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Abstract
Parkinson’s disease (PD) is characterized by the accumulation of a-synuclein aggregates
and degeneration of melanized neurons. The tissue transglutaminase (tTG) enzyme cata-
lyzes molecular protein cross-linking. In PD brain, tTG-induced cross-links have been
identified in a-synuclein monomers, oligomers and a-synuclein aggregates. However,
whether tTG and a-synuclein occur together in PD affected neurons remains to be estab-
lished. Interestingly, using immunohistochemistry, we observed a granular distribution
pattern of tTG, characteristic of melanized neurons in PD brain. Apart from tTG, these
granules were also positive for typical endoplasmic reticulum (ER)-resident chaperones,
that is, protein disulphide isomerase, ERp57 and calreticulin, suggesting a direct link to the
ER. Additionally, we observed the presence of phosphorylated pancreatic ER kinase
(pPERK), a classical ER stress marker, in tTG granule positive neurons in PD brain,
although no subcellular colocalization of tTG and pPERK was found. Our data therefore
suggest that tTG localization to granular ER compartments is specific for stressed mela-
nized neurons in PD brain. Moreover, as also a-synuclein aggregates were observed in tTG
granule positive neurons, these results provide a clue to the cellular site of interaction
between a-synuclein and tTG.
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INTRODUCTION
Parkinson’s disease (PD) is characterized primarily by progressive
degeneration of melanized neurons in the midbrain and brainstem,
and accumulation in various brain areas of aggregated a-synuclein
protein in cytoplasmic neuronal inclusions known as Lewy bodies
(LBs) (5). a-Synuclein is abnormally processed in PD (7), and the
conversion of its normal, monomeric form into mature b-pleated
fibrils is associated with neuronal loss not only in some autosomal-
dominant familial forms of PD, but also in the more common
idiopathic form of PD (7). In addition to protein misfolding, a
number of other factors including mitochondrial dysfunction and
related oxidative stress have been strongly implicated in the patho-
genesis of neurodegeneration in PD (32, 43, 53). Understanding
the mechanisms that underlie neuronal cell loss and their interac-
tions in PD is crucial for the development of effective neuroprotec-
tive strategies.

The transglutaminase (TG) protein family (EC 2.3.2.13) con-
sists of nine members, among which transglutaminase 2, also

known as tissue transglutaminase (tTG), is the best characterized.
tTG plays an important role during development, cell differentia-
tion and apoptosis (10). tTG is a calcium-dependent enzyme that
catalyzes several post-translational modifications of proteins,
including the formation of (g-glutamyl)polyamine bonds, the dea-
midation of protein substrates, and, perhaps most importantly,
the formation of molecular cross-links that result in covalent
e-(g-glutamyl)lysine isopeptide bonds within or between peptide
chains (31).

In various neurodegenerative diseases, evidence is accumulating
that tTG contributes to the formation of protein aggregates (51).
The presence of tTG, and its cross-linking products, have been
identified in aggregated protein deposits which are the pathological
hallmarks of Alzheimer’s disease (AD) (46, 50), other tauopathies
(14, 38, 46) and Huntington’s disease (25, 29, 55). Furthermore,
the proteins that form the core of these accumulated protein depos-
its, that is, amyloid-beta, tau and huntingtin, are all excellent sub-
strates of tTG, and tTG is known to directly affect their aggregation
state (13, 17, 23, 29, 35, 38, 46).
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In PD brain, elevated levels of tTG protein have been observed
(1). More importantly, tTG-mediated cross-links were identified in
both soluble a-synuclein monomers and oligomers, and LBs, sug-
gesting that tTG plays an important role in a-synuclein misfolding
and the formation of a-synuclein deposits (1, 22, 36). This notion is
supported by in vitro studies revealing direct high affinity interac-
tions of tTG with a-synuclein, resulting in the formation of the
various cross-linked forms of a-synuclein detected in PD brain
(36, 44, 45). However, although there is compelling evidence that
tTG plays a role in the misfolding and deposition of a-synuclein in
PD, Andringa and colleagues reported that tTG itself is not typi-
cally associated with LBs. In fact, they noted a fine granular stain-
ing pattern of tTG in melanized neurons in the Parkinsonian sub-
stantia nigra (SN), suggesting that under pathological conditions,
tTG may be associated with and/or accumulate in a subcellular
compartment (1).

