Journal of Neurochemistry, 2004, 89, 1301-1307

doi:10.1111/5.1471-4159.2004.02436.x

Increased expression of tissue-type transglutaminase following
middle cerebral artery occlusion in rats

Paul J. Tolentino,* Anuradha Waghray,* Kevin K. W. Wang* 1 and Ronald L. Hayes*

*Department of Neuroscience and TDepartment of Psychiatry, Evelyn F. and William L. McKnight Brain Institute of the

University of Florida, Center for Traumatic Brain Injury Studies, Gainesville, Florida, USA

Abstract

Tissue-type transglutaminase (TG-2) has been implicated in
neurodegenerative diseases. In this study, induction of TG-2
was studied in rats following transient middle cerebral artery
occlusion. Alterations in 2,3,5-triphenylterazolium chloride
staining revealed maximum infarction 3 days after injury.
Measurement of mRNA transcript levels by real-time PCR
analysis showed both forms of TG-2 mRNA peaking on day 5
after injury in ipsilateral cortex, with greater induction of the
full-length TG-2 (TG-L) transcript than the truncated form of
the TG-2 (TG-S) transcript. However, in the ipsilateral hippo-
campus, peak induction of both forms of TG-2 mMRNA peaked
1 day after injury and to a lesser extent than observed in the
ipsilateral cortex. Western blot analysis demonstrated that

TG-L protein expression progressively increased from 1 to
7 days after ischemia, with greater expression in cortex than
hippocampus (525 + 10% vs. 196 + 8% of control, respect-
ively). However, expression of TG-S was not detected. These
results demonstrate that increased TG-2 mRNA and protein
expression occurs in a delayed fashion following ischemic
injury. The temporal profile of TG-2 induction after ischemia
was similar to that observed after traumatic brain injury (pre-
viously described), suggesting a similar role of TG-2 in both
pathological conditions.
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Stroke, the permanent or prolonged occlusion of an artery in
the brain, is a major cause of death and the primary cause of
adult disability in many countries. Arterial occlusion results in
tissue infarction and neuronal death (Elkind and Sacco 1998).
Thus, it is critical to develop therapeutic interventions to
ameliorate this damage. However, the mechanisms underlying
cell loss due to cerebral ischemia remain incompletely
understood. Recent findings suggest that much of the neuronal
death following stroke occurs as a result of apoptosis (Mattson
2000; Graham and Chen 2001). Cerebral ischemia leads to
increased Ca?" influx due to membrane depolarization (Kris-
tian and Siesjo 1998), resulting in the activation of proteases
(Buki et al. 2000; Beer et al. 2001) and tissue-type trans-
glutaminase (TG-2) (Lai et al. 2001). These are pivotal events
in apoptotic neuronal death (Facchiano et al. 2001; Hayes
et al. 2001), in conjunction with mitochondrial dysfunction,
release of cytochrome ¢ and increased cytokine production
(Bratton et al. 2000; Zipfel et al. 2000; Chu et al. 2002).
Tissue-type transglutaminase belongs to a family of
Ca**-dependent transglutaminases (TGs) that catalyses the
incorporation of a polyamine into a polypeptide-bound

glutamine, leading to the formation of an (y-glutamyl)
isopeptide bond (Greenberg et al. 1991). This isopeptide
bond is resistant to proteolytic cleavage and may serve to not
only stabilize proteins against degradation but also to alter
their function. The most ubiquitously expressed member of
the TG family is TG-2. It is abundantly expressed in the brain
(Kim et al. 1999) and is induced in cultured cells by various
agents including cytokines (Ikura et al. 1994) and cAMP
(Maddox and Haddox 1988). The most potent inducers of
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TG-2 are retinoids, which promote apoptosis in various cells
including neurons (Ferrari ef al. 1998; Lefebvre et al. 1999).
Tissue-type transglutaminase has been implicated in numer-
ous processes, including axonal regeneration, cellular differ-
entiation, neurite outgrowth, apoptosis and
neurodegeneration (Suedhoff et al. 1990; Eitan and Schwartz
1993; Piredda et al. 1999; Citron et al. 2001; Tucholski
et al. 2001).

