact C-terminus which eventually becomes cleaved at the Asp421 caspase-cleavage site. Our results suggest that a common mechanism,
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namely proteasome inhibition, could provide the driving force between both
GVD formation and NFT formation.
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Introduction

Aggregation of post-translationally modified tau proteins predominate in
the characteristic cellular inclusions of a number of neurodegenerative disorders
including Alzheimer’s disease (AD) 98, progressive supranuclear palsy (PSP),
corticobasal degeneration (CBD), Pick’s disease (PiD) and frontotemporal
dementia linked to chromosome 17 (FTDP-17) 6, 7, 10, 98-100, 154. In each disease,
aberrant modifications to tau decrease its capability of binding to the microtubule
and favor its ability to self-aggregate 48, 104. However, the trigger that initiates
filament formation of tau differs according to disease. In AD, cleavage of amyloid
precursor protein (APP) into extracellular beta amyloid (Aβ) appears to cause a
cascade of intracellular events including the activation of kinases, caspases and
calpains involved in the post-translational processing of tau 25, 50, 72-74, 155. PiD
features an imbalance in the transcriptional splicing of tau. There is an
abundance of tau protein molecules that contain three, rather than four,
microtubule-binding repeats; a feature which may promote tau’s relocation from
the microtubule 156. In contrast, internal tau mutations drive filament formation in
the FTDP-17 diseases (reviewed in 154). And finally, although the cause of tau
aggregation in PSP and CBD is unknown, the presence of glial tau deposits
suggests the likelihood of astrocytic activation playing an important role 157.
Clearly, there are multiple triggers that can cause tau to aggregate, however the
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common denominator of these diseases is tau aggregation in conjunction with
neurodegeneration.
In addition to tau pathology, there is an accumulation of granulovacuolar
degeneration bodies (GVDs) within the hippocampal neurons of AD, PSP, CBD,
and PiD cases as well as within mouse models of FTDP-17 16-18, 31, 158. The
composition of GVDs suggests a molecular link to pathological tau. The protein
kinases phospho-SAPK/JNK (p-SAPK/JNK), glycogen synthase kinase-3 (GSK3) and casein kinase 1 (CK1), all of which hyperphosphorylate tau in vitro, are
found within GVD bodies 16, 17, 31-33, 158. Caspase-3, which cleaves tau 25 and
APP 26 in vitro, can be found in GVDs as well. Furthermore, a tau antibody
raised against paired-helical filaments from AD brain recognizes GVDs although
other tau antibodies do not 20-23. Interestingly, our lab has previously shown that
p-SAPK/JNK-positive GVD bodies are rarely found within neurons reactive for
aggregated tau, or will co-localize with neurons in the very early stages of NFT
development 136. Others have confirmed that GSK-3-positive GVDs are rarely
found within NFT-bearing neurons 32. Although the implications of GVD
formation have not yet been elucidated, there is a strong possibility that toxic
proteins are bundled into membrane-bound GVDs in order to sequester them
and prevent them from doing further damage to the cell.
A potential mechanism of inducing the formation of both NFT- and GVDlike structures in cultured cells is by inhibiting the ubiquitin-proteasome system
(UPS). Proteasomes are intracellular structures that maintain normal cell

88
functioning by degrading cell cycle and signal transduction proteins as
necessary and preventing toxicity due to protein aggregation by degrading
misfolded proteins 159. Typically proteins are flagged for proteasomal degradation
by the presence of a polyubiquitin tag 160. Ubiquitination of a portion of NFTs in
AD 161 implies that the UPS may be involved in NFT development or clearance.
Although there is discrepancy as to whether or not tau is normally degraded by
the proteasome 162-164, there is evidence that phosphorylated tau can be
ubiquitinated in vitro 165 and that an upregulation of UPS function can decrease
the amount of detergent-insoluble tau 166.
The majority of GVDs are ubiquitinated as well 13, 139, including GVDs
composed of p-SAPK/JNK (158 and chapter 2 of this dissertation). Furthermore,
inhibition of the proteasome by lactacystin, a microbial metabolite, carries out
cell-death by a p-SAPK/JNK-mediated mechanism 167 and leads to the
aggregation of GVD-like aggresomes that are positive for GSK3 and β-catenin 34.
We were interested in learning whether p-SAPK/JNK and tau protein would
accumulate into granular structures upon treatment with lactacystin.
In this study, we examine inclusion formation in N2A cells that are induced
in response to UPS inhibition by lactacystin. We found that granular inclusions
are reactive with antibodies to p-SAPK/JNK and CK1 as well as antibodies to
phospho-tau. Furthermore, we show that tau which has been cleaved at Asp421, a caspase-cleavage site, forms granules that are induced by lactacystin
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treatment. Our results demonstrate how UPS dysfunction may play a role in
the aggregation of GVD proteins as well as tau.

Materials and Methods
N2A Cell Culture
N2A cells, obtained from American Type Culture Collection
(ATCCCCL131) were maintained, differentiated and treated with lactacystin
according to a slightly modified version of a previously published protocol 34.
Briefly, cells were maintained in DMEM/F12 media supplemented with 10% FBS,
1% penicillin-streptomycin, and 1% L-glutamine. Cells were either differentiated
at the time of plating with 2 mM dibutyryl cAMP (#D0260; Sigma, St. Louis, MO)
in media with diminished (1%) serum for 48 hours, or allowed to grow in
maintenance media for 48 hours. Finally, N2A cells were treated with 10 μM
lactacystin (#L6785; Sigma) for up to 48 hours and analyzed by
immunofluorescence.

MTT Cell Viability Assay
N2A cells were differentiated and treated with lactacystin as above. Cell
viability was measured by transferring the cells into colorless F12 media
containing 5 mg/mL of yellow tetrazolium (MTT) salt (#TOX1-1KT; Sigma) and
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measuring the conversion to purple formazan dye due to active mitochondrial
dehydrogenase in healthy cells. Cell culture experiments and MTT viability
assays were repeated in triplicate.

Primary Antibodies
Monoclonal anti-tau antibodies were purified in-house as described
previously: Tau7 168 recognizes the intact C-terminus of tau (Lys-441); TauC3 25
recognizes C-terminal caspase-cleavage at Asp-421; Tau5 119 recognizes an
epitope of tau within the proline rich region; the phosphorylation-dependent
monoclonal anti-tau antibody PHF-1 138 recognizes phosphorylation at Ser 396
and Ser 404; and Tau1 169 recognizes a dephosphorylated site within the
proline-rich region of tau. A polyclonal anti-tau antibody, R1 7 and a monoclonal
anti-β-tubulin IgM, 5H1 170 were purified in-house as well. AT8 recognizes a
phosphorylation-specific epitope (Ser202/Thr205) 122 and was purchased from
Endogen (#MN1020; Endogen, Rockford, IL). PS422, a rabbit polyclonal
antibody that recognizes phosphorylation at Ser-422 (#44-764G; Biosource,
Carlsbad, CA); a polyclonal antibody recognizing dual phosphorylation (Thr183/Tyr-185) of activated SAPK/JNK (#9251; Cell Signaling Technology, Inc.,
Beverly, MA), a monoclonal antibody to CK1ε (#40520; BD Transduction
Laboratories, San Jose, CA); and a monoclonal α-ubiquitin antibody (#U0508;
Sigma-Aldrich, St. Louis, MO) were purchased commercially.
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Immunocytochemistry and Confocal Microscopy
Following differentiation and lactacystin treatment, the cells were treated
with microtubule-stabilizing buffer (0.1M HEPES, 4mM MgCl2 and 10mM EGTA,
pH 6.9) 171, and fixed with 2% paraformaldehyde. Briefly, aldeyhyde groups were
quenched with ammonium chloride, membrane permeability was enhanced with
0.1% triton X-100, and non-specific binding was blocked with 0.4% BSA/PBS.
Primary antibody dilutions were optimized by tittering experiments, and antibody
incubations were carried out at 37 degrees C for 30 minutes, followed by TRITCor FITC-conjugated goat anti mouse or rabbit secondary antibody for 15 minutes
at 37 degrees C. The cells were coverslipped with Vectashield (Vector labs;
Burlingame, CA) and imaged by confocal microscopy as previously described 136.
Cells processed for hematoxylin and eosin staining after fixation. In short, slides
with fixed cells were dipped in hematoxylin, followed by acid alcohol and
ammonium base, and reacted with eosin solution before dehydration through
graded alcohols. Slides were then dipped in xylene and coverslipped with
Permaslip.