Interestingly, although tTG is generally considered as a soluble
cytosolic protein, it has also been described to exist intracellularly
in a particulate form which has escaped further characterization
(15). Recently, evidence has been provided for an association of
tTG with mitochondria (41) and lysosomes (56), whereas a pos-
sible functional association of tTG with the endoplasmic reticulum
(ER) has been hinted at (39). Therefore, given the emerging impor-
tance of tTG in PD pathogenesis, but uncertainty about its cellular
localization and possible implications thereof, we set out to elabo-
rate the findings of Andringa and co-workers (1) and investigated
the cellular distribution of tTG in melanized neurons in PD.

MATERIALS AND METHODS

Brain tissue

Paraffin-embedded SN and locus coeruleus (LC) of PD cases
(n = 12; 8 male, 4 female, age 72.5 � 5) and control subjects
(n = 5; 1 male, 4 female, age 61.3 � 13) were obtained from the
Born-Bunge Institute, University of Antwerp, Campus “Drie
Eiken,” Antwerp, Belgium. Paraffin-embedded hypothalamus of
PD (n = 4; 2 male, 2 female, age 76 � 13.7) and control cases
(n = 4; 2 male, 2 female, age 74.8 � 12.7) were obtained from the
Netherlands Institute for Neurosciences. All cases had a post-
mortem interval of less than 48 h. PD cases were clinically docu-

mented and neuropathologically confirmed to have idiopathic PD.
Controls were age-matched to PD and had no history of neuropsy-
chiatric illness or neuropathological changes. Paraffin-embedded
SN of AD cases (n = 3, 2 male, 1 female, age 77 � 5.6) was also
obtained from Born-Bunge Institute. The diagnosis of AD was
based on a combination of neuropathological (both male patients
Braak stage 5, female patient Braak stage 6) and clinical criteria,
and all cases had a post-mortem interval of less than 48 h. Tau
pathology was observed in the midbrain of all AD patients.
Substantia nigra tissue samples from frontal temporal dementia
patients (n = 4; 1 male, 3 female, age 70.2 � 6.8) were obtained
after rapid autopsy and immediately frozen in liquid nitrogen (the
Netherlands Brain Bank, Amsterdam, the Netherlands).

Immunohistochemistry

Serial coronal sections (6 mm) of the post mortem brain tissue were
immunostained with primary antibodies listed in Table 1, as
described previously (50, 52). In short, sections were pre-incubated
with 20% animal serum, the type of which was determined by the
specific secondary antibody used. Secondary antibodies were all
purchased from Jackson Immunoresearch Europe Ltd. (Suffolk,
UK); biotin-labeled donkey anti-goat (1:200), biotin-labeled goat
anti-mouse (1:200) and biotin-labelled goat anti-rabbit (1:200).
Immunohistochemistry was performed according to the avidin-
biotin-peroxidase method. Reaction products were visualized with
the Vectastain elite Avidin Biotin kit (Vector Laboratories, Burlin-
game, CA, USA), using nickel enhanced 3,3’-diaminobenzidine
(DAB) as the chromogen (Sigma, St. Louis, MO, USA) to discrimi-
nate between antibody staining and neuromelanin present within
neuromelanin-containing neurons. Immunohistochemistry on the
frontal temporal dementia (FTD) tissue was visualized using DAB
as the chromogen. Endogenous peroxidase activity was blocked by
incubation of the sections in 0.3% H2O2 with 0.1% sodium azide
prior to immunolabeling. For each antibody, various concentrations
were tested to determine the optimal immunoreactivity (ie, the
highest intensity of specific labeling without significant back-
ground staining). Negative controls consisted of representative sec-
tions processed without the primary antibody.