In addition to isopeptide bond formation, TG-2 has GTPase
activity (Nakaoka et al. 1994). GTP binds at the COOH-
terminal of full-length protein (Casadio ef al. 1999) and
inhibits its cross-linking activity. Recently, an alternatively
spliced, short form (encoding ~70 kDa protein) of TG-2
induced by cytokine treatment was produced in cultured rat
astrocytes and had greater activity at much lower Ca*"
concentrations (Monsonego et al. 1997). The short form lacks
a GTP-binding region and loss of GTPase activity correlates
with increased cross-linking activity. This loss of function
might have an impact on apoptotic neuronal death after brain
injury. For the current study, we used a model of middle
cerebral arterial occlusion (MCAQ) to assess mRNA and
protein levels of these two forms of TG-2 and examined how
these changes correlated with the extent of ischemic injury.

Materials and methods

Middle cerebral artery occlusion

Transient occlusion of the right middle cerebral artery was achieved
via intraluminal occlusion with a nylon suture (He et al. 2000).
Adult male (250-300 g) Sprague-Dawley rats were anesthetized
with an abdominal injection of ketamine (60 mg/kg) and xylazine
(10 mg/kg). Core body temperature was monitored continuously by
a rectal thermistor probe and maintained at 37 £+ 1°C by placing an
adjustable heating pad beneath the rats. The right common carotid
artery and right external carotid artery were exposed through a
midline neck incision. A 3-0 monofilament nylon suture (25 mm
long) was inserted through an arteriotomy of the right common
carotid artery and gently advanced into the internal carotid artery to
a point approximately 17 mm distal to the carotid bifurcation. Mild
resistance to further advancement indicated that the suture had
entered the anterior cerebral artery, thereby occluding the origin of
the middle cerebral artery. After 1 h of occlusion, the nylon suture
was withdrawn and the common carotid artery was ligated. The neck
incision was closed with nylon suture. Sham-injured animals
underwent an identical surgical procedure but did not experience
occlusion. Appropriate pre- and post-injury management was
maintained and these measures complied with all guidelines set
forth by the University of Florida Institutional Animal Care and Use
Committee and the National Institutes of Health guidelines detailed
in the Guide for the Care and Use of Laboratory Animals.

Histological assessment

Staining with 2,3,5-triphenylterazolium chloride was used to assess
the extent of ischemic injury after MCAO. Following a 1-h
occlusion, animals were killed immediately (0 days) or 1, 3, 5 or
7 days after injury with CO, and subsequently decapitated. Each

brain was removed and placed in a metallic brain matrix (Harvard
Instruments, South Natick, MA, USA) for tissue slicing. A coronal
section (2 mm thick) at the level of the optic chiasm was incubated
for 30 min at room temperature in a solution of 2% 2,3,5-
triphenylterazolium chloride in saline and then fixed in 10%
formalin.

RNA purification

Ipsilateral (side of injury) cortices and hippocampi were rapidly
dissected from animals at 1-7 days after occlusion and from sham-
injured animals on day 5. At the appropriate time-points, animals
were killed with CO, and subsequently decapitated. Total RNA was
isolated using TRIzol reagent (Gibco BRL, Rockville, MD, USA).
Isopropanol precipitation and ethanol washes were performed
according to the manufacturer’s instructions and samples were
resuspended in 50-100 pL DEPC-treated water.

Reverse transcription

Total RNA (3 pg) was incubated with 1 pL oligo(dT) (0.5 mg/mL;
GibcoBRL) at 70°C for 10 min and then at 4°C for 5 min. A RT
reaction mixture was added to the RNA-oligo(dT) sample for a final
volume of 20 pL, containing 20 mm Tris-HCI (pH 8.4), 50 mm
KCl, 5 mm MgCl,, 500 pm dNTPs, 10 mm dithiothreitol, 50 units
SuperScript Il reverse transcriptase (GibcoBRL) and 40 units
RNaseOUT recombinant ribonuclease inhibitor (GibcoBRL). The
sample was incubated at 42°C for 55 min, 70°C for 15 min for
enzyme denaturation and then transferred to 4°C. Each sample was
diluted to a final volume of 100 pL with DEPC-treated water.

