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Abstract

Alzheimer's disease (AD) is characterized by intracellular and extracellular protein aggregates,
including microtubule-associated protein tau and cleavage product of amyloid precursor protein,
B-amyloid (AB). Tissue transglutaminase (tTG) is a calcium-dependent enzyme that cross-links
proteins forming a y-glutamyl-e-lysine isopeptide bond. Highly resistant to proteolysis, this bond
can induce protein aggregation and deposition. We set out to determine if tTG may play a role in
pathogenesis of AD. Previous studies have shown that tTG and isopeptide are increased in
advanced AD, but they have not addressed if this is an early or late feature of AD. In the present
study, we measured tTG expression levels and enzyme activity in the brains of individuals with no
cognitive impairment (NCI), mild cognitive impairment (MCI), and AD, as well as a transgenic
mouse model of AD. We found that both enzyme expression and activity were increased in MCI as
well as AD compared to NCI. In the transgenic model of AD, tTG expression and enzyme activity
increased sharply with age and were relatively specific for the hippocampus. We also assessed
overlap of isopeptide immunoreactivity with neurodegeneration-related proteins with Western
blots and found neurofilament, tau, and Af showed co-localization with isopeptide in both AD and
transgenic mice. These results suggest that tTG might be a key factor in pathogenesis of abnormal
protein aggregation in AD.
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Introduction

Alzheimer's disease (AD) is a devastating neurodegenerative disease characterized by
progressive cognitive impairment culminating in dementia. Senile plaques (SPs),
neurofibrillary tangles (NFTs), and cerebral amyloid angiopathy (CAA) are the major
pathologic features of AD [1-3]. Both SPs and CAA consist of extracellular deposits of -
amyloid protein (Ap), with molecular weight of 4 kDa [4, 5]. Ap oligomer aggregates or
associated cellular reactions to the aggregates are thought to be neurotoxic [6, 7]. In CAA,
AP accumulates in the outer portion of the media of blood vessels, which leads to
degeneration of vascular smooth muscle cells [8, 9]. NFTs detected in the cytoplasm of
neurons as paired helical filaments are composed of hyperphosphorylated tau protein [10].
One of possible toxic effects of A is stimulation of tau hyperphosphorylation and
aggregation through increases in intracellular calcium levels [11]. Biomarker studies suggest
that accumulation of toxic Ap species precedes the formation of hyperphosphorylated tau in
NFTs in the neocortex [12].

Tissue transglutaminase (tTG), which is also called transglutaminase-2 (TG2), a monomeric
protein with a molecular weight of 77-85 kDa, belongs to the family of transglutaminases
(EC 2.3.2.13). The transglutaminase family consists of nine members—factor XII1-A
subunit, TG1, tTG (TG2), TG3, TG4 through TG7, and Band 4.2 [13]. The first five ones are
enzymatically active in humans. Transglutaminase proteins are ubiquitous in humans, but
only TG1, tTG, and TG3 can be detected in human brains, especially in frontal cortex [14,
15]. Of the three, tTG has the highest expression in human brains. Evidence suggests that
tTG can be expressed in both neurons and glial cells [14], and that it is expressed in cytosol,
cell membranes, and extracellular fractions but also in the nucleus of neuroblastoma cells
[16].

Tissue transglutaminase is an inducible enzyme with a variety of physiological functions. It
is suggested that tTG plays an important role in the nervous system development, because its
activity and expression level change significantly during development. A study from Bailey
and Johnson indicated tTG activity increased at the time of brain growth spurt, suggesting
that tTG was involved in maturation of the brain [17]. Also, it was demonstrated that tTG
was necessary for neurite outgrowth, although its specific role in the formation of neurites in
the primary neurons remains to be elucidated [18-20]. Another function of tTG is protein
cross-linking. Tissue transglutaminase is a calcium-dependent enzyme that catalyzes an acyl
transfer reaction between the y-carboxamide group of a polypeptide-bound glutamine and
the e-amino group of a polypeptide-bound lysine residue to form a y-glutamyl-e-lysine
covalent isopeptide bond [21, 22]. The catalyzed isopeptide cross-links can be both
intramolecular and intermolecular. Intramolecular cross-linking changes protein
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conformation, while intermolecular cross-linking leads to rigid, stable, and highly insoluble
protein complexes [23, 24].

Given that tTG cross-linking can cause protein aggregation, it is possible that protein
aggregates in AD—extracellular aggregates of Ap [25, 26] and intracellular aggregates of
hyperphosphorylated tau protein [27]—have isopeptide bonds. This suggests that tTG-
catalyzed cross-linking of Ap and tau may contribute to toxic aggregates that contribute to
pathogenesis of AD.