Authors G.A and J.B. independently performed a semi-
quantitative analysis of both the anti-tTG and anti-calreticulin

Table 1. Primary Antibodies Used in this Study for Immunohistochemistry. Abbreviations: PDI = anti-protein disulfide isomerise; tTG = tissue trans-
glutaminase; pPERK = phosphorylated pancreatic ER kinase; ERp57 = anti-ER protein 57.

Primary antibody Antigen Species raised in Dilution Source (reference)

Ab2792 Rat PDI Mouse 1:100 Abcam, Cambridge, UK
06-471 Guinea pig tTG Goat 1:1500 Upstate, Lake Placid, NY, USA
Ab-1 Guinea pig tTG Mouse 1:500 Lab Vision, CA, USA
Ab4 Mouse calreticulin Rabbit 1:1000 Abcam, Cambridge, UK
Ab2907 Human calreticulin Rabbit 1:200 Abcam, Cambridge, UK
Z0458 Human ubiquitin Rabbit 1:500 Dako, Glostrup, Denmark
Ab15895 Human VDAC1/porin Rabbit 1:1000 Abcam, Cambridge, UK
Sc-32577 Human pPERK Rabbit 1:100 Santa Cruz Biotechnology, CA, USA
Ab10287 Human ERp57 Rabbit 1:1000 Abcam, Cambridge, UK
610786 Human a-synuclein Mouse 1:1000 BD Biosciences, San Jose, CA, USA
AT8 Human hyperphosphorylated tau Mouse 1:1000 Thermoscientific , Rockford, IL, USA
MAB422 Human cathepsin-D Mouse 1:500 Chemicon, Temecula, CA, USA
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immunoreactivity in the melanized neurons of the SN, using a
score from 0 to 4, with 0 indicating no immunoreactivity was
observed in melanized neurons per microscopic field (magnifica-
tion ¥10), 1 indicating 0% to 30%, 2 indicating 30% to 60%, 3
indicating 60% to 90% and 4 indicating immunoreactivity was
observed in more than 90% of melanized cells within a micro-
scopic field. Inter-observer scores were highly consistent (average
inter-observer consensus was 93%; differentially judged images
were excluded).

Double immunofluorescence

For double immunostaining, tissue sections were fixed and pre-
incubated as described previously. Sections were simultaneously
incubated with the primary antibodies of interest. Secondary
antibodies used were: biotin-labeled donkey anti-goat antibody
coupled to Alexa594 (1:400, Molecular Probes, Eugene, OR,
USA) and biotin-labeled donkey anti-rabbit antibody coupled to
Alexa488 (1:400, Molecular Probes) or biotin-labeled donkey
anti-mouse antibody coupled to Alexa488 (1:400, Molecular
Probes). Fluorescence was analyzed with a Leica TCS SP2 AOBS
confocal laser scanning microscope (Leica Microsystems,
Rijswijk, the Netherlands). A series of images was obtained sepa-
rately in both channels through a 63¥ glycerin lens (zoom
factor 4¥, Z-increment 0.12 mm, approximately 100 images of
1024 ¥ 1024 pixels).

Statistical analysis

Statistical differences of the percentage of cells demonstrating
tTG-positive granules (Figure 1G) or calreticulin-positive granules
(Figure 4H) in melanized neurons of the SN between control and
PD brain were performed using a Student’s t-test (analyzed by
GraphPad Prism, version 4.03, La Jolla, CA, USA). The level of
significance (P value) of the differences between groups and the
control is indicated in the figures.