Primer selection

Tissue-type transglutaminase-specific primers

All base pair designations refer to GeneBank locus AF106325, rat
TG-2. 5TG (ACTTTGACGTGTTTGCCCAC, bp 1470-1489)
recognizes an upstream homologous sequence in full-length TG-2
(TG-L) and truncated TG-2 (TG-S) transcripts. 3'TG-L (CAAT-
ATCAGTCGGGAACAGGTC, bp 1961-1982) recognizes a down-
stream TG-L mRNA-specific sequence. 3'TG-S (GCTGAGTCTGG,
GTGAAGACACAG, bp 1861-1872 and 2083-2093) recognizes a
downstream TG-S mRNA-specific sequence. 3'TG-S primer bridges
the junction created by the absence of bp 1873-2082 (a sequence
present exclusively in TG-L). The underlined 3" half of the 3’'TG-S
sequence will hybridize to both the TG-L- and TG-S-specific
sequences while the full-length primer will hybridize only to the
TG-S mRNA sequence.

GAPDH-specific primers

All base pair designations for GAPDH-specific primers refer to
GeneBank locus AF106860. The upstream primer is designated
5’GPD (GGCTGCCTTCTCTTGTGAC, bp 903-921) and the
downstream primer is designated 3’GPD (GGCCGCCTGCTTCAC-
CAC, bp 1624-1641).

Semi-quantitative/light cycler PCR

Real-time PCR was performed using a Light Cycler rapid thermal
cycler system (Roche Diagnostics, Indianapolis, IN, USA), as
previously described (Tolentino et al. 2002). Reactions were
performed in a 10-pL volume with 0.5 um primers and 2.5 mm
MgCl,. Other reagents, including nucleotides, Fast Start Taq DNA
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polymerase and buffer, were used as provided in the Light-
Cycler-FastStart DNA Master SYBR Green [ reaction mix
(Roche Diagnostics). The amplification protocol included a 5-min
95°C denaturation; one cycle with 95°C denaturation for 5 s, 65°C
annealing for 10 s and 72°C extension for 35 s; one cycle with 95°C
denaturation for 5 s, 62.5°C annealing for 10 s and 72°C extension
for 35 s and then 30—40 cycles of 95°C denaturation for 5 s, 60°C
annealing for 10 s and 72°C extension for 35 s. Detection of the
fluorescent product occurred at the end of the 72°C extension
periods. Specificity of the amplification product from each primer
pair was confirmed by melting curve analysis of the PCR product
and subsequent gel electrophoresis.

Quantification was performed by online monitoring for identifi-
cation of the exact time-point at which the logarithmic linear phase
could be distinguished from the background (crossing point). The
crossing point is expressed as a cycle number.

Standard curve preparation and semiquantitative PCR analysis
The RT product from ipsilateral cortical RNA collected 3 days
(when the initial mRNA induction was observed) after ischemic
injury underwent serial dilution creating a standard curve of 100, 33,
11 and 3.7% of original real-time product. Each dilution from the
standard curve was analyzed with the Light Cycler PCR using
primer sets for TG-L, TG-S or GAPDH mRNA. For each primer set,
a crossing point cycle number was determined for each dilution of
the standard curve. Linear regression analysis of the logarithm of the
dilution factor versus the crossing point cycle number generated a
standard curve for each transcript-specific primer set. From the
standard curve of each primer set, a crossing point cycle number
could be converted to a relative amount of RNA. For individual
samples, the crossing point cycle number was identified with the
Light Cycler PCR. Using the standard curve for each primer set, the
amount of TG-L, TG-S or GAPDH mRNA was determined.
The amount of each transcript in sham animals was set at 100%
and the level of expression in an occluded sample was calculated as
a percent of sham expression.

Tissue lysis and protein purification

Cortical and hippocampal tissues were collected from animals
1-7 days after ischemic injury and from sham-injured animals
5 days after injury. At the appropriate time-points, animals were
killed by CO, and subsequent decapitation. Ipsilateral and
contralateral cortices and hippocampi were rapidly dissected and
snap-frozen in liquid nitrogen. Tissue samples were stored at
—80°C. Tissues were homogenized in a glass tube with a Teflon
dounce pestle in 15 volumes of ice-cold triple detergent lysis
buffer [20 mm Hepes, 1 mm EDTA, 2 mm EGTA, 150 mm NaCl,
0.1% sodium dodeyl sulfate, 1.0% IGEPAL 40 and 0.5%
deoxycholic acid, pH 7.5] containing a broad-range protease
inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis,
IN, USA). Samples were sonicated and centrifuged at 800 g for
5min at 4°C. The supernatant fluid was then collected for
western blot analysis.