Only a few studies have investigated the role of tTG in AD, where evidence suggests that
expression and activity are increased in AD comparted to controls [15]. Detailed
descriptions of tTG and isopeptide distribution as well as changes in function and regulation
are limited. In this study, we report on tTG expression and enzyme activity, as well as
neurodegenerative-related proteins in individuals with a range of cognitive impairment and
in a transgenic mouse model of AD.

Materials and Methods

Antibodies

Anti-tTG (transglutaminase-2), anti-isopeptide (153-81D4), and anti-paired helical filament
type 1 (PHF1) (EPR14222) antibodies were purchased from Abcam (Cambridge, MA).
Anti-Ap (D12B2) antibody was purchased from Cell Signaling Technologies (Danvers,
MA). Anti-neurofilament light chain (NF-L), anti-neurofilament medium chain (NF-M), and
anti-a-synuclein antibodies were purchased from Covalab (Cambridge, UK). Anti-B-actin,
horseradish peroxidase (HRP)- or biotin-conjugated secondary antibodies, and HRP-
streptavidin were purchased from ProteinTech (Chicago, IL).

Case and Clinical Feature Data

Animals

Brain tissue from frontal cortex was obtained from participants in the Religious Orders
Study of the Rush Alzheimer Disease Center (NIH grants P30 AG10161 and R0O1
AG16819), including ten each of no cognitive impairment (NCI), mild cognitive impairment
(MCI), and AD. All individuals had undergone a uniform structured clinical evaluation that
included a medical history, neurologic examination, and neuropsychological performance
testing. The evaluation included the Mini-Mental State Examination (MMSE) as an overall
test of cognition and 20 other cognitive performance tests. Diagnostic classification was
performed each year by a team of clinicians. A summary diagnosis was made after death
based on review of all clinical data by a neurologist blinded to the neuropathologic
assessment. Details of the evaluation have been previously reported [28].

APPswe/PS1dE9 double transgenic mice (APP/PS1), which express chimeric human/mouse
amyloid precursor protein (HUAPP695swe/Mo) and human mutant presenilin 1 (PS1-dE9),
as well as wild-type C57 mice (WT) were purchased from Jackson Laboratory. All animal
with free access to food and water were raised at room temperature of 23-25 °C, relative
humidity of about 50-60 %, and a 12-h:12-h reverse light—-dark cycle environment. All
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experimental procedures conformed to the guidelines of Care and Use of Laboratory
Animals of China for animal experimentation.

Paraffin Section Immunohistochemistry and Quantitative Image Analysis

Paraffin-embedded, glass-mounted sections from persons frontal cortex with NCI, MCI, and
AD were processed for immunohistochemistry after deparaffinization in xylenes and
rehydration in a series of alcohol washes (100, 100, 95, 75, 50 %). Antigen retrieval was
performed with microwave heat-mediated citrate buffer (pH 6.0) for 20 min and return to
room temperature (RT). Slices were blocked with endogenous peroxidase blocking buffer
(Peroxidazed; Biocare Medical, Concord, CA) and protein block buffer (10 % goat serum in
phosphate-buffered saline (PBS)-Triton). Primary antibody was applied (anti-tTG 1:200;
anti-isopeptide 1:100) in antibody diluent (Renoir Red; Biocare Medical, Concord, CA)
overnight at 4 °C. After rinsing with PBS, biotin-conjugated secondary antibodies were
applied for 2 h and HRP-streptavidin for 30 min at RT. tTG or isopeptide was visualized
with brown chromogen (Betazoid 3,3'-diaminobenzidine (DAB) Chromogen Kit; Biocare
Medical, Concord, CA). Slices were counterstained with hematoxylin, rinsed with distilled
water, dehydrated through graded alcohols, and cleared in xylene and permanently
coverslipped. Negative controls were performed by replacing the primary antibody with
PBS.

Images of sections stained for tTG were captured in the bright-field mode on CRi Nuance
imaging system mounted on a microscope, and the average signal intensity was calculated
using Nuance version 3.0 software. Images of sections stained for isopeptide were analyzed
using Art Spectra Imaging Systems Vectra™ (Caliper Life Sciences, Inc, Hopkinton, MA).
Four sections from cortex in each region, with five patients in each group, were analyzed.