RESULTS

Granular tTG is specifically present in melanized
neurons in PD brains

To investigate the staining pattern of tTG in melanized neurons in
control and PD cases, we used immunohistochemistry. In both
control (Figure 1A,B) and PD patients (Figure 1C,D),, a weak
homogeneous cytoplasmic tTG immunoreactivity (polyclonal anti-
body 06-471) of comparable intensity was observed in melanized
neurons of the SN. Interestingly, in addition we observed the pres-
ence of abundant tTG-immunoreactive granules in melanized
neurons of SN in PD brains (Figure 1C,D), whereas these granules
were only occasionally observed in melanized neurons of SN
in control brains. Apart from the localization of these tTG-
immunoreactive granules in neuronal cell bodies, we also noticed
these granules in neuronal processes of melanized neurons in
PD brains (Figure 1E). Using a monoclonal antibody directed
against tTG (Ab-1), similar tTG-immunoreactive granules were
observed in melanized neurons of SN in PD brains (Figure 1F).
In control cases, the monoclonal antibody demonstrated a weak

homogeneous cytoplasmic tTG immunoreactivity, similar to the
polyclonal anti-tTG antibody described previously (not shown).
Semi-quantitative analysis of our results demonstrated a highly
significant increase (P = 0.0051) in the number of melanized
neurons demonstrating the tTG-immunoreactive granules in SN in
PD compared with control brains (Figure 1G).

In order to investigate possible colocalization of tTG with
a-synuclein, we double stained tTG and a-synuclein in the SN of
PD patients. In general, we observed no colocalization of tTG with
a-synuclein in both LBs and Lewy neurites (LNs) (Figure 2A–C).
However, although both tTG-positive granules and a-synuclein
positive inclusions coexisted within melanized neurons of the SN
in PD brains, only minor subcellular colocalization of tTG and
a-synuclein was observed in an occasional LB (Figure 2D–F). To
rule out the possibility that the tTG-positive granules consisted of
aggregated proteins, we investigated the staining pattern of ubiq-
uitin, a general marker of protein accumulation (47). Although
ubiquitin staining was abundantly present in LBs in melanized
neurons of the SN in PD, we found no granular staining
(Figure 2G). Furthermore, to study whether the observed tTG-
immunoreactive granules are also present in melanized neurons of
other PD-affected areas, we investigated tTG immunoreactivity in
the LC. Indeed, in all PD patients, tTG-immunoreactive granules,
similar to those found in the SN (Figure 2H), were observed in the
LC (Figure 2I). In contrast, although weak homogenous tTG
immunoreactivity was found similar to that observed in the SN, in
regions lacking typical a-synuclein pathology, for example, the
hypothalamus, only some tTG-immunoreactive granules were
observed within neurons of similar size as the melanized neurons
of the SN and LC (Figure 2J). To exclude that these tTG-
immunoreactive granules are a general phenomenon of melanized
neurons in other neurodegenerative diseases, we analyzed tTG
staining in the SN of AD and FTD brain. However, in contrast to
PD, no tTG-immunoreactive granules were found in melanized
neurons of the SN in AD brains (Figure 2K). In addition, earlier
observations of our group demonstrated no tTG-immunoreactive
granules in neurons associated with senile plaques or in neu-
rofibrillary tangles in AD brain (50). Furthermore, no tTG-
immunoreactive granules were observed in melanized neurons of
the SN in FTD brain (Figure 2M, arrow), whereas hyperphospho-
rylated tau immunoreactivity (antibody AT8) was clearly present
(Figure 2L, arrow).

No colocalization of granular tTG staining with
mitochondria and lysosomes

So far, the subcellular localization of tTG is limited to its pres-
ence in the mitochondria and lysosomes, at least in some cell
types (40). To elucidate whether the observed tTG immunoreac-
tive granules represent either of these cellular organelles, we
investigated the colocalization of tTG with proteins specifically
present in these structures (40). We found no colocalization of
tTG staining with the staining of antibodies directed against porin
(specific for mitochondria, Figure 3A–C) or cathepsin D (specific
for lysosomes, Figure 3D–F). Taken together, these data demon-
strated that the observed tTG granules are not part of the subcel-
lular structures known to possess tTG, at least not in the cell type
studied.
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Granular tTG is part of the ER in melanized
neurons in PD brains