Cell Counts and Stereology
For cell counts, 20,000 N2A cells per well were plated onto 4-well
chamber slides coated with poly-D-lysine (#354104; BD Biosciences; Bedford,
MA), and differentiated as described above. After 48 hours of differentiation,
lactacystin treatment was administered for 0, 2, 4, 6, 12 and 24 hrs, and the cells
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were fixed and immunostained as described. Cells were counted on a Nikon
Eclipse 80i microscope (Nikon; Melville, NY) and stereologically analyzed with
Stereo Investigator version 7.00.3 software (MicroBrightField, Inc.; Williston, VT).
Using a 40X objective, we chose a counting frame of 150 μm by 150 μm. Each
well was optically fractionated yielding 40-50 counting frames per timepoint. The
cell culture and counts were run in triplicate.

Immuno-Electron Microscopy of Cultured Cells
Cells were grown on Thermovar coverslips, differentiated with 2 mM
cAMP and treated with 10 μM lactacystin for 0 or 24 hours as described above.
Following fixation in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, cells were
processed for EM processing as detailed in Chapter 2 of this dissertation.

158

.

SDS-PAGE Electrophoresis and Western Blotting- lysates experiments
Cells were differentiated and treated with lactacystin for 0 or 24 hours as
described above. Following treatment, cells were scraped in media, briefly
centrifuged, and the pellets were resuspended in RIPA buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, and 5 mM
EDTA, containing protease inhibitor cocktail plus PMSF, NaF and activated
sodium orthovanadate). Total protein was quantified by BCA assay (Pierce;
Rockford, IL). Prior to loading, samples were mixed with Laemlli buffer (100 mM
Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 0.2% bromophenol blue and 200 mM
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DTT) and boiled for 5 minutes. Proteins were resolved on Tris-HCl SDSPAGE gels containing either a 4-20% (Tau1, Tau5, Tau7 and TauC3 blots) or a
10-20% (Ub-M, 5H1 blots) acrylamide gradient. Proteins were transferred to
nitrocellulose and immunoblotted with Tau7 (100 ng/mL), Tau5 (100 ng/mL),
Tau1 (100 ng/mL), TauC3 (1 μg/mL), PHF-1, 5H1 (1 μg/mL)or the monoclonal
anti-ubiquitin antibody (1:1000 dilution of supplied titer).

Results
Lactacystin treatment produces vacuolization and cell death in N2A cells
In order to understand how cell death and degeneration are affected by
inhibition of the proteasome, we administered 10 μM lactacystin to N2A cells that
were undifferentiated, or had been differentiated with 2 mM cAMP, and
calculated cell viability by the use of an MTT assay (Fig. 12a), Lactacystin
treatment was administered over a timecourse of 0 to 48 hours. Cells that had
been treated for 0 hours, just prior to fixation, were quite healthy and very little
cell death was evident. However, by 6 hours of treatment, we saw a significant
(P<0.0001) decrease in cell viability in differentiated cells (white bars) compared
to their 0 hour counterparts, but no significant difference in undifferentiated cells
(black bars). By 24 hours, there was significant (P<0.0001) cell death in both
differentiated and undifferentiated cells. Cell viability continued to decrease with
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continued lactacystin treatment and by 48 hours, approximately 50% of
differentiated cells and 60% of undifferentiated cells were dead compared to the
0 hour controls. Staurosporine, a potent kinase inhibitor that is an inducer of
apoptosis, was administered as a positive control for cell death and DMSO
provided a vehicle control for the stauroporine treatment. Since we were
interested in a neuronal model for protein aggregation, most experiments in this
study were based on cAMP-differentiated cells.
Cell death was further analyzed by quantifying the percent change in cell
viability seen at every 12 hour interval of lactacystin treatment in differentiated
cells (Fig. 12b). There was approximately a 15 percent loss of cells within the 012 hour interval and within the 12-24 hour interval, with slightly less cell death
(10%) seen in the later intervals.
Accompanying cell death by lactacystin treatment was the creation of
large vacuoles within the differentiated N2A cells. We quantified the number of
differentiated cells containing vacuoles at various timepoints of lactacystin
treatment (Fig. 12c). Although 15% of differentiated cells have undergone cell
death at 12 hours of lactacystin treatment (Fig. 12a), only 1% of live cells show
vacuoles at that time point. In contrast by 24 hours of treatment, only 65% of
differentiated cells are viable (Fig. 12a) but nearly a quarter of those viable cells
feature large vacuolization (Fig. 12c). To visualize vacuoles, we stained cells
with hematoxylin and eosin and also looked at cells by electron microscopy (Fig.
12d). At 0 hours of treatment, cells appear healthy and intact while at 24 hours,
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large eosin-negative vacuoles can be seen throughout the cytoplasm of the
cell body. Since vacuolization in live cells is a marker of neurodegeneration,
further experiments in this study were conducted in intervals up to and including
the 24 hour lactacystin-treatment timepoint.

Figure 12
Lactacystin treatment produces cell death and vacuolization in N2A cells. (A) Bar chart
shows cell viability of differentiated (white bars) and undifferentiated (black bars) N2A cells
exposed to lactacystin between 2 and 48 hours. Staurosporine treatment (1 μM) for 2 hours
was used as a positive cell death control and DMSO was applied for 2 hours as a vehicle
control for the staurosporine. The counts are normalized to the 0 hr treatment group, and
reflect a percentage of the live cells at 0 hrs. (B) Graph shows the change in percent cell
death for each 12 hour interval of lactacystin treatment for differentiated cells. (C) Bar chart
shows the percentage of immunostained differentiated cells that contain vacuoles after 0, 12
and 24 hour lactacystin treatment. (D) Healthy cells without lactacystin treatment (top row)
are shown versus 24 hour lactacystin treated cells (bottom row). Vacuolization is apparent
by a hemotoxylin and eosin stain (left column) and by electron microscopy (right column).
Error bars = 1 S.D. *P<0.0001.
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Aggregation of protein kinases and phospho-epitopes in differentiated N2A
cells with lactacystin treatment.
To learn whether proteasome inhibition by lactacystin affects aggregation
of kinases and phosphorylated tau, we administered 10 μM lactacystin to
differentiated N2A cells for various lengths of time and immunostained with
antibodies to p-SAPK/JNK, CK1 and various phospho-tau epitopes (Fig. 13). At
0 hours of treatment, we saw little aggregation of p-SAPK/JNK (Fig. 13a),
however by 24 hours of treatment we saw aggresome-like perinuclear inclusions
and granules (Fig. 13b). At 2 hours of lactacystin treatment, CK1 was not visible
in cells (Fig. 13c), but formed profuse granules by 24 hours of treatment (Fig.
13d).
Phospho-tau epitopes could be found within granules at varying timepoints
of lactacystin treatment (Fig. 13e-j). PS422 identified granules within cells as
early as 2 hours (Fig. 13e) and continued to identify granules after 24 hours of
treatment (Fig. 13f). In contrast, AT8 did not recognize any granules in cells at 2
hours, and in fact showed very little non-granular cytoplasmic staining, but did
react with some granules at 24 hours (Fig. 1h). PHF-1 reacted with granules at
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both 2 hours and 24 hours of treatment (Fig. i and j, respectively). The
temporal difference in activation of the various phospho-epitopes is interesting in
light of the temporal pattern of phospho-epitopes seen in AD (see Discussion).
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Figure 13
Aggregation of protein kinases and phospho-tau in differentiated N2A cells with
lactacystin treatment. Little aggregation of p-SAPK/JNK protein at 0 hour of lactacystin
treatment (A) or CK1 protein at 2 hours of treatment (C). Aggregation of both kinases
increases substantially at 24 hours of treatment (B,D). Phospho-tau epitopes appear in
aggregated tau at varying timepoints of lactacystin treatment (E-J). The pS422 epitope
is evident in aggregated tau as early as 2 hours (E) and is still robust at 24 hours (F).
The AT8 epitope is not visible in aggregated tau at 2 hours (G) but is seen in some
aggregated tau deposits at 24 hours (H). The PHF-1 epitope is seen in aggregated tau
at 2 hours (I) and is still visible in some deposits at 12 hours (J). Arrows point to
representative protein aggregates. Bar = 10 μm. In Fig. 13B, the blue Hoescht stain
depicts the cell nucleus.