Frozen Section Immunohistochemistry of Mice

Frozen sections of mouse brain mounted on glass slices from APP/PS1 transgenic mice (3M
(3 months of age), 6M (6 months of age), 9M (9 months of age), 12M (12 months of age))
and WT C57 mice (6 M, 12M) were rehydrated in PBS at RT. All slices were treated for
antigen retrieval, and endogenous peroxidase activity was inactivated with 3 % H,0,
(methanol/H,0/30 % H,0,=7:2:1) for 15 min. After 1 h of pretreatment, nonspecific
antibody binding was blocked with 10 % normal goat serum (diluting in 0.3 % PBS-Triton).
Primary antibodies (tTG and isopeptide) in antibody diluent (Renoir Red, Biocare Medical,
Concord, CA) were incubated at 4 °C overnight. The slices were exposed to biotin-
conjugated secondary antibody for 2 h and HRP-streptavidin for 30 min at RT. tTG and
isopeptide were visualized with DAB peroxidase substrate, and sections were counterstained
with hematoxylin. Negative controls were performed by replacing the primary antibody with
PBS.

Images were taken in bright-field mode on a Nikon microscope and analyzed with Image-
Pro Plus 6.0 to calculate integrated optical density (IOD) and area of interest (AOI). The
data are expressed as average optical density (IOD/AOI). Regions of interest as defined by a
standard mouse atlas [29] are illustrated in Fig. 1. Six sections of cortex and seven sections
of hippocampal subregions were captured in each group (three mice in each group).
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Western Blot Analysis

Frozen frontal cortex samples from patients (NCI, MCI, AD) and mice (APP/PS1 3M, 6M,
9M, 12M; WT 3M, 6M, 9M, 12M) were homogenized in RIPA buffer (Sigma, St. Louis, M
O ) with protease inhibitor cocktail and phenylmethanesulfonylfluoride (PMSF) protease
inhibitor. Supernatants were collected by centrifuging at 10,000x g for 10 min at 4 °C.
Protein concentration in the supernatant was determined by BCA kits with bovine serum
albumin (BSA) as standard. Samples containing equal amounts of protein were denatured in
sample buffer (100 mM Tris—HCI, pH 6.8, 4 % sodium dodecyl sulfate, 0.2 % bromophenol
blue, 20 % glycerol, 20 % H,0, and 200 mM dithiothreitol) at 100 °C for 5 min. Equal
amounts of protein were loaded on 10 % SDS-PAGE gel and then transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA). The membranes
were blocked in Tris-buffered saline with 0.05 % Tween (TBST) containing 5 % non-fat
milk for 1 h at RT before incubation with primary antibodies (tTG, 1:2,000; isopeptide,
1:500; B-actin, 1:10,000) overnight at 4 °C followed by 3x10 min washes in TBST.
Immunodetection was performed using HRP-conjugated secondary antibodies. The antibody
binding was visualized with electrochemiluminescence (ECL) and detected on Biolmaging
System (DNR Lumi BIS, Jerusalem, Israel). The densities of target bands were determined
by Image-Pro Plus 6.0 and expressed as relative level with respect to the loading control -
actin.

Co-localization of Isopeptide and Potential Neurodegenerative-Related Proteins

Frozen tissue samples from cerebral cortex of humans and mice were homogenized and
centrifuged. Samples were loaded and separated with 12 % Tris-glycine polyacrylamide gels
and transferred to PVDF membranes. After blocking with TBST containing 5 % non-fat
milk, the membranes were kept at 4 °C overnight with primary antibody, followed by HRP-
conjugated second antibodies at RT for 2 h. The target protein bands were detected using the
ECL Western blotting detection system (DNR Lumi BIS). After first blotting with anti-
isopeptide antibody (1:500), the membranes were stripped in stripping buffer three times (10
min each) at 50 °C, then membranes were washed with TBST three times (10 min each) at
RT. After blocking with TBST containing 5 % non-fat milk, the membranes were re-blotted
with second primary antibodies (A, a-synuclein, PHF1, NF-L, NF-M; all at 1:1,000) at

4 °C overnight. The following steps were similar to isopeptide detection. Using pseudo-color
technology, we merged the whole panels of isopeptide and cross-linked substrate proteins, in
order to show overlap of isopeptide and potential substrate proteins.

Statistical Analyses

All data were expressed as meanzstandard error of the mean (SEM) or median. Statistical
analyses were performed with one-way ANOVA followed by least significant difference post
hoc analysis (multiple comparisons) and linear regression analysis with threshold of ~<0.05
on SPSS Statistics 17.0 software. The results from individual experiments were averaged
within each experimental group.
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Results
tTG Levels Are Higher in AD

To confirm tTG protein level differences in NCI, MCI, and AD brains, we first performed
immunohistochemistry for tTG antibody with CRi Nuance imaging system with wavelength-
resolved imaging (Fig. 2A, a—c) and data acquisition (Fig. 2A, d). The results showed that
tTG protein level was significantly increased in AD and that tTG was mainly located in the
cytoplasm of cells. Extracellular levels also appeared to be increased in AD. We also
detected tTG biochemically with Western blot analysis (Fig. 2B). Specific bands at ~77-85
kDa reacted with anti-tTG. Densitometric analysis of these bands showed a significant
increase in AD.