Western blot analysis

Protein concentrations of tissue homogenates were determined by
bicinchoninic acid microprotein assays (Pierce, Rockford, IL,
USA) cwith albumin standards. Aliquots (20 pg) of each sample
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were prepared for sodium dodeyl sulfate—polyacrylamide gel
electrophoresis by the addition of 2x loading buffer [1x loading
buffer contains 125 mm Tris-HCI (pH 6.8), 100 mm dithiothreitol,
4% sodium dodeyl sulfate, 0.01% bromophenol blue and 10%
glycerol]. Samples with loading buffer were heated for 10 min at
100°C, centrifuged for 1 min at 10 000 g and resolved by sodium
dodeyl sulfate—polyacrylamide gel electrophoresis on 7.5% Tris/
glycine gels at 200 V for 1 h at 4°C. Following electrophoresis,
fractionated proteins were transferred to Immobilon-P polyvinylid-
ene fluoride membrane (Millipore Corporation, Bedford, MA, USA)
in a transfer buffer containing 192 mm glycine, 25 mm Tris-HCl
(pH 8.3) and 10% methanol at 100 V for 1 h at 4°C. Blots were
blocked for 1 h at room temperature in 5% non-fat milk in TBST
(20 mM Tris-HCI, 150 mm NaCl and 0.005% Tween-20, pH 7.5).

Immunoblots were probed with TG-100, a monoclonal anti-TG-2
antibody (LabVision, Fremont, CA, USA). Following overnight
incubation at 4°C with the primary antibody (1 : 3000), blots were
incubated for 1 h at room temperature in 3% non-fat milk/TBST
containing a horseradish peroxidase-conjugated goat anti-mouse
IgG (1 : 3000; Bio-Rad Laboratories, Hercules, CA, USA). Bound
antibodies were visualized with enhanced chemiluminescence
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) on Kodak
Biomax ML chemiluminescent film (Fisher Scientific International
Inc., Hampton, NH, USA).

Statistical analyses

For the western blots, semiquantitative analysis was performed by
computer-assisted densitometric scanning (Alpha Imager 2000
Digital Imaging System, Alpha Innotech Corporation, San Leandro,
CA, USA). For each time-point studied, » = 4 per group. Data were
acquired as integrated densitometric values and transformed to
percentages of the densitometric levels obtained from sham-injured
animals visualized on the same blot. Data were evaluated by two-
tailed Student’s #-test. All values are given as mean +SEM.
Differences were considered significant if p < 0.05.

Results

Histological assessment of ischemic injury

Coronal sections of rat brain (2 mm thick) were collected
immediately to 7 days after transient MCAO and stained
with 2,3,5-triphenylterazolium chloride (Fig. 1). Decreased
2,3,5-triphenylterazolium chloride staining was noted in
areas of infarction. The maximal effect of occlusion was
noted 3 days after ischemic injury, with a smaller infarct
revealed at later time-points.

PCR analysis of tissue-type transglutaminase transcripts
A previous report described the use of a semiquantitative
PCR analysis to measure the expression of TG-L and TG-S
mRNA in rat cortex and hippocampus after traumatic brain
injury (Tolentino et al. 2002). The same technique was used
to measure the expression of these transcripts in rat cortex
and hippocampus after ischemic injury. Figure 2 shows the
time-course of TG-L and TG-S mRNA expression in

© 2004 International Society for Neurochemistry, J. Neurochem. (2004) 89, 1301-1307