Apart from its connection to mitochondria and lysosomes (40),
tTG has been suggested to be associated with the ER (39). There-
fore, to investigate whether the tTG-positive granules are of pos-
sible ER origin, we studied the colocalization of tTG with anti-
bodies directed against ER-specific proteins in melanized neurons
in the SN of PD brains. Interestingly, we observed a staining
pattern in serial sections of melanized neurons in the SN of PD
brains for both the anti-protein disulfide isomerase (PDI)
(Figure 4B) and the anti-ER protein 57 (ERp57) (Figure 4D) anti-

bodies similar to that observed for tTG (Figure 4A,C). Unfortu-
nately, however, both anti-PDI and anti-ERp57 antibodies were
found to be unsuitable for double immunofluorescence in
paraffin-embedded tissue sections. We therefore studied the stain-
ing pattern of another ER resident protein, calreticulin (34). We
found that calreticulin staining (antibody Ab2907, Table 1) dem-
onstrated similar granules as observed with tTG staining in mela-
nized neurons in PD brains, although no overlay in the staining
pattern of calreticulin and tTG was observed in other parts of the
SN (Figure 4E–H). Similar as to tTG, a semi-quantitative analysis
of our results for the SN demonstrated a highly significant
increase in the number of calreticulin positive granule-containing
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Figure 1. The tissue transglutaminase
(tTG)-immunoreactive granules are present in
melanized neurons in Parkinson’s disease (PD)
brains. Immunohistochemical staining of tTG
(antibody 06-471, Table 1) in the substantia
nigra (SN) of control and PD brains
demonstrated tTG-immunoreactive granules in
melanized neurons of the SN in PD brains
(C,D), whereas a weak homogeneous
cytoplasmic tTG-immunoreactivity was
observed in control brains (A,B).
tTG-immunoreactive granules were also
observed in neurites of melanized neurons in
PD brains (E, arrow). Immunohistochemical
staining of tTG with a monoclonal tTG-specific
antibody (antibody Ab-1, Table 1) in the SN of
PD brains demonstrated similar
tTG-immunoreactive granules in melanized
neurons of the SN in PD brains (F) as observed
with the polyclonal anti-tTG antibody.
Semi-quantitative analysis, performed as
described in the Materials and Methods
section, of the presence of
tTG-immunoreactive granules in melanized
neurons of the SN demonstrated a significant
increase in tTG-positive granule-containing
melanized neurons in PD brains compared
with control brains (G). Statistical analysis was
performed using a Student’s t-test.
Mean � standard deviation is shown. Scale
bars: (A–F) 20 mm.
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melanized neurons in PD compared with control brains
(Figure 4I). Moreover, double immunofluorescence demonstrated
that tTG (Figure 4J) colocalized with calreticulin (Figure 4K) in a
significant number of the granular structures found in melanized
neurons in the SN of PD brains (Figure 4J–L), indicating that only
a specific part of the ER is positive for tTG under these pathologi-
cal conditions. Furthermore, an alternative anti-calreticulin (anti-
body Ab4, Table 1) antibody demonstrated both a similar staining
pattern for calreticulin in immunohistochemistry, as well as colo-
calization of calreticulin with the tTG immunoreactive granules
using double immunofluorescence in the melanized neurons in PD
brains (not shown), as observed with the anti-calreticulin antibody
(antibody Ab2907).

tTG-positive granules in melanized neurons are
not part of the unfolded protein response