Granule formation of C-terminally truncated tau
To investigate the processing of tau at Asp-421 caspase-cleavage site,
we differentiated N2A cells and treated with 10 μM lactacystin for 0, 2, 4, 6, 12
and 24 hours prior to counting the number of granules stereologically (Fig. 14).
First, we administered lactacystin, immunostained with TauC3 counted the
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number of granules seen through a stereology microscope (Fig. 14a).
Granules were defined as brightly stained aggregates that could be clearly
denoted in cells compared to diffuse staining in the surrounding cytoplasm. Cells
were only counted if they contained at least 2 granules. By microscopy, we
found 10% of TauC3-stained cells containing TauC3-positive granules at 0 hours
of treatment. With administration of lactacystin over time, the number of cells
containing TauC3-positive aggregates increase until it peaked at 60% with 12
hours of lactacystin treatment and then decreased to 30% at 24 hours.
To clarify the pattern of truncated tau aggregation, we immunostained
cells with TauC3 and Tau7, an antibody that identifies the intact C-terminus of
tau protein, and performed confocal microsopy to more accurately visualize
aggregation (Fig. 14b). At 0 hours of lactacystin treatment, there is little TauC3
staining (top left). However, following 24 hours of lactacystin treatment,
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Figure 14
Differential aggregation patterns of C-terminally truncated tau. (A) Graph shows
the percentage of immunostained differentiated N2A cells, treated with lactacystin
between 2 and 24 hours. Few tau aggregates are seen with the TauC3 antibody at
0 hrs, however this number increases over time and peaks at around 12 hours of
lactacystin treatment. (B) Confocal projections reveal differences in the type of
aggregation seen with each antibody. TauC3 shows little staining at 0 hours, but
intensely stains aggregates at 24 hours. Tau7 shows robust diffuse staining at 0
hours and less intense staining at 24 hours. Most of the staining that is present at
24 hours appears to be aggregated material. Error bars = 1 S.D. Bar = 10 μM.
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TauC3 robustly stained cells, with many aggregates prevalent throughout the
cell body (top right). Consistent with this, at 0 hours (bottom left), Tau7 robustly
stained cells while after 24 hours of treatment, little staining was apparent. The
dichotomous staining seen with Tau7 and TauC3 is likely due to the loss of the
Tau7 epitope that occurs when tau is cleaved at the caspase-cleavage site and
becomes TauC3-reactive (see schematic in Figure 16c). At both timepoints,
Tau7 staining was largely diffuse throughout the cytoplasm, but a few aggregates
were noted as well. Vacuoles were particularly noticeable in cells that were
strongly reactive with TauC3 at the 24 hour timepoint.

Redistribution of tau and ubiquitin after lactacystin treatment
To further investigate the pattern of tau aggregation due to lactacystin
treatment, we performed confocal microscopy with the polyclonal tau antibody
R1, which detects most forms of tau, and a monoclonal ubiquitin antibody
(Fig.15). At 0 hours of treatment, there is strong co-localization seen with R1-tau
and ubiquitin, both of which are found diffusely throughout the cytoplasm (bottom
row). However, at 24 hours of treatment, R1-tau forms cytoplasmic granules,
while ubiquitin aggregates intracellularly yet remains distinct from R1-tau (top
row).
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Figure 15
Redistribution of tau and ubiquitin after lactacystin treatment. Confocal projections of
differentiated N2A cells treated with lactacystin for either 0 or 24 hours; merged image is
shown in the right column. R1+ tau largely co-localizes with a monoclonal ubiquitin
antibody (Ub-M) in cells treated for 0 hours (bottom row). After treatment for 24 hours,
ubiquitin and R1+ tau, while still co-localized in the cell processes, are differentially
localized within the cell soma (top row). Bar = 10 μM.
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Figure 16
Various tau antibodies differentially recognize monomers and dimers of tau protein in N2A cells.
(A) Undifferentiated (- cAMP) and differentiated (+ cAMP) N2A cells both contain monomers and
dimers of tau protein that are Tau1-positive, but only differentiated N2A cells contain monomers
and dimers that are Tau5-positive. (B) Differentiated N2A cells treated with lactacystin for 0 or
24 hours. Tau7 recognizes monomer and dimers at 0 hours of treatment, but Tau7 reactivity is
lost with 24 hours of treatment. TauC3 recognizes monomeric tau at 0 hours of treatment.
There is an increase in monomeric tau cleaved at the TauC3 site with 24 hours of treatment.
The monoclonal ubiquitin antibody (Ub-M) recognizes high molecular weight ubiquitinconjugated proteins in cells treated for 0 hours; there is an increase in reactivity at 24 hours.
5H1, a β-tubulin antibody, is used as a loading control. (C) Schematic depicting the epitope
binding sites of the tau antibodies used in this study. Full-length tau (top cartoon) depicts the
approximate Tau1, Tau5 and R1 binding sites in the proline rich region of the tau molecule and
the Tau7 binding site at the intact C-terminus. Tau truncated at the D421 caspase-cleavage site
(bottom cartoon) binds to the TauC3 antibody.

104

Various tau antibodies differentially recognize monomers and dimers of tau
protein in N2A cells

To clarify whether tau is aggregating within the N2A cells, we resolved
protein from cell lysates by SDS-PAGE and blotted with several tau antibodies
and a monoclonal ubiquitin antibody (Fig. 16). First, we treated cells with and
without cAMP, to learn if differentiation affects tau (Fig. 16a). Tau1, a
phosphorylation-sensitive antibody that binds to tau that is not phosphorylated
around the AT8-epitope 169, detected bands the size of tau monomers and
dimers that are expressed at equal levels in both differentiated and
undifferentiated cells. It also recognized higher molecular weight monomeric
species that may be due to hyperphosphorylation at non-Tau1 epitopes. Tau5, a
phosphorylation-independent antibody that binds just C-terminal to the Tau1 site
119

, does not detect tau in undifferentiated cells, but does recognize dimers and

trimers in differentiated N2A cells.
Next, we differentiated neurons and treated them with lactacystin for 0 or
24 hours and resolved their total protein by SDS-PAGE (Fig. 16b). High levels
of monomers and dimers were detected by Tau7 at 0 hours but decreased by 24
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hours. Conversely, TauC3 reacted with little monomeric tau at 0 hours, but
detected an increase in monomeric tau at 24 hours. TauC3 did not detect
dimers. The mouse monoclonal ubiquitin antibody detected high molecular
weight ubiquitin-conjugated proteins which were largely elevated after 24 hours
of proteasome inhibitor treatment, as may be expected.
The schematic in Fig. 16c, depicts the epitope binding regions of the tau
antibodies. The variations in species of tau detected with the various antibodies
indicate the complexity of aggregation and protein folding that occurs within N2A
cells. Differentiation with cAMP and proteasomal inhibition with lactacystin
seems to compound the complexity. Nevertheless, these results provide insight
into mechanisms that may occur within human neurons.