tTG Protein Expression Increases with Age in a Transgenic Model of AD

In order to observe changes in tTG with age, we studied brains of APP/PS1 transgenic mice
with immunohistochemistry and Western blotting at 3, 6, 9, and 12 months of age. The
density of tTG immunoreactivity was visualized by image analysis of cerebral cortex (Fig.
3A, a, b, d, e) and hippocampus (Fig. 3B, a, b, d, €). Immunoreactivity was present in both
regions and decreased slightly in 12M APP/PS1 transgenic mice. An uneven distribution
was observed in hippocampus. Some plaque-like staining appeared in APP/PS1 mice at 9M
and then increased at 12M. Immunoreactivity in nuclei, counterstained with hematoxylin,
decreased at 12M compared with 9M. Nuclear immunoreactivity detected in CAl and CA3
was less than in the DG. Cytoplasmic staining of tTG was uniform at 3M and 6M but tended
to be concentrated around plaques at 9M, especially in hippocampal subregions.

Image analysis quantification (Fig. 3C, a) showed similar trends to subjective assessment in
cortex and hippocampus. In cortex, the most significant increase in tTG immunoreactivity
was observed at 9M compared to 3M (~<0.001), 6M, and 12M (~<0.01). In hippocampus,
tTG increased significantly at 9M (/£<0.001) and 12M (~<0.01). The tTG immunoreactivity
in hippocampus was lower than in cortex at each time point, reaching statistical significance
at 6M (/<0.05). Because of uneven distribution in hippocampus, we also evaluated tTG
immunoreactivity in CA1, CA3, and DG subregions, separately. Interestingly, tTG showed
higher expression in CA3 and DG than in CAl (Fig. 3C, b).

To study the effects of age, we measured immunoreactivity of tTG in mature adult (6M) and
aged mice (12M). Analysis of cortex (Fig. 3A, b, c, e, ), hippocampus (Fig. 3B, b, c, e, ),
and total immunoreactivity (Fig. 3C, c) showed few differences between WT and APP/PS1
mice at 6M but significant increases in APP/PS1 in cortex (£<0.001) and hippocampus
(P<0.01) at 12M. Hippocampal subregions (CA1, CA3, and DG) showed different densities
of tTG immunoreactivity (Fig. 3C, d), so they were analyzed separately. At 6M of age,
APP/PS1 showed slight decreases compared to WT mice but significant increases at 12M.
At 6M of age, there were no differences in tTG immunoreactivity in CA3 and DG, but
APP/PS1 had significant increases in both areas (/A<0.05, A<0.01) at 12M.

To confirm immunohistochemistry results, tTG levels were assessed with Western blotting at
3M, 6M, 9M, and 12M of APP/PS1 and WT mice. Similar to immunohistochemistry, tTG
protein increased with age in APP/PS1 mice, and it was lower in 6M WT mice. When
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compared to WT mice, APP/PS1 had significance increases at 9M (/<0.05) and greater at
12M (P<0.001) (Fig. 3D).

Isopeptide Levels Are Higher in MCI and AD

To assess if there are progressive changes in isopeptides in cerebral cortex of NCI, MCI, and
AD, we performed immunohistochemistry using an anti-isopeptide antibody and
quantification with art spectra imaging systems (Vectra™). Isopeptide immunoreactivity was
detected in both the nuclei and cytoplasm/plasma membrane of cells in the neocortex
(primary images were not shown) (Fig. 4a). There was no difference in levels of nuclear
isopeptide immunoreactivity between NCI, MCI, and AD. On the other hand, increases in
cytoplasm/plasma membrane immunoreactivity were detected in AD and MCI compared to
NCI. Interestingly, isopeptide immunoreactivity was increased in MCI relative to both NCI
and AD for cytoplasm/plasma membrane (£<0.01) and for total immunoreactivity (nucleus
and cytoplasm/plasma membrane (/£<0.001)).

We also measured total isopeptide protein level in cortex by Western blotting with anti-
isopeptide antibody. Using ECL imaging, isopeptide relative levels were quantified by
Image-Pro Plus 6.0. Analyses showed (Fig. 4b) that isopeptide levels were increased in MCI
and AD compared to NCI, and the differences were statistically significant in AD (~<0.05).

Protein Cross-Linking Level Increased with Age in Transgenic Model Mice of AD

Isopeptide immunohistochemistry was measured in APP/PS1 mice in neocortex (Fig. 5A, a,
b, d, e) and hippocampus (Fig. 5B, a, b, d, e). Increased immunoreactivity with age was
obvious in both regions, but it decreased slightly at 12M. The hippocampal
immunoreactivity was uneven, isopeptide immunoreactivity mainly in cytoplasm/plasma
membrane at 6M, while plaque-like staining appeared at 9M and increased in 12M mice.
Nuclear isopeptide immunoreactivity, as detected with hematoxylin counterstains, decreased
at 12M, especially in the hippocampus. In addition, CA3 and DG hippocampal subregions
showed more immunoreactivity than the CAL in 9M mice.