Finally, to establish whether tTG-immunoreactive granules con-
taining neurons are in a state of ER stress, we analyzed the presence
of phosphorylated pancreatic ER kinase (pPERK), a critical media-
tor and indicator of the unfolded protein response (42), within
melanized neurons of the SN in PD brain. Identical to our previous
results in a different set of patients (20), we observed pPERK-
immunoreactive granules in melanized neurons of PD brains
(Figure 5B–D), whereas no pPERK staining was observed in
control patients (Figure 5A). Moreover, we found that melanized
neurons, which demonstrated tTG-immunoreactive granules
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Figure 2. The tissue transglutaminase
(tTG)-immunoreactive granules localize to
a-synuclein containing neurons and are
characteristic of substantia nigra (SN) and locus
coeruleus (LC) of Parkinson’s disease (PD)
brain. Double immunofluorescence was
performed using anti-tTG (A,D, antibody
06-471) and anti-a-synuclein (B,E, antibody
610786, Table 1) antibodies on SN of PD brain.
In general, no spatial colocalization of tTG
staining was observed with a-synuclein in
Lewy bodies (LBs) (arrow with asterisk, A–C)
and Lewy neurites (arrow with double asterisk,
A–C). However, although both tTG and
a-synuclein inclusions coexist within
melanized neurons of the SN in PD brain,
minor colocalization on the subcellular level
was observed in occasional LBs (arrow with
asterisk, A–F). Immunohistochemical staining
of ubiquitin (antibody Z0458) demonstrated
LBs in melanized neurons of the SN, but no
granular staining pattern (G).
Immunohistochemical staining of tTG (antibody
06-471) in the SN, LC and hypothalamus of PD
brains demonstrated tTG-immunoreactive
granules in both melanized neurons of the SN
(H) and LC (I) in PD brains, whereas these
tTG-immunoreactive structures were present
in a small number in hypothalamus (J). In
addition, no tTG-immunoreactive granules
were observed in melanized neurons of the SN
in Alzheimer’s disease (AD) brain (K).
Furthermore, no tTG-immunoreactive granules
were observed in melanized neurons of the SN
in frontal temporal dementia (FTD) brain (M,
arrow), whereas hyperphosphorylated tau
immunoreactivity (antibody AT8) was present
(L, arrow). Scale bars: (A–K) 20 mm.
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(Figure 5E), also contained pPERK-immunoreactive granules
(Figure 5F). However, tTG and pPERK did not colocalize within
the same set of granules (Figure 5G).

DISCUSSION
tTG is increasingly implicated in PD pathogenesis. Confirming and
extending earlier data by Andringa et al (1), in the current study we
showed the presence of tTG immunoreactivity in melanized
neurons in SN and LC of PD brain. Besides a faint diffuse cytoplas-
mic staining, not easily separated from background staining, tTG
demonstrated a distinct intracellular granule-like staining pattern
in melanized neurons in PD brain, only scantly observed in con-
trols. Besides cell bodies, these tTG-immunoreactive structures
were observed in neuronal extensions and localized to neurons
showing a-synuclein pathology, thereby implicating them in the
PD disease process. Attempts to further characterize the granular
tTG staining pattern led us to conclude that in melanized neurons in
PD, tTG accumulates in an ER compartment, but does not associate
with a-synuclein containing aggregates. Although the fact that
tTG-induced cross-links have been identified in LBs, there is no
proof that tTG itself occurs in protein aggregates in the PD brain, or
forms cross-linked tTG-polymers (1, 22). Together, therefore, our
results make it highly unlikely that the granular tTG immunoreac-
tivity observed in PD brain represents tTG containing cytoplasmic
aggregates.

Inside cells, tTG is generally considered as a soluble cytosolic
protein, but it is also observed in the nucleus in cultured cells (11)
and in the nucleus of neurons in Huntington’s disease brains (55).