1304 P. J. Tolentino et al.

0 day

1 day

3 day

7 day

Fig. 1 2,3,5 -Triphenylterazolium chloride staining of rat brain coronal sections after ischemic injury. 1-7 days after transient right middle cerebral
arterial occlusion, rat brains were dissected and sectioned in the coronal plane. Areas of infarcted tissue were revealed by decreased staining.
Maximal effect of occlusion was noted 3 days after injury with a smaller infarct revealed at later time-points.
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Fig. 2 Semi-quantitative PCR analysis of TG-L and TG-S mRNA
expression in ipsilateral cortex (a) and hippocampus (b). TG-L (#) and
TG-S (H) mRNA levels were calculated as a percent of sham (Sh)
control. In cortex, maximal TG-L and TG-S mRNA expression was
noted 5 days after ischemia while, in hippocampus, maximal expres-
sion was noted 1 day after ischemia (*p < 0-05).

ipsilateral cortex and hippocampus after ischemia. In
ipsilateral cortex, maximal and significantly elevated expres-
sion of TG-L and TG-S mRNA was observed 5 days after
injury (990 £+ 130% and 690 + 90% of control, respect-
ively). In the hippocampus, maximal and significantly
elevated TG-L and TG-S mRNA levels were observed
1 day after injury (200 = 20% and 175 + 11% of control,
respectively).

Western blot analysis of cortical tissue-type
transglutaminase expression after ischemic injury

Total protein was prepared from ipsilateral and contralateral
rat cortex after sham and ischemic injury. Figure 3(a) shows
TG-2 protein expression in rat cortex 1-7 days after ischemic
injury. Using the TG-100 (monoclonal anti-TG-2) antibody, a
distinct TG-2 protein band at ~79 kDa was identified,
corresponding to TG-L. However, TG-S (~70 kDa) was not
identified using this antibody. The expression of TG-L was
increased in a time-dependent manner compared with the
sham-injured control. Western blot data were quantified by
densitometric analysis (Fig. 3b). Levels of TG-L expression
were calculated as a percent of the sham control. The
induction of TG-L was observed 3-7 days after cortical
occlusion with maximum induction on day 7 (525 £+ 10% of
control). Comparing expression between matched ipsilateral

(a) Cortex
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S 200
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Fig. 3 (a) A representative western blot showing TG-2 expression in
cortical protein samples using the anti-TG-2 antibody (TG-100).
Samples were collected from injured animals 1, 3, 5 and 7 days after
ischemic injury and from sham-injured (Sh) animals. TG-L (79 kDa)
expression was increased in a time-dependent manner, while TG-S
(70 kDa), was not identified in these samples, even at longer expo-
sures. The TG-L protein expression in contralateral (Contra) samples
remained the same. (b) Data from multiple (n = 3) western blots were
acquired as densitometric values and transformed to percentages of
the densitometric values obtained from control samples (sham-injured
animals). Quantitative analysis of western blots showed increases in
protein level following injury in a time-dependent manner on days 3, 5
and 7 compared with control animals (Sh). Comparing TG-L expres-
sion from ipsilateral (Ipsi) and contralateral cortex at each time-point,
increased levels of expression were statistically significant at 3-7 days
in the ipsilateral cortex (*p < 0.05, **p < 0.005).

and contralateral cortical tissues, statistically significant
elevated expression was observed at 3, 5 and 7 days.
Contralateral samples that showed no change in TG-2
expression were used as equal loading controls.

© 2004 International Society for Neurochemistry, J. Neurochem. (2004) 89, 1301-1307



Western blot analysis of hippocampal tissue-type
transglutaminase expression after ischemic injury