Discussion
The findings of this study reveal that GVD-forming proteins such as pSAPK/JNK, CK1 and ubiquitin accumulate into granules in cultured cells upon
inhibition of the proteasome (Fig. 13 and 15). Furthermore, we show that tau
protein can be phosphorylated at the PS422, AT8 and PHF-1 sites (Fig. 13), and
undergoes truncation at the Asp-421 caspase-cleavage site and also forms
granules after proteasome inhibition (Fig. 14). Taken together, our data suggests
a common mechanism that may play a role in GVD synthesis and pathological
tau aggregation.
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The proteolytic pathway that we have identified here due to lactacystin
treatment mimics the pattern of post-translational modifications that have been
identified during the process of NFT maturation in AD. Phosphorylation of tau at
the PS422 89, AT8 122 and PHF-1 epitopes 138 are some of the earliest molecular
events known to occur to the tau molecule 89, 172. NFT progression studies
performed on tissue from varying stages of cognitively intact aged patients and
AD patients have helped to discern when other molecular changes occur in
relation to one another. As tau becomes pathological, it adopts the Alz50conformation in which the intact N-terminus of the molecule comes into contact
with the microtubule binding region in the middle of the molecule 119. Colocalization studies between the Alz50 antibody and TauC3 in tissue illustrate
that the TauC3 epitope occurs after tau adopts the Alz50-confomation, and
furthermore, the TauC3 epitope persists even after the Alz50 conformation is lost
91

. N-terminal alterations 103 and loss of the Alz50-epitope leads to the adoption

of a novel shape recognized by the Tau66 antibody in which a region of the Nterminus, one that is further C-terminal than the Alz50 binding region, comes into
contact with the microtubule-binding region 44. Co-localization studies between
TauC3 and Tau-66 reveal that the TauC3 epitope persists while tau shifts to the
Tau66-conformation and is lost later on while tau remains in the Tau66conformation 91.
Biochemical studies have helped discern the functional consequence of
cleavage at Asp-421. Using right-angle laser-light scattering to measure protein
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aggregation induced by fatty acid administration, it has been shown that
cleavage of tau at the Asp-421 residue increases the rate and the extent of
protein aggregation compared to uncleaved tau 25. This effect can be reversed if
the cleaved fragment is added back before aggregation is induced 87. Therefore
cleavage at the Asp-421 site may spur the synthesis of granules within N2A cells.
Accompanying the accumulation of tau into granules is the accumulation
of p-SAPK/JNK, CK1 and ubiquitin into granules (Fig. 13 and 15). These findings
are consistent with recent research which showed that CK1 isoforms, ubiquitin,
β-catenin and GSK3 also accumulate into granules within differentiated N2A cells
that are treated with lactacystin 34. The process by which granule formation
occurs in N2A cells may be similar to the accumulation of these varied proteins
into granules during the synthesis of GVDs within hippocampal neurons. It is
possible that proteasome inhibition may be involved in GVD synthesis, as is
suggested by data showing that the majority of GVDs are ubiquitinated (13, 139, 158
and Chapter 3 of this dissertation).
Ghanevati and Miller demonstrated that 10 μM lactacystin treatment for
24 hours leads to phosphorylation of JNK1, phosphorylation of the p-SAPK/JNK
substrate c-Jun, and activation of caspase-3 34, suggesting that lactacystininduced cell death (Fig. 12) occurs through a caspase-mediated apoptotic
mechanism. SAPK/JNK also becomes phosphorylated, and hence activated,
during apoptosis and is thought to be an upstream regulator of caspase-3 activity
83, 84

. Tau protein likely provides a downstream substrate for both p-SAPK/JNK
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69, 70

and caspase-3 25, 81. The schematic in Fig. 17 relates lactacystin-

induced caspase and kinase activation to granule formation. Conceivably,
prolonged phosphorylation of p-SAPK/JNK due to proteasome inhibition may
lead to the formation of p-SAPK/JNK granules. Phosphorylation of tau by pSAPK/JNK and cleavage of tau by caspase may be involved in the formation of
post-translationally modified tau granules. In turn, caspase-cleaved tau may
accelerate the aggregation of tau protein in granules.
After 24 hours of lactacystin treatment, our study shows that nearly 70% of
differentiated cells are still viable (Fig. 12). Furthermore, a third of live cells
contain TauC3-positive granules (Fig. 14a). Immunohistochemistry of TauC3positive granule-containing cells after 24 hours of lactacystin treatment reveals
live cells, albeit with a strong degree of vacuolization, despite the accumulation of
numerous granules (Fig. 14b). Consequently, granule formation within N2A cells
may be a protective mechanism developed by cells to sequester toxic proteins
and prevent caspase-mediated cell death from being fully carried out (Fig. 18).
An additional result of interest from this study is the inability of the Tau5
antibody to recognize tau within undifferentiated N2A cells while Tau1 recognizes
monomers and dimers in undifferentiated and differentiated N2A cells (Fig. 16).
Although these epitopes are close together, the Tau5 epitope is slightly
downstream of the Tau1 epitope. There are multiple reasons why the Tau5
epitope may be masked. Recent evidence by Mandelkow, et al. demonstrates
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Figure 17
Schematic depicting granule formation in N2A cells by lactacystin treatment.
Inhibition of the UPS by lactacystin treatment for 24 hours leads to activation of
caspase-3 and phosphorylation of SAPK/JNK; p-SAPK/JNK likely regulates
caspase activity. In turn, p-SAPK/JNK forms granules. Phosphorylation of tau
by p-SAPK/JNK and other kinases, as well as truncation of tau by caspase, leads
to granule formation of post-translationally modified tau. Caspase-cleavage of
tau can accelerate aggregation. Single arrows indicate a direct enzymatic
reaction; double arrows indicate an indirect effect.
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Figure 18
Schematic depicting two possible pathways that may occur after proteasome inhibition
by lactacystin. Proteasome inhibition leads to caspase and kinase activation (see Fig.
18). Sequestration of toxic proteins into granules may prevent caspase-mediated
apoptosis. Double arrows indicate indirect effects.

that soluble tau can adopt a “hairpin structure” that occurs before tau becomes
pathological. This hairpin structure involves the N-terminus and C-terminus
simulataneously coming into contact with the second and third microtubulebinding domains 173. Perhaps this structure is favored in undifferentiated cells
and it is possible that it may prevent binding by the Tau5 antibody. Another
possibility is the abundance of phosphorylation of tau in mitotic cells 174.
Phosphorylation of residues near the Tau5 epitope may prevent Tau5 binding
due to steric hindrance.
In conclusion, the results of this study demonstrate the formation of pSAPK/JNK, CK1, ubiquitin, and tau granules in N2A cells as a consequence of

111
proteasome inhibition by lactacystin. Moreover, tau accumulation into
granules is accompanied by phosphorylation at various residues and truncation
at its C-terminal caspase-cleavage site. The granular formation and posttranslational changes that we see with tau may be evident in GVD bodies, but as
of yet undetectable, or it may mimic early changes in NFT formation. Additional
work will be needed to clarify the source, composition, and consequences of
granule formation. Nevertheless, our study provides a potential common
mechanism that initiates the formation of p-SAPK/JNK and CK1 granules in cells,
as well as the pathological processing and aggregation of tau protein.

112

CHAPTER FIVE: Conclusions
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The data presented in this dissertation illustrates the ability of two
proteins, p-SAPK/JNK and tau, to accumulate into multimeric cytoplasmic
structures during neurodegenerative disease. The accumulation of tau protein
into NFTs occurs in an ordered manner. Monomers of tau bind to each other to
form straight and paired-helical filaments. The formation of filaments from pretangle structures into mature NFTs accompanies expected post-translational
modifications to tau. Furthermore, even the manifestation of NFTs within cell
populations can be predicted based on disease, because the presence of NFTs
correlates pathologically with neuronal cell loss and functionally with disease
symptoms. In contrast, p-SAPK/JNK accumulates into a seemingly unordered
mass of protein sequestered into membrane-bound GVDs. The presence of
GVDs occurs early during the onset of neurodegenerative disorders, but does not
correlate with cell death or with disease symptoms. Anatomically, GVDs occur
within a specific neuronal type and are localized to the limbic system, primarily
the CA1 and CA3 regions of the hippocampus. This chapter will explore the
mechanism of ubiquitin-proteasome dysfunction as a possible link between the
aggregation of tau into NFTs and the formation of p-SAPK/JNK into GVDs. It will
also provide insight into why the hippocampus in particular may be affected by
both types of lesions. Finally, this chapter will conclude with implications of the
data and offer topics for future study.
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Ubiquitin-Proteasome System (UPS)
Proteasomes consist of cytoplasmic, extra-lysosomal, multi-subunit
complexes that are made up of a 20S catalytic core, and when bound to two 19S
caps, forms a 26S proteasome 175-177. A series of three chaperone proteins,
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin
ligase (E3) covalently attach ubiquitin molecules to protein substrates in an ATPdependent process 178, 179. Bound tetramers of ubiquitin then signal substrate
degradation by the 26S proteasome 160. The ubiquitin-proteasome system
(UPS), through its ability to degrade a variety of proteins in a relatively nonspecific manner, performs two vital functions in eukaryotes: One function is to
regulate gene expression, cell cycle progression and signal transduction through
the necessary removal and destruction of transcription factors, cyclins and
protein kinases 159. The second function is to detect and degrade misfolded
proteins, thereby protecting the cell from the toxic effects of protein aggregation
159