The association of tTG with mitochondria was the first evidence
that tTG might also present in other specific cellular organelles
(41). In addition, Zemskov and co-workers recently demonstrated
that the internalization of cell surface tTG results in the association
of tTG with lysosomes, as it is routed through the endosomal-
lysosomal pathway toward degradation (56). Earlier data pointed
already to the existence of a particulate form of tTG which, unfor-
tunately, escaped further characterization (15). Our study repre-
sents the first report that describes a strong association of tTG with
granular structures under pathological conditions. While character-
izing the origin of these tTG-immunoreactive structures, we ruled
out the aforementioned subcellular compartments in which the
presence of tTG has been described. Thus, the lack of immunoreac-
tivity for mitochondria and lysosomal markers argued against these
compartments being involved. On the other hand, the presence of
immunoreactivity for the soluble ER-chaperones PDI, ERp57 and
calreticulin strongly argued in favor of an ER origin of the tTG-
immunopositive structures.

tTG does not contain a signal sequence targeting it to the ER,
although association with membrane structures is known to occur
(12, 16). This raises the question as to how and why tTG becomes
linked to the ER. Within this context, it is of importance to note that
tTG forms complexes with calreticulin inside cells (9). Consider-
ing the prevalent localization of calreticulin to the ER, this may be a
way in which the tTG molecules are directed toward the ER (34).
Furthermore, upon cellular stress, as occurs in melanized neurons
of the SN in PD brain, the ER is reportedly capable of forming
subcompartments containing ER-chaperones, in particular calreti-
culin and PDI (24, 37). These chaperones are involved in protein
folding and assembly steps, and are frequently upregulated follow-
ing cellular stress (37). Among other functions, tTG is involved in
the modification of proteins by inducing cross-links that result in
both the stabilization (33) and increased resistance of proteins
toward proteolytic-breakdown (17, 45), while at the same time
ensuring continued protein solubility (27). Because almost all tTG
positive granules colocalized with calreticulin immunoreactivity,
but not vice versa, our data may suggest that the appearance of tTG
immunoreactive ER granules reflects, at least part of, a protein-
quality control mechanism to prevent proteins from misfolding or
destabilizing as a result of ER stress. As such, tTG redistribution
and clustering with protein-folding chaperones, together with the
unfolded protein response (UPR), may initially act to relieve the
burden on the ER. This interpretation of our data, albeit speculative
at the present time, is supported by the fact that in melanized
neurons in PD brain, tTG-immunoreactive granules were detected
in cells showing signs of UPR induction (presence of pPERK). In
addition, Beck and colleagues recently demonstrated that tTG acti-
vation protects against toxicity induced by the Parkinsonian mimic
1-methyl-4-phenylpyridinium (MPP+) in differentiated human
neuroblastoma cells (2).

A number of other intriguing questions can be raised about the
functional implications of our results. Under physiological condi-
tions, intracellular cytoplasmic tTG is catalytically silent (36). An
activation requires the elevation of Ca2+ to levels which are incom-
patible with cell survival and which originally formed the basis for
the theory linking tTG-mediated cross-linking of cellular proteins
to the execution phase of (apoptotic) cell death (21). In the Parkin-
sonian brain, tTG-induced cross-links have been identified in both
soluble a-synuclein monomers, small oligomers and in highly

tTG Merge
Lysosomes
(anti-cathepsin D)

D E F

tTG Merge
Mitochondria 
(anti-porin)

A B C

Figure 3. The tissue transglutaminase (tTG)-immunoreactive granules
do not colocalize with antibodies directed against proteins specific for
mitochondria and lysosomes. Double immunofluorescence of tTG
(A,D, antibody 06-471) with either an anti-porin antibody (B, antibody
Ab15895, Table 1) or an anti-cathepsin D antibody (E, antibody MAB422,
Table 1) demonstrated no colocalization in melanized neurons of the
substantia nigra in Parkinson’s disease brains. Panels A and C also show
a tTG positive capillary (arrow) using the 06-471 antibody. Scale bars:
(A–F) 20 mm.
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aggregated a-synuclein fibrils in LBs (1, 22, 36). Although these
data clearly suggest the presence of catalytically active tTG in PD
neurons, it is not clear if and where in the cell the interaction
between tTG and a-synuclein occurs and how the Ca2+ concentra-
tions necessary to activate cytoplasmic tTG can be reached. Here,
we observed no apparent colocalization of tTG with highly aggre-
gated a-synuclein in LBs or LNs. However, melanized neurons in
PD brain did show the presence of both granular tTG and aggre-
gated a-synuclein within the same set of neurons, suggesting that
interaction may occur. Recently, Nemes and co-authors demon-
strated that only limited increases in Ca2+ levels are sufficient to
activate cross-linking activity when tTG is bound to membrane
lipids (36). As soluble a-synuclein binds avidly to membranes and
the presence of a-synuclein in ER has been noted (6), tTG associ-
ated with ER structures as observed by us, may provide an excel-