Total protein was prepared from ipsilateral and contralateral
rat hippocampus after ischemic and sham injury and the
expression of TG-2 was examined using TG-100. Figure 4(a)
shows TG-2 protein expression in rat hippocampus 1-7 days
after ischemic injury. Similar to western blot analyses of
cortical samples, only TG-L (~79 kDa) was identified. The
expression of TG-L protein was increased in a time-
dependent manner from days 3 to 7 compared with the
sham control. However, the induction level was lower than in
ipsilateral cortex. Quantitative densitometric analysis
(Fig. 4b) revealed maximum expression at 7 days after
injury (196 + 8%). Comparing expression between matched
ipsilateral and contralateral hippocampal tissues, statistically
significant elevated expression was observed at 3, 5 and
7 days after injury. Contralateral samples that showed no
change in TG-2 expression were used as equal loading
controls.
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Fig. 4 (a) A representative western blot showing TG-2 expression in
hippocampal protein samples using the anti-TG-2 antibody (TG-100).
Samples were collected from 1, 3, 5 and 7 days after ischemic injury
and sham-injured animals. TG-L (79 kDa) protein expression
increased in a time-dependent manner compared to sham-injured
controls, while TG-S (70 kDa) was not identified, even with longer
exposure time. (b) Data from multiple (n = 3) western blots were ac-
quired as densitometric values and transformed to percentages of the
densitometric values obtained from control samples (sham-injured
animals). Quantitative analysis of western blots showed increases in
protein level following injury in a time-dependent manner on days 3, 5
and 7 compared with control animals (Sh). Comparing TG-L expres-
sion from ipsilateral (Ipsi HC) and contralateral (Cont HC) at each
time-point, increased levels of expression were statistically significant
at 3-7 days in ipsilateral hippocampus (*p < 0.05, **p < 0.005).
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Discussion

The TG family has been studied in a variety of injury models.
The current study provides the first evidence of TG-2
induction in response to cerebral ischemia in a trend similar
to that observed after traumatic brain injury (Tolentino et al.
2002), suggesting that TG-2 may be a good predictor for the
pathophysiology accompanying traumatic and ischemic brain
injury. Moreover, in a model of spinal cord ischemia, TG
activity underwent a transient increase that declined to
control levels after 1 week (Fujita et al. 1995). The TG-2
protein and transcript expression were observed after spinal
cord injury and both the short- and long-form transcripts
were identified after injury (Festoff ef al. 2002). In the
superior cervical ganglion, TG activity was increased within
1 h of axotomy and returned to baseline after 24 h (Gilad
etal. 1985; Ando et al. 1993). The TG activity also
increased in the vagus nerve after crush injury (Tetzlaff
et al. 1988).

The role of TG-2 induction in the neural response to injury
is not well understood; however, based on other experimental
injury models, both damaging and protective functions can
be proposed. For example, exogenous application of TG to
injured optic nerve promoted axonal regeneration and
recovery of visual-evoked responses (Eitan et al. 1994). In
SH-SYS5Y neuroblastoma cells, TG-2 stimulated neuronal
differentiation (Tucholski et al. 2001). It was proposed that
the supportive effects of TG treatment were due to stabil-
ization of matrix proteins or protection of growing axons
from oligodendrocyte-mediated growth inhibition. It had
been previously shown that TG dimerizes interleukin-2 and
that interleukin-2 dimers were cytotoxic to cultured oligo-
dendrocytes (Eitan and Schwartz 1993).

Several studies have demonstrated the dual role of TG-2 in
neuronal life and death processes (Im et al. 1997; Gill et al.
1998; Casadio et al. 1999). Increase in the TG-S transcript
predicts production of a more active enzyme. As GTP is
inhibitory to the cross-linking activity of TG-2, loss of this
region presumably results in a switch of TG-2 function to
programmed cell death with increases in cross-linking and
production of aggregated proteins (Norlund et al. 1999;
Citron et al. 2001, 2002). Our studies have demonstrated an
increased message level of TG-S after MCAO; however, its
protein expression was not detected, suggesting that TG-S
protein may be expressed at an undetectable level. However,
TG-S protein expression was recently detected in the spinal
cord injury model by using a different set of antibodies
(Festoff et al. 2002). Apoptotic neuronal death has been
widely documented after ischemic brain injury (Mattson
2000; Graham and Chen 2001) and induction of TG-S mRNA
expression may increase apoptotic neuronal death and cross-
linking activity. Further understanding of the regulation of
TG-2 transcription may provide additional opportunities to
control TG-2 expression as a potential therapy against
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inappropriate apoptosis and cross-linking activity that may
lead to neurodegenerative diseases. In addition, the cell type
localization and pathophysiology of TG-2 induction bear
further examination. Tissue-type transglutaminase may be
important not only for subsequent cell death after brain injury
but also for compensatory mechanisms of other brain systems
as they respond to the injury.