. In the last several years, new research has emerged which points to a

cyclical relationship between UPS function and protein aggregation. While UPS
dysfunction may understandably lead to the aggregation of misfolded proteins,
early aggregation of misfolded proteins may also lead to a shutdown of the UPS.
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UPS Dysfunction and Protein Aggregation
The relationship between mutations that cause loss of function in the UPS
and neurodegenerative disease was first linked in autosomal recessive juvenile
Parkinson’s disease (AR-JP) and has spurred the interest in possible UPS
dysfunction among other neurodegenerative diseases. In AR-JP, there is
marked neuronal loss within the substantia nigra, albeit without the pathological
presence of Lewy bodies. Mutations in the gene which code for the E3 enzyme,
Parkin, affect its ubiquitin ligase activity. Therefore, it is likely that AR-JP is
caused by the accumulation of proteins due to the loss of UPS function 180, 181. In
mice models, a null mutation in an ubiquitin ligase causes neuropathology similar
to spongiform neurodegeneration without the accumulation of prion protein, also
suggesting a link between UPS dysfunction and neurodegeneration 182.
Protein aggregation can be directly linked to UPS dysfunction as well.
Mutations in an ubiquitin ligase can cause polyglutamine aggregation in SCA1
mice 183 and drosophila 184. Furthermore, a mutant form of ubiquitin, UBB+1, has
been found to accumulate in Alzheimer’s disease neurons 185. These results
signify that failure in UPS function, or the inability of proteins to be targeted to the
UPS, can lead to the accumulation of misfolded and damaged proteins that
ultimately result in aggregation and inclusion body formation.
In addition to loss of UPS function leading to aggregation, an abundance
of aggregation can also cause UPS dysfunction. CAG repeat mutations in
huningtin protein and ataxin can lead to aggregation which results in inhibition of
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the UPS 146, 186, 187 and is often accompanied by mitochondrial release of
cytochrome C and an increase in caspase activity 186. Currently, two models
exist for why aggregation may lead to UPS dysfunction. First, protein
aggregation may physically choke the 26S proteasome 188, 189; alternatively, large
aggregates of proteins might trap and sequester proteasome components 190, 191.
However, new evidence has ascertained that small oligomers of aggregated
protein which are targeted to aggregate locally within either the cytoplasm or
nucleus may be sufficient to inhibit the UPS in both compartments, thereby
indicating that inhibition of UPS function precedes the formation of large inclusion
bodies 147.

UPS Dysfunction and Aggresome Formation
One consequence of protein aggregation due to UPS dysfunction is the
formation of aggresomes. Aggresomes are defined as accumulations of protein
located in a perinuclear compartment which are formed by traveling along
microtubules to the microtubule-organizing center of the cell 192. Aggresomes
can be formed by overexpression of aggregation-prone proteins alone. A
truncated form of dentatorubralpallidoluysian atrophy (DRPLA) protein containing
polyQ stretches forms γ-tubulin-positive aggresomes without proteasome
inhibition 192. The over-expression of exon1 of huningtin, mutated to contain a
pathological number of Q repeats, led to aggresome formation in human 294
cells which increased two-fold when coupled with proteasome inhibition 193.
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Over-expression of Parkin, when coupled with proteasome inhibition, caused
formation of aggresomes immunoreactive with ubiquitin, α-synuclein, molecular
chaperones and proteasome subunits, and was also positive to an extent for
thioflavin-S, indicating some fibrillar structure 194. Conversely, proteasome
inhibition without protein over-expression can lead to aggresome formation.
Phospho-β-catenin, which forms GVDs in AD tissue, can form aggresomes in
neuronal cultures treated with a variety of proteasome inhibitors. These
aggresomes co-localize with γ-tubulin and vimentin and are associated with
caspase-3 activation, phosphorylation of SAPK/JNK and phosphorylation of cJun 34. Finally, proteasome inhibition can lead to aggregation of transmembrane
conductance regulator (CFTR) into aggresomes, the formation of which is
accompanied by the redistribution of vimentin and requires intact microtubules
195

.
To test whether aggresome formation is a global response to the over-

expression or misfolding of proteins, a cytosolic GFP-chimera was overexpressed in cultured cells and formed aggresomes which were not
ubiquitinated, but were accompanied by redistribution of vimentin as well as the
recruitment of proteasome components and chaperone proteins 196. These
experiments indicate that while ubiqutination of proteins may be a selective
process, dysfunction in the UPS or in the regulation of protein translation may
lead to universal misfolding of proteins.
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Tau and the UPS
Given that a subset of NFTs and neuritic plaques are ubiquitinated in AD
161

, it seems important to explore the molecular mechanisms between tau,

ubiquitin and the proteasome. There is discrepancy as to whether tau is normally
degraded by the proteasome in vivo. Proteasome inhibition in cultured cells 162,
164

and genetic proteasome inactivation in drosophila 164 unexpectedly cause a

decrease, rather than an increase, in total tau levels, indicating that tau is not
typically degraded by the proteasome 162, 164. Further study into possible
degradation by proteasome inhibition indicates that a bidirectional degradation,
one in which both the N-terminus and C-terminus of tau are cleaved by calpains
and caspases, may occur 163. However, proteasome inhibitor treatment did
increase immunoreactivity to phosphorylated tau epitopes and decrease
immunoreactivity to Tau-1, an antibody which recognizes tau dephosphorylated
at specific residues 162. Additionally, tau that was pre-phosphorylated with
GSK3β and Cdk5 bound to a complex of the E3 ligase CHIP and the heat shock
protein Hsc70, and could be conjugated by ubiquitin by the E2 conjugating
enzyme Ubc5Hb. This data suggests that CHIP may play a survival role in the
cell by contributing to tau degradation by the proteasome 165. In support of this
theory, over-expression and induction of heat shock proteins which interact with
CHIP led to a decrease in tau, particularly in detergent-insoluble tau 166.
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P-SAPK/JNK and the UPS
In AD tissue the vast majority of p-SAPK/JNK-positive GVDs are
ubiquitinated (Chapter 3 of this dissertation and 158), as are the majority of GVDs
regardless of their protein components 13, 139. Furthermore, inhibition of the
proteasome by lactacystin is accompanied by SAPK/JNK activation 34, 167 as well
as activation of c-Jun 34, p38 167and caspase-3 34, 167. However, only SAPK/JNK
is necessary to carry out lactacystin-induced cell death 167. The activation of pSAPK/JNK by UPS dysfunction may largely contribute to its ability to accumulate
into granules (Chapter 4 of this dissertation) and, due to its role in tau
phosphorylation and regulation of caspase activity, may contribute to granule
formation by phosphorylated and cleaved tau as well.

Neurodegeneration and UPS Dysfunction Within the Hippocampus
In studying how protein accumulation and aggregation exacerbates
neuronal cell death, it is necessary to examine why specific brain regions are
preferentially vulnerable to these processes. The commonality between NFT
development and GVD formation is that both types of lesions occur within
pyramidal neurons of the hippocampus. The hippocampus is vulnerable to NFT
formation early during the onset of AD; NFTs typically start to form within the
hippocampus after they first appear in the entorhinal cortex but before NFT
formation in the neocortex 135. Not unexpectedly, the anatomical pattern of new
NFT synthesis along with synapse loss and neuronal death follow the pattern of
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synaptic connectivity between limbic and neocortical regions 197, 198. It is
therefore possible to infer that an alteration in the synaptic input to a cell may
induce NFT formation within the same cell, which may then facilitate postsynaptic alterations leading to new NFT formation in the post-synaptic cell and so
on 152. In contrast, GVD formation does not follow a large-scale anatomical
progression. GVDs, while found throughout limbic cortex, appear to be primarily
localized to the pyramidal neurons of the hippocampus 18. In addition to the
vulnerability of lesions, the hippocampus is also vulnerable to UPS dysfunction
during AD. In a study of AD and control human tissue, the greatest decrease in
proteasome activity during disease occurred in the hippocampus, followed by
temporal cortical regions. Regions not affected in AD such as the cerebellar
hemiphere and areas 17 and 18 of the occipital lobe did not show decreased
activity 151. Furthermore, the study found that decreased proteasome activity
was not due to a decrease of expression of proteasomal components; rather it
must be due to post-translational modifications causing inhibition of the system
151

.