Isopeptide immunoreactivity was quantified with image analysis, which showed increased
isopeptide in APP/PS1 mice from 6M to 9M (Fig. 5C, a), decreasing slightly at 12M. In
cortex, isopeptide levels were increased at 9M (/£<0.001) and 12M (~<0.05) compared with
3M mice. Only 9M had significant increase in the hippocampus (£<0.05). Interestingly,
immunoreactivity in cortex was greater than hippocampus at each age, most marked at 9M
(P<0.05). Isopeptide immunoreactivity was uneven in the hippocampus, so we analyzed
isopeptide immunoreactivity in CAl, CA3, and DG separately. Isopeptide levels were high
DG and CA3 but lower in CA1 (Fig. 5C, b).

To exclude influence of aging, we measured isopeptide immunoreactivity in mature (6M)
and aged (12M) WT and APP/PS1 mice. The isopeptide levels did not differ between WT
and APP/PS1 mice in cortex (Fig. 5A, b, c, e, f) and hippocampus (Fig. 5B, b, c, e, ) or
combined (Fig. 5C, c) at 6M, but there was a significant increase in isopeptide in cortex
(P<0.001) and hippocampus (A<0.001) in APP/PS1 mice compared to WT at 12M.
Differences were detected in hippocampal subregions (Fig. 5C, d). In CA1, APP/PS1 was
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not different from WT at 6M, but it was greater at 12M (/£<0.001). In CA3 and DG,
APP/PS1 showed a mild increase at 6M (P<0.05) but greater increases at 12M (A<0.001).

To further confirm immunohistochemistry results, Western blotting was used to measured
isopeptide levels at 3M, 6M, 9M, and 12M of both APP/PS1 and WT mice. Consistent with
immunohistochemistry, isopeptide protein increased with age in APP/PS1 mice, with
significant differences at 12M (~<0.01). Compared to WT, APP/PS1 had increases at 9M
(P<0.05) and 12M (A~<0.001) (Fig. 5D).

Neurodegeneration-Related Proteins in AD

To analyze differences in isopeptide levels with respect to changes in proteins implicated in
neurodegeneration, we performed Western blots of isopeptide as well as Ap (Fig. 6a—c), a-
synuclein (Fig. 6d—f), phosphorylated tau protein (PHF1 (Fig. 6g—i)), intermediate filament
proteins (NF-L (Fig. 6j—I), and NF-M (Fig. 6m-0)) in NCI, MCI, and AD brains using the
same PVDF membrane. To observe the relationship between isopeptide and potential cross-
linking substrates, we used pseudo-color technology on immunoblotting images. Isopeptide
(red) and potential substrate proteins (green) were merged (yellow) to show the overlap.

Compared to NCI, both MCI and AD brains had higher levels of AB levels (Fig. 6a).
Moreover, there were three prominent bands in MCI and AD brains, with one of the bands at
~50 kDa, and the others between 35 and 50 kDa (Fig. 6c).

Monomer a-synuclein (15 kDa) was apparent in NCI and some MCI brains, but it was lower
in AD in this small sample. Oligomers were the major immunoreactive species of a-
synuclein in AD (Fig. 6d). There was little evidence of overlap between isopeptide and a-
synuclein immunoreactivities (Fig. 6f).

Although phosphorylated tau (PHF1) bands (located at ~43, ~55, ~65, ~90 kDa) were only
detected in one AD and two MCI samples (Fig. 6g), there was overlap of signals for
isopeptide and PHF1 in these three samples (Fig. 6i). The isopeptide signal was stronger
than the PHF1 signal in the negative samples.

NF-L bands (located at ~65, ~70, ~90, ~180, ~200 kDa) were increased in AD compared to
NCI and MCI (Fig. 6j). Isopeptide immunoreactivity overlapped at ~65, ~70, and ~90 kDa
in AD but only at ~90 kDa in MCI (Fig. 6l).

NF-M bands (located at ~30, ~40, ~105, ~170 kDa) were increased in AD compared to NCI
and MCI (Fig. 6m). Isopeptide immunoreactivity overlapped at ~30, ~40, and ~105 kDa in
AD brains (Fig. 60).