lent location for a-synuclein-tTG interaction under the conditions
prevalent in the Parkinsonian brain. Experiments evaluating this
possibility are ongoing in our lab.

Another issue to be solved by future experiments is the possible
contribution to PD pathogenesis of the other proteins identified by
us in the tTG-granules in melanized neurons of PD brains, that is,
the folding chaperones PDI, ERp57 and calreticulin. The Ca2+-
binding chaperone calreticulin and the oxido-reductases PDI and
ERp57 are abundantly expressed in the ER, where they are prima-
rily involved with (N-linked) glycosylation of proteins and oxida-
tive protein folding, respectively (37). Together, they play a crucial
role in the assembly and transport of MHC class I complexes (4).
Similar to other protein chaperones like Hsp70 and Hsp90,
however, they are also known to be externalized through a process
likely to involve vesicular exocytosis (8, 18), especially under
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Figure 4. Anti-protein disulfide isomerase
(PDI), anti-ER protein 57 (ERp57) and
calreticulin staining are present in tissue
transglutaminase (tTG)-immunoreactive
granules of melanized neurons in Parkinson’s
disease (PD) brains. Immunohistochemical
staining of anti-PDI (antibody Ab2792) or
anti-ERp57 (antibody Ab10287) antibodies in
the substantia nigra (SN) of PD brains
demonstrated both PDI-immunoreactive
granules (B, arrow) and
ERp57-immunopositive granules (D, arrow) in
melanized neurons of the SN in PD brains,
similar to the tTG staining (A and C, arrow).
Immunohistochemical staining of calreticulin
(antibody Ab2907) in the SN of control (E,F)
brains demonstrated only weak and
cytoplasmic immunoreactivity. In contrast,
calreticulin-positive granules were observed in
melanized neurons of the SN in PD brains
(G,H), similar to the observed tTG-positive
granules (A). Semi-quantitative analysis,
performed as described in the Materials and
Methods section, of the presence of
calreticulin-positive granules in melanized
neurons of the SN demonstrated a significant
increase in calreticulin-positive
granule-containing melanized neurons in PD
brains compared with control brains (I). Double
immunofluorescence of tTG (J, antibody
06-471) with calreticulin (K, antibody Ab2907)
staining demonstrated colocalization of
calreticulin in tTG-immunopositive granules in
melanized neurons of the SN in PD brains (L).
Statistical analysis was performed using a
Student’s t-test. Mean � standard deviation is
shown. Scale bars: (A–L) 20 mm.
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conditions of cell stress (30). At the cell surface, calreticulin, PDI
and ERp57 modulate cell adhesion, redox status and immune rec-
ognition (3, 4, 34, 49, 54). Only very little data are available about
the possible role of these enigmatic proteins in PD pathogenesis.
However, impaired function because of oxidative/nitrosative modi-
fications (PDI) or increased expression (calreticulin, ERp57) in
neuronal cells cultured in the presence of the dopaminergic neuro-
toxin 6-hydroxydopamine has been described (19, 26, 28).

Finally, the prevalent association of tTG immunoreactivity with
a granular ER compartment in affected neurons, as observed in the
current study, adds to the growing list of reports describing altered
ER function in PD (48). Whether an association of tTG with the ER
is of a neuroprotective nature or forms part of the pathogenic
process driving protein aggregation and neuronal cell death,
remains to be established.
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