Conclusions/Implications
The proliferation of GVDs in the AD hippocampus, coupled with the
augmentation of NFTs and reduced function of the UPS system, necessitates the
question of why the hippocampus in particular is so vulnerable. The plasticity
theory supports the possibility of NFTs facilitating neurodegeneration within this
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region (reviewed in 152). Essentially, cellular processes such as long-term
potentiation, axonal outgrowth and dendritic restructuring at the synapse may
contribute to a higher plasticity demand in the limbic system compared to
neocortical regions 199-201. Furthermore, risk factors for AD such as age, amyloid,
presenilins, apolipoprotein E, and estrogen may further influence plasticity
(reviewed in 152). Given that a neuron’s capacity for plasticity decreases with
age, NFT formation may be a byproduct of excessive plasticity burden which may
essentially cause build-up of toxic materials and physical stress to the cell.
Conversely, the accumulation of cytoplasmic inclusion bodies such as
GVDs and NFTs may be a mechanism designed to reduce intracellular toxicity.
Work in our lab, by utilizing the conserved anatomical and molecular progression
of NFTs in AD, has shown that a neuron can live with an intracellular NFT for
decades before cell death occurs 89. Furthermore, it was postulated that
phosphorylation of the Ser-422 site on pre-tangle tau and NFT-tau seems to
precede cleavage at the Asp-421 caspase site by approximately 15 years 89.
Taken together, this data provides good indication that at least the early stages
of NFT formation may be protective. In vitro evidence from this same study
demonstrates that pseudo-phosphorylation at Ser-422 delays caspase-cleavage
of tau, a phenomenon that is not seen in control protein containing alternate point
mutations at that site 89. Given the large number of residues on tau that can be
phosphorylated, it seems plausible that in vivo, phosphorylation of multiple
residues may regulate truncation during periods of stress or toxic cell signaling.
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Although a toxic species of tau is yet to be clearly identified, tau
truncated at the Asp-421 caspase-site is a likely candidate. Cell culture studies
measuring apoptotic activity of recombinant fragments of tau revealed an
increase in apoptosis of cells containing fragments cleaved near Asp-421
compared to cells containing fragments with a more intact C-terminus 81.
Furthermore, removal of the C-terminal caspase-cleaved fragment of tau
increases the aggregation kinetics of recombinant protein 87 indicating that the
intact C-terminus plays a regulatory role in preventing aggregation. Once
aggregated, Asp-421-cleaved tau is found in mature NFTs and appears to
precede the conversion of NFTs from intracellular to extracellular, thus preceding
cell death (reviewed in 96). Finally, the proteasome inhibitor experiments
described within this dissertation show that granule formation of caspase-cleaved
tau coincides with the timepoints at which significant cell death occurs (Chapter
4).
A considerable body of research has provided evidence that small
oligomeric species of Aβ are toxic (reviewed in 202) which has prompted study of
toxic tau oligomers. Tau oligomers have been purified from frontal cortex,
however they are most abundant during Braak stage I when little pathology is
apparent 203. Thus, tau oligomers may be a very early intermediate in NFT
formation, or they may inhibit NFT formation. In favor of the NFT inhibition
theory, the protein α-synuclein, which forms aggregates in Parkinson’s disease,
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was found in an oligomeric form when protein aggregation was inhibited 204.
Interestingly, these particular oligomers were not toxic to cultured cells 204.
Recently, a novel small isoform of tau, termed 6d, has been found in
normal and AD brain and is believed to be distinct from tau species that form
NFTs. The 6d isoform is an exon 6 splice variant that does not contain the
microtubule-binding domains of regular tau, and is expressed in both fetal and
adult brain, as well as in Alzheimer’s brain 205. In adult and Alzheimer’s brain, 6d
expression is found within pyramidal neurons of the CA1-CA4 regions of the
hippocampus, as well as in the subiculum and the granular cells of the dentate
gyrus. Notably, within neurons 6d forms granules in cell bodies and proximal
processes of healthy neurons, and does not overlap with NFT pathology 205.
Taken together, the above findings suggest that tau exists within cells as
both toxic and benevolent species depending on genetic splicing, structural
configuration and post-translational modification. In fetal cells, short isoforms of
tau and phosphorylation of regular tau isoforms may play a role in neuronal
development and mitosis 205, 206; likely, in healthy adult neurons, short isoform
expression, oligomerization and post-translational phosphorylation may be
involved in normal cytoskeletal regulation. Perhaps these mechanisms may also
be significant during the early stages of cellular toxicity by preventing or delaying
the onset of caspase-cleavage of tau, therefore preventing or delaying the onset
of an irreversibly toxic species which may ultimately slow down the rate of NFT
formation. Finally, the progression studies from our lab 89 indicate that although
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initial NFT formation may not be toxic, the combination of soluble caspasecleaved tau and the continued aggregation of tau within the NFT may be an
unbearable burden to the cell.
Unlike mature NFTs, there exists little evidence that GVDs are a toxic
species. In fact, since GVDs are seldom found in neurons containing NFTs 32, 136
(with the exception of very early-stage NFTs 136), it is likely that GVD formation is
a beneficial defense mechanism developed by the cell to protect itself from toxic
proteins that may contribute to NFT evolution. Perhaps because the functions of
learning and memory within the hippocampus are evolutionarily so vital to the
well-being of the organism, cells within this region of the brain developed a novel
protective response. Conceivably, a shut-down of the UPS system within the
hippocampus, whether it is a response to plasticity burden or early NFT formation
or both, may exacerbate the production of both NFTs and GVDs in this region.
In addition to the argument that GVDs may be a protective mechanism of
sequestering toxic proteins, there are other possibilities as to why GVDs are
formed. Rather than simple sequestration, it is feasible that GVD formation is
involved in exocytosis. Electron microscopic images of membrane-bound
granules that are fused with the cell membrane would provide indicative evidence
that this occurs. Immunohistochemical detection of GVD components deposited
extracellularly would also signify that exocytosis was occurring, although
substantial dilution of these contents would make this type of detection difficult.
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To date, little evidence of the involvement of GVDs in exocytosis has been
reported.
GVDs have, however, been reported to be autophagic 13. The bulk of
evidence surrounding this theory is the prevalence of the double membrane
which typically surrounds autophagic vacuoles 207. Furthermore, varying
amounts of a liquid floccular material was found to surround the electron-dense
core in GVDs, suggesting that the less dense material was being internally
degraded 13. In the same study by Okamoto, et al., GVDs were noted to be
located next to lysozomes and golgi bodies in some instances although the
membrane surrounding GVDs most resembled endoplasmic reticulum membrane
13