In summary, isopeptide immunoreactivity overlapped with protein bands on immunoblots of
AB, phospho-tau (PHF-1), and neurofilament (NF-L, NF-M) in both MCI and AD brains. By
contrast, immunoreactive bands for a-synuclein did not seem overlap with isopeptide
immunoreactive bands.
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Neurodegenerative-Related Proteins in AD Model Mice Brains

We used a similar analysis to determine how isopeptide immunoreactive bands overlap with
neurodegenerative proteins in APP/PS1 and WT mice at various ages. Specifically, we
looked for overlap of isopeptide immunoreactivity with Ap (Fig. 7a—c), a-synuclein (Fig.
7d-f), PHF-1 (Fig. 7g-i), NF-L (Fig. 7j-I), and NF-M (Fig. 7m-o0). As in human samples,
immunoreactivities for isopeptide (red) and neurodegeneration-associated proteins (green)
were merged (yellow) to show overlap.

There were significant increases of A in APP/PS1 mice at 9M and 12M (Fig. 7a). The
signals of tetramer at ~16 kDa and oligomers above ~200 kDa were much stronger than
bands between 25 and 170 kDa. Compared to WT mice, total AB was much higher in
APP/PS1 mice, increasing gradually with age. Isopeptide immunoreactivity was detectable
in all samples, with higher levels in aged APP/PS1 mice. The most overlap with isopeptide
was at ~35, ~40, ~45, ~55, ~100, and ~130 kDa (Fig. 7c).

Immunoreactive a-synuclein was observed at ~15 kDa (monomer) and ~45 kDa (trimer)
with no obvious difference between WT and APP/PS1 or with age (Fig. 7d). There was also
no overlap with isopeptide immunoreactivity (Fig. 7f).

Similar to AD, phosphorylated tau PHF1 was higher in APP/PS1 mice, and overlap was
detected with isopeptide immunoreactivity (Fig. 7g—i). NF-L and NF-M were both higher in
APP/PS1 compared to WT mice. There was greater overlap with isopeptide
immunoreactivity in aged APP/PS1 compared to WT mice (Fig. 7j-0).

The results suggest that isopeptide cross-linking might be occurring in Ap, Tau, and
neurofilament proteins in APP/PS1 mice, similar to that observed in human brains.

Discussion

It has been ever hypothesized that multi-factors such as trauma [30, 31], inflammation [32,
33], or ischemic damage [34, 35] in sporadic AD or overproduction of A in familial AD
might lead to cross-linking of AD-related proteins. The overproduction of tTG-catalyzed
protein cross-linking in turn aggravates the pathogenesis of AD progress [15]. tTG can
covalently cross-link AD-related proteins including Ap and Tau into stable and insoluble
polymers by forming -y-glutamyl-e-lysine isopeptide. Highly resistant to proteolysis, this
bond can induce protein aggregation and deposition. Thus, tTG may play an important role
in AD.

Previous studies have found higher levels of tTG protein or enzyme activity levels in AD
compared to controls [15, 36, 14]. Consistent with others, both immunohistochemical and
immunoblot data showed significant increases of tTG in AD. In addition, isopeptide levels
were increased in MCI compared to NCI. The greater isopeptide immunoreactivity in MCI
suggests that tTG activity is involved in early stages of the pathogenesis of AD. Much of
tTG immunoreactivity was located in cytoplasm/plasma membrane in NCI and MCI, but it
translocated to extracellular space in AD. A similar phenomenon occurred with isopeptide
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immunohistochemistry (not shown). Plaque-like structures were detected in AD with
isopeptide immunohistochemistry.

Studies of human tissue are by nature cross-sectional, and one can only infer longitudinal
processes. To overcome this limitation, we also performed the same experiments in a
transgenic mouse model of AD to detect dynamic changes in tTG, isopeptide, and potential
substrate proteins. We found that tTG expression and isopeptide levels increase with age in a
transgenic model of AD, with the most robust changes occurring in the hippocampus, a
region of the brain vulnerable to Alzheimer type pathologic changes [37, 38].

Interestingly, obvious uneven distribution of them was observed in hippocampal subregions
in our data. Less tTG and isopeptide in CAL region were detected intracellularly, but much
more tTG and isopeptide were in CA3 and DG regions intra- and extracellularly, and they
gradually increased with age. Hippocampus plays important roles in the consolidation of
information from short-term memory to long-term memory and spatial navigation [39, 40].
This function is involved in the hippocampal detection of novel events, places, and stimuli
[41]. Damage of hippocampus had influence on the forming of new memories, but older
memories before the damage can be retained [42, 43]. Pyramidal neurons in the CAL1 region
of the hippocampus are highly vulnerable to damage from hypoxia-ischemia, whereas
neurons in the CA3 region and the dentate gyrus are more resistant [44, 45]. In present
study, accumulation of tTG and isopeptide in CA3 and DG regions might imply some
connection with the difference in their vulnerable to damage.