which could be suggestive of both autophagocytosis 208 as well as exocytosis

209

. Further studies are needed to determine the source of GVDs as well as their

function. If GVDs are part of autophagic or exocytotic pathways, then their
formation may be a protective mechanism by the cell.
The cell culture model that we have developed in Chapter 4, through
proteasome inhibition, produces intracellular p-SAPK/JNK and CK1 granules that
resemble GVDs, although further analysis of their ultrastructure is necessary for
verification. If they do fit the characteristic requirement of GVDs, then our cell
culture model will provide a valuable tool to study the components of GVDs, the
temporal appearance of these components, as well as the mechanisms involved
in its synthesis. Furthermore, they may lead to a method of GVD purification that
enables biochemical study. The discovery of short isoform tau granules in
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healthy hippocampal pyramidal neurons 205 prompts the question of whether
this type of tau fits any of the characteristics of GVDs, or whether it is otherwise
involved in GVD formation. Perhaps, the GVD is composed of many layers of
various proteins, which may account for its seemingly varying populations that
appear at specific post-mortem timepoints. Being able to decipher the various
components of GVDs, along with the sequence in which they appear, would
greatly contribute to our knowledge of why GVDs are formed.
A beneficial in vivo method for studying GVD formation may be the use of
transgenic mice. Mice lacking various components of the proteasome system
could be immunohistochemically analyzed for GVD pathology. If found,
transcriptional analysis of the cellular populations expressing GVDs would help to
decipher if there is a genetic basis to GVD formation. Furthermore,
compositional and temporal analysis could be performed to identify whether the
composition of GVDs changes over time, or whether new proteins become
trapped in already formed GVDs therefore hiding previously engulfed proteins.
Transgenic mice cross-bred to over-express various GVD components, for
example p-SAPK/JNK and CK1, if viable, would allow for examination of varying
GVD populations and for potential purification of homogenous populations.
Finally, toxicity of GVDs could be determined by purifying homogenous
populations and applying them to cells in culture.
This dissertation has examined GVD and NFT formation within the AD
hippocampus as well as investigated a possible mechanism, UPS dysfunction,
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which may account for the formation of granules as well as posttranslationally modified tau protein. Future studies may investigate the exact
origins of GVD membranes, and determine whether they are formed in response
to stress. If this is the case, cell culture may be used to create GVDs and
provide further insight into their proteolytic make-up, their effect on protein
aggregation, neurodegeneration and toxicity, as well as their effect, if any, on
synaptic structure or synaptic transmission. Although GVD research has been
largely neglected in the past, their composition and their location within pyramidal
neurons of the hippocampus suggests that they may play an important role in
preventing further toxicity and damage to an important anatomical region that is
particularly vulnerable in disease.
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Appendix A
Overview
When conducting the cell culture experiments in Chapter 4, we
encountered unexpected results that are difficult to explain within the context of
the rest of the thesis and require additional extensive studies before we can
understand the implications. The tau antibody MN423 was raised against the
core of paired helical filament tau protein 121 and recognizes late stage NFTs in
which tau has been truncated at Glu-391 91. However, differentiated N2A cells
that were untreated contained diffuse staining throughout the cytoplasm along
with what appeared to be aggregated MN423-positive tau. After proteasome
inhibition by lactacystin treatment, MN423-positive tau was redistributed to the
periphery of the cell. These findings seemingly oppose the MN423 data that has
been generated from AD tissue studies over the last decade and a half.
Therefore, while these findings are very interesting, much more work will be
required to properly characterize MN423-positive tau within N2A cells. The
results and discussion of these findings will be included in this appendix.

Results
Aggregation of MN423-positive tau in N2A cells
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To investigate the processing of tau at the Glu391 residue, we
differentiated N2A cells and treated with 10 μM lactacystin for 0, 2, 4, 6, 12 and
24 hours, immunostained with MN423, and counted the number of cells
containing granules stereologically (Fig. 1a). Granules were defined as brightly
stained aggregates that could be clearly denoted in cells compared to diffuse
staining in the surrounding cytoplasm. Cells were only counted if they contained
at least two granules. Surprisingly, 70% of untreated, MN423-labelled cells
contained granules. With administration of lactacystin over time, the number of
cells containing MN423-reactive granules decreased to 15% after 24 hours of
treatment.
To clarify the differences in aggregation patterns, we immunostained cells
with MN423 and performed confocal microscopy to more accurately visualize
aggregation (Fig. 1b). MN423 robustly stained cells at both 0 and 24 hours of
lactacystin treatment. This data seemingly differed from the results of our TauC3
counts (Chapter 4, Fig. 14a). After further examination, however, it became
apparent that at 0 hours of treatment, MN423-positive tau formed large
aggregates of protein located in the cell body which seemed to be redistributed to
the periphery of the cell at 24 hours. The redistribution may explain why the
number of aggregates decreased with lengthening treatment in our stereology
experiments (Fig. 1a).

149

Fig. 1.
Aggregation of MN423-positive tau in N2A cells. (A) Graph shows the percentage of
immunostained differentiated N2A cells, treated with lactacystin between 2 and 24 hours.
The number of tau aggregates seen with the MN423 antibody is greatest at 0 hours of
treatment, and gradually decreases. (B) Confocal projections reveal redistribution of
MN423-positive tau upon lactacystin treatment. The MN423 antibody intensely stains cells
at both time points; however, MN423-positive is typically located in the cytoplasm at 0
hours and is redistributed to the cell periphery after 24 hours. Error bars = S.D. Bar = 10
μM.

Redistribution of MN423-positive tau after lactacystin treatment
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Due to the surprising results of MN423-positive aggregation in Fig. 1,
we further investigated the pattern of MN423 aggregation due to lactacystin
treatment by performing confocal microscopy with MN423, the polyclonal tau
antibody R1 and a polyclonal antibody to ubiquitin (Fig.2). The R1 and MN423
antibodies strongly co-localize at 0 hours of treatment, although MN423aggregates can be seen that are not reactive with R1 (Middle row). In sharp
contrast, at 24 hours of treatment, R1-tau forms granules that do not co-localize
at all with MN423 (top row); MN423-positive tau is instead redistributed to the
periphery of the cell.
In order to learn whether MN423-tau and ubiquitin were co-localizing after
24 hours of proteasome inhibition, we employed a polyclonal ubiquitin antibody
(Ub-R) to double-label with MN423. After 24 hours of treatment, there was some
co-localization between ubiquitin and MN423, although the majority of MN423aggregates remained ubiquitin-negative and the majority of ubiquitin aggregates
were MN423-negative (bottom row). Our data suggests that MN423-positive
aggregates exist within N2A cells prior to lactacystin treatment and are
redistributed to the cell periphery following treatment, in an ubiquitin-independent
manner.
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Fig. 2.
Redistribution of MN423-positive tau with lactacystin treatment. Confocal projections of
differentiated N2A cells treated with lactacystin for either 0 or 24 hours; merged image is
shown in the right column. R1+ tau and MN423+ tau co-localize in cells treated for 0
hours (middle row). After 24 hours of treatment, most R1+ tau accumulates as small
intracellular aggregates while MN423+ tau is redistributed to the cell periphery (top row).
Partial co-localization is seen in the cell body between a polyclonal ubiquitin antibody
(Ub-R) and MN423 in cells treated with lactacystin for 24 hours. Bar= 10 μM.
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Fig. 3.
MN423 recognizes monomers, dimers and trimers of tau protein in N2A cells. (A) MN423
recognizes monomer, dimers and trimers of tau in N2A cells differentiated with lactacystin for 0 (left
lanes) or 24 hours (right lanes); trimeric tau that is MN423-positive is increased with 24 hour
lactacystin treatment. R1 recognizes monomer, dimers and trimers of tau. Little change in levels is
seen with 24 hour lactacystin treatment. (B) Schematic depicting the epitope binding sites of
MN423 and R1 antibodies, in addition to the other tau antibodies used in this study. The R1
antibody binds to the proline rich region of the molecule, while MN423 recognizes truncation at Glu391.

MN423 recognizes monomers, dimers and trimers of tau protein in N2A cells.
To clarify whether MN423-positive tau is aggregating within the N2A cells,
and whether this aggregation is affected by lactacystin treatment, we resolved
protein from cell lysates by SDS-PAGE and blotted with MN423 and R1 (Fig. 3a).
N2A cells were differentiated and treated with lactacystin for 0 (left lanes) or 24
hours (right lanes). MN423 recognized tau monomers, dimers and trimers of tau
at 0 and 24 hours of treatment. The levels of trimers increased with 24 hours of
treatment. R1 also recognized monomer, dimers and trimers of tau; in the case
of R1, detectable trimeric tau decreased with 24 hour lactacystin treatment. The
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schematic in Fig. 1b depicts the MN423 and R1 epitope binding regions,
along with the epitopes of other antibodies used in this study.

Discussion
The data within this appendix suggests a novel tau pathway, termed the
MN423 pathway for clarity, in which tau that has been truncated at the Glu-391
site resides in differentiated N2A cells as aggregates within the cell body (Fig. 1).
As lactacystin treatment is administered, Glu-391 tau is redistributed from the
interior of the cell body to the periphery of the cell (Fig. 2). During the process of
redistribution, tau truncated at Glu-391 appears to change conformation as is
evident by its inability to co-localize with the polyclonal tau antibody R1 (Fig. 3).
The MN423 pathway in N2A cells seems to profoundly contradict what happens
in disease. In AD brain, the MN423 antibody recognizes mature tangles that only
appear in severe stages of AD 90, 91, 210. Progression studies confirm these
findings by revealing that Tau66-positive NFTs which co-localize with TauC3 are
intracellular, while Tau66-positive NFTs that co-localize with MN423 are
extracellular 91, indicating that the neuron has effectively degenerated by the time
the MN423 epitope occurs. Moreover, the MN423-epitope persists after the
Tau66-conformation is lost 91.
Although these findings suggest that truncation of Glu-391 occurs
sequentially after Asp-421 cleavage, cleavage at Asp-421 does not necessarily
ensure that truncation at Glu-391 will occur. Despite the pattern of Asp-421
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cleavage leading to Glu-391 truncation being fairly well conserved in AD and
normal aging, it does not occur in PiD. Neither the MN423-epitope nor the Tau66
conformation is found in the Pick bodies of PiD 7 despite the presence of TauC3positive PiD bodies (A. Guillozet-Bongaarts, personal communication).
The MN423 antibody was raised against the pronase-resistant core of
paired helical filaments 121. Initially, it was described as a marker of NFTs and
intracellular granules located in the somato-dendritic compartments of neurons
211

and has even been defined as a marker of GVDs 20-23. However, cross-

reactivity of early forms of the antibody 24 may have contributed to the lack of tau
seen in GVDs with other tau antibodies 20. Studies using COS7 cell culture
models transfected with varying tau fragments truncated at the Glu-391 site, lead
to the conclusion that truncation at Glu-391 was an early event that occurred
prior to NFT formation or neurodegenerative cytoskeletal changes 211.
Since that 1999 study, cell culture work using the MN423 antibody to
study tau truncated at Glu-391, particularly endogenous tau truncated at Glu-391,
has been deficient. It may be a characteristic of murine cells, cancerous cells, or
a product of cAMP treatment that causes an abundance of tau truncated at Glu391 within our cell culture models. Furthermore, the AD tissue work which has
characterized MN423 as a late-stage marker of AD does not exclude the
possibility that Glu-391 truncated tau exists in human neurons during early
stages of disease. Immunohistochemical detection in fixed frozen tissue may be
particularly difficult if the protein is located diffusely throughout the cytoplasm, if
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its epitope is hidden due to its conformation, or if the epitope does not survive
fixation. Therefore the results presented within this appendix are interesting and
novel in their own right, and may also have relevance within the field of tau-AD
research one day. However, further work will be needed to properly characterize
Glu-391-truncated tau within N2A cells first.
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Appendix B
Overview
Until recently, the detection of active enzymes in post-mortem
tissue as well as the detection of other molecules that are short-lived or found in
low concentration has been difficult. However adaptation of the tyramide signal
amplification (TSA) system to various immunohistochemistry protocols has made
it easier to detect these molecules. TSA was used to amplify the p-SAPK/JNK
signal in the immunohistochemistry experiments performed in Chapters 2 and 3
123, 124

. The principle driving the TSA protocol is that tyramine is converted into a

highly oxidized, reactive intermediate by horseradish peroxidase (HRP) 212-215
(Fig. 1). Briefly, rabbit primary anti-p-SAPK/JNK (#9251; Cell Signaling
Technology, Inc., Beverly, MA) was applied to tissue to detect the p-SAPK/JNK
antigen, followed by biotinylated anti-rabbit secondary antibody. The biotin signal
was amplified using the ABC Elite kit from Vector Labs (Burlingame, CA). With
this kit, avidin and HRP-conjugated biotin are allowed to form a complex in which
up to four biotin molecules can bind to a single avidin. The complex was then
applied to the biotinylated secondary antibody in the tissue. Finally, the tissue
was incubated in 1 ug/mL of FITC-tagged tyramide in the presence of 0.00015%
H202, allowing for rapid binding of tyramide to HRP. The amplified p-SAPK/JNK
signal can be detected through fluorescence imaging of the FITC tag. (see
schematic in Fig. 2).
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Fig. 1. Tyramine can be
catalyzed from a stable
molecule to a highly
reactive species,
tyramide, in the presence
of H202 and peroxidase
(HRP). Reactive tyramide
will rapidly bind nearby
molecules including HRP.

Fig. 2. Schematic depicting the use of FITC-labeled tyramide to amplify the
primary antibody signal. Primary antibody binds to the antigen, followed by
binding of a biotinylated-secondary antibody. Using the ABC kit (Vector Labs),
the biotin signal is amplified by binding of a biotin-avidin complex containing
HRP-labeled biotin. FITC-labeled tyramide then binds to HRP in the presence of
H2O2.
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Appendix C
Overview
Several primary antibodies to tau and kinases were used in the preceding
studies. Table 1 displays the species, epitope and reference information of each
tau antibody and Table 2 lists the pathology that the tau antibodies, kinase
antibodies and α-ubiquitin recognized in these studies.

Table 1. Tau antibody species, epitope and reference information.
Tau structural antibodies
Ab
Tau 5
R1
Tau 7

Species

Epitope

Appearance
in text

Ref.

Source (lab or
company)

Mouse IgG

a.a.210-230

Chapter 4

119

Dr. Lester Binder

Rabbit

Proline-rich region

Chapter 4

7

Dr. Lester Binder

Mouse IgG

Extreme Cterminus

Chapter 4

168

Dr. Lester Binder

Ref.

Source (lab or
company)

Conformation-dependent tau antibodies
Ab

Species

Epitope

Appearance
in text

Alz50

Mouse
IgM

a.a.7-9, 312-342

Chapter 2

120

Dr. Peter Davies

Appearance
in text

Ref.

Source (lab or
company)

Chapters 2,4

25

Dr. Lester Binder

Chapter 2,
Appendix A

121

Dr. Michel Novak

119,

Truncation-dependent tau antibodies
Ab

Species

Epitope

TauC3

Mouse
IgG
Mouse
IgG

Truncation at
D421
Truncation at
G391

MN423

159

Phosphorylation-dependent tau antibodies
Ab
PS422
AT8
PHF-1

Tau 1

Species
Rabbit
Mouse
IgG
Mouse
IgG
Mouse
IgG

Epitope
Phosphorylation at
S422
Phosphorylation at
S202/T205
Phosphorylation at
S396/S404
Nonphosphorylated
residues near the
AT8 epitope

Appearance
in text

Ref.

Source (lab or
company)

Chapter 4

216

Biosource

Chapters 2,4

122

Endogen

Chapters 3,4

138

Dr. Peter Davies

Chapter 4

169

Dr. Lester Binder

Kinase Antibodies and α-ubiquitin
Ab

Species

Epitope

Appearance
in text

Ref.

Source (lab or
company)

Rabbit

Phosphorylation at
T183/Y185

Chapters 24

137

Cell Signalling

CK1ε-specific

Chapter 3-4

16

BD Transduction

CK1α-specific

Chapter 3

16

CK1δ-specific

Chapter 3

16

Dr. Merl
Hoekstra
Dr. Merl
Hoekstra

Ubiquitin monomer
and polyubiquitin

Chapter 3-4

217

pSAPK/JNK
α-CK1ε
α-CK1α
α-CK1δ
α-ubiquitin

Mouse
IgG
Mouse
IgG
Mouse
IgG
Mouse
IgG

Sigma
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Table 2. Pathology recognized by tau and kinases antibodies and α-ubiquitin in the
dissertation studies. (x does recognize; - does not recognize; ? not determined)
Ab

GVDs

Pre-NFTs

NFTs

Induced
Granules

Appearance
in text

Tau 7

?

?

?

x

Chapter 4

Alz50

-

x

x

?

Chapter 2

-

-

x

x

-

-

x

-

Chapter 2,
Appendix A

?

x

x

x

Chapter 4

-

x

x

x

Chapter 2,4

-

x

x

x

Chapter 2,4

x

x

x

x

Chapters 24

x

x

x

x

Chapter 2,4

x

x

?

Chapter 3

x

x

?

Chapter 3

?

x

x

TauC3
MN423
PS422
AT8
PHF-1
α-pSAPK/JNK
α-CK1ε
α-CK1α

x

α-CK1δ

x

α-ubiquitin

x

Chapters
2,4

Chapters
3,4
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