Neuronal loss is a typical feature in AD as reported [46, 47]. Our data showed a sharply
reduced of cell numbers in aged mice brains, especially in hippocampal CAl and CA3
subregions. There is evidence suggesting that apoptotic cell death is a feature of AD
pathogenesis [48-50]. We hypothesize that neuron death releases proteins into extracellular
space, which might trigger removal or clearance mechanisms. Extracellular tTG, like other
members of the TG member, such as factor XIII-A [51, 52], may cross-link these
extracellular proteins to facilitate clearance, but at the same time lead to progressive
accumulation as their formation outstrips clearance mechanisms. Whether tTG might act on
intracellular proteins, such as AB, and promote their transfer to the extracellular
compartment needs to be studied, as well. As explained above, plaque-like positive staining,
uneven distribution in partial sections, and death of neurons may be the reasons why tTG
and isopeptide levels in AD patients or aged APP/PS1 mice reduce slightly.

The role of tTG in neurofibrillary pathology has been suggested for many years [53]. It has
been shown to cross-link tau protein into anti-parallel dimers that may eventually lead to
filament formation in NFTs [54]. In addition, tTG immunoreactivity has been observed in
NFTs in AD [55-57, 27]. Other insoluble protein aggregates, such as a-synuclein, can also
be cross-linked by tTG [58, 59].

In present study, we detected isopeptide immunoreactivity co-localization on immunoblots
of AD brain with several neurodegenerative related proteins, namely Ap, tau (PHF1), and
neurofilament (NF-L, NF-M) but not a-synuclein. The degree of co-localization was
variable from case-to-case but showed tendency to increase in MCI and AD compared to
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NCI. In addition, the molecular weights of the bands that showed co-localization were
higher than the weights predicted by the native proteins. Further studies are needed to
determine the relationship between neuropathologic and clinical features of cases with
isopeptide co-location compared to cases where there was minimal isopeptide
immunoreactivity. For extracellular deposits, such as A, it will be of interest to learn if the
cross-linking occurs in the intracellular or extracellular compartment or both.

Conclusion

Increasing evidence suggests that tTG plays an important role in the pathogenesis of AD. Its
main enzyme activity is to catalyze y-glutamyl-e-lysine cross-links within or between
proteins. Previous studies explored tTG expression and enzyme activity in AD compared to
NCI, but the timing of this process was not known. In the present study, we included
subjects with MCI as a transition state between NCI and AD [12] and find that some MCI
patients have increased tTG and isopeptide compared to NCI. We also studied the timing
issue in a mouse model of AD and find age-related increases in tTG and isopeptide, as well
as notable changes in cellular compartments, with formation of extracellular plaque-like
lesions in APP/PS1 mice at older ages. In contrast, the levels seem to decrease in WT mice.
We also showed uneven distribution in hippocampus which may shed light on selective
vulnerability of subregions of the hippocampus to neurodegenerative processes. Finally, we
showed that not only Ap and tau are substrates from increasing cross-linking in AD but also
key structural elements of the cytoskeleton, namely neurofilament proteins. The
consequences of cross-linking of neurofilament in MCI and AD on axonal integrity require
further study. These observations indicated not only that tTG may play a role in
pathogenesis of AD by cross-linking proteins that form intracellular and extracellular
aggregates but also opens up a new disease target and novel therapies for AD.
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Fig. 1.

M%use brain diagram. Diagram of cortex and hippocampus sections of mouse brain
(interaural 1.86 mm, bregma —1.94 mm) showing the locations of sampling in different brain
regions for immunohistochemistry quantitative analysis. Cortical sections were from parietal
lobe along the contour extension. Three from CAL region, two from CAS3 region, and two
from DG region of hippocampal sections were captured for the analysis
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Fig. 2.

Algterations of tTG in NCI, MCI, and AD brains. A Immunohistochemistry of tTG
guantification level by SP-DAB method in NCI (&), MCI (6), and AD (). Four sections from
cortex in each region with five patients in each group were analyzed. CRi Nuance imaging
system was mounted on a microscope for wavelength-resolved imaging and data acquisition
from tTG slices. Imaging was done in the bright-field mode via CRi Nuance imaging
system, and the average signal intensity of tTG in the cortex was calculated by using Nuance
version 3.0 software.

Figure is the representative photos of tTG with x100 and x400 magnification. B Western
blotting of tTG relative level with B-actin in NCI, MCI, and AD (/=10 for each group).
Images were detected on Bio Imaging System (DNR) via ECL system and analyzed by
Image-Pro Plus 6.0 software. Figure is the representative bands of tTG and p-actin Western
blotting. Statistical data expressed as mean+SEM from three independent experiments
group.*~<0.05 vs. NCI group
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Fig. 3.

Algterations of tTG in APP/PS1 and WT mice. A, B Immunohistochemistry of tTG
quantification level by SP-DAB method in 3M (&), 6M (6), 9M (d), and 12M (&) APP/PS1
transgenic mice or 6M (¢), 12M () WT mice cortex (A), and hippocampus (B). The repres
entative photos of tTG with x40 and x200 magnification are shown. C Data acquisition from
tTG slices. The average signal intensity (IOD/AOI) of tTG in the cortex and hippocampus
was calculated by using Image-Pro Plus 6.0 software. Six sections from cortex and seven
from hippocampus in each region, with three mice in each group, were analyzed. Cortical
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and hippocampal total levels (&, ¢) and hippocampal typical regions’ (CAL, CA3, DG) levels
(b, @) are showed on the graph. D Western blotting of tTG in 3M, 6M, 9M, and 12M
APP/PS1 and WT mice (=6 for each group). Images were detected on Bio Imaging System
(DNR Lumi BIS) via ECL system and analyzed by Image-Pro Plus 6.0. The figure is the
representative bands of tTG and B-actin Western blotting. Statistical data is expressed as
mean+SEM from independent experiments group. */~<0.05, **/£<0.01, ***/<0.001 vs. 3 M
groups or WT controls. #P<0.05, ##/<0.01, ###/,<0.001 vs. WT controls
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Alterations of isopeptide protein level in NCI, MCI, and AD. a Quantification of isopeptide
immunohistochemical staining in NCI, MCI, and AD. Four sections with five samples in
each group were analyzed. Resolution spectra images were quantitatively analyzed using art
imaging systems Vectra™ (Caliper Life Sciences, Inc, Hopkinton, MA). Average positive
OD values from roughly 150-300 cells were summarized. b Western blotting of isopeptide
in NCI, MCI, and AD. Images were detect on Bio Imaging System (DNR Lumi BIS) via
ECL system and analyzed by Image-Pro Plus 6.0 (/=10 for each group). Statistical data is

expressed as mean+SEM from independent experiments group. */~<0.05, **/<0.01,

***P<0.001 vs. NCI group
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Protein cross-linking level in APP/PS1 and WT mice. A, B Immunohistochemistry of
isopeptide in 3M (&), 6M (b), 9M (), and 12M (€) APP/PS1 transgenic mice or 6M (¢) and
12M (H WT mouse cortex (A) and hippocampus (B). Imaging was captured in the bright-

field mode via Nikon microscope with imaging system. The figure is the representative
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images with x40 and x200 magnification of IHC. C Data acquisition from isopeptide slices.
The average signal intensity (IOD/AQI) of isopeptide in the cortex and hippocampus was
calculated by using Image-Pro Plus 6.0 software. Six sections from cortex and seven from
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hippocampus in each region, with three mice in each group, were analyzed. The total levels
of cortex and hippocampus (&, ¢) and the levels of hippocampal subregions (CA1, CA3, DG)
(b, d) are shown. D Western blotting of isopeptide in 3-, 6-, 9-, and 12-month WT and
APP/PS1 mice. Images were detect on Bio Imaging System (DNR) via ECL system and
analyzed by Image-Pro Plus 6.0 (77=6 for each group). The figure is the representative bands
of isopeptide and p-actin Western blotting. Statistical data is expressed as mean +SEM from
independent experiment groups. *A<0.05, **F<0.01, ***/~<0.001 vs. 3M groups or WT
controls. #/<0.05, ##/P<0.01, ###P<0.001 vs. WT controls
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Isopeptide overlapping with relative protein in NCI, MCI, and AD brains. Overlapping of
isopeptide and related proteins by immunoblotting detection. Pseudo-color technology was
applied to show overlaps of Western bands. Isopeptide (red) and each related proteins
(green) were detected on the same membrane. The bands of A (&), a-synuclein (d), PHF1
(9), NF-L (), and NF-M (m) were merged with isopeptide bands (b, e, 4, &, n) to show
overlap (yellow) (¢, 1, i, I, 0), respectively. The figure is the representative bands to show.
Right line represents approximate molecular weight of main overlaps
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Fig. 7.
Isopeptide overlapping with relative protein in APP/PS1 and WT mice brains. Overlapping

of isopeptide and related proteins by immunoblotting detection. Pseudo-color technology
was applied to show overlaps of different protein bands. Isopeptide (red) and each related
proteins (green) were detected on the same membrane. The bands of AR (&), a-synuclein
(d), PHF1 (g), NF-L (j), and NF-M (m) were merged with isopeptide bands (b, e, A, &, n) to
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show overlaps (yellow) (¢, £, i I, 0), respectively. The figure is the representative bands to
show. Right line represents approximate molecular weight of main overlaps
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