Tissue-type transglutaminase expression has been impli-
cated in the cellular pathogenesis of Alzheimer’s disease
(AD) (Lesort et al. 2000; Citron et al. 2001) and increased
TG-2 mRNA, protein expression and TGase activity have
been observed in brains of AD and Parkinson’s disease
patients compared with controls (Citron et al. 2001, 2002).
The TG-S isoform message was absent in normal brains but
present in AD patients and accompanied by an increase in
cross-linking of disease-specific proteins, such as tau and
a-synuclein (Citron et al. 2002). If TG activity is physio-
logically relevant to the development of AD, then TG
induction after MCAO may contribute to the epidemiological
observation that a subset of individuals who experience
ischemia are at a greater risk of developing AD. Recent
advances suggest that cerebral ischemia may promote AD
(Kalaria 2000). The underlying pathophysiological mecha-
nisms of AD and stroke are similar (Blass and Ratan 2003).
Cerebral ischemia may promote AD by triggering the
development of senile plaques and neurofibrillary tangles
(Vermeer et al. 2003). Further, MCAO increases the expres-
sion of presenilin, amyloid precursor protein (APP) and
Apolipoprotein E (APE) (Pennypacker ef al. 1999; Pluta
2000). These studies suggest that cerebral ischemia may
cause cellular and molecular events that have neurodegen-
erative consequences and subsequently lead to the devel-
opment of AD (Pennypacker et al. 1999; Kalaria 2000; Pluta
2000; Blass and Ratan 2003; Vermeer ef al. 2003). The
induction of both AD-related proteins and TG-2 following
brain injury provides a potential mechanism by which
cerebral ischemia may contribute to AD pathology. This
hypothesis awaits further in vivo and in vitro experiment.

References

Ando M., Kunii S., Tatematsu T. and Nagata Y. (1993) Selective alter-
ations in transglutaminase activity of rat superior cervical ganglia
in response to neurotransmitters, high potassium and sialic acid-
containing compounds. Brain Res. 604, 64—68.

Beer R., Franz G., Krajewski S. ef al. (2001) Temporal and spatial
profile of caspase 8 expression and proteolysis after experimental
traumatic brain injury. J. Neurochem. 78, 862—873.

Blass J. P. and Ratan R. R. (2003) ‘Silent’ strokes and dementia. N. Engl.
J. Med. 348, 1277-1278.

Bratton S. B., MacFarlane M., Cain K. and Cohen G. M. (2000) Protein
complexes activate distinct caspase cascades in death receptor and
stress-induced apoptosis. Exp. Cell Res. 256, 27-33.

Buki A., Okonkwo D. O., Wang K. K. and Povlishock J. T. (2000)
Cytochrome c release and caspase activation in traumatic axonal
injury. J. Neurosci. 20, 2825-2834.

Casadio R., Polverini E., Mariani P., Spinozzi F., Carsughi F., Fontana
A., Polverino de Laureto P., Matteucci G. and Bergamini C. M.
(1999) The structural basis for the regulation of tissue transgluta-
minase by calcium ions. Eur. J. Biochem. 262, 672—679.

Chu D., Qiu J., Grafe M., Fabian R., Kent T. A., Rassin D., Nesic O.,
Werrbach-Perez K. and Perez-Polo R. (2002) Delayed cell death
signaling in traumatized central nervous system: hypoxia. Neuro-
chem. Res. 27, 97-106.

Citron B. A., SantaCruz K. S., Davies P. J. and Festoff B. W. (2001)
Intron-exon swapping of transglutaminase mRNA and neuronal
Tau aggregation in Alzheimer’s disease. J. Biol. Chem. 276, 3295—
3301.

Citron B. A., Suo Z., SantaCruz K., Davies P. J., Qin F. and Festoff B.
W. (2002) Protein crosslinking, tissue transglutaminase, alternative
splicing and neurodegeneration. Neurochem. Int. 40, 69—78.

Eitan S. and Schwartz M. (1993) A transglutaminase that converts
interleukin-2 into a factor cytotoxic to oligodendrocytes. Science
261, 106-108.

Eitan S., Solomon A., Lavie V., Yoles E., Hirschberg D. L., Belkin M.
and Schwartz M. (1994) Recovery of visual response of injured
adult rat optic nerves treated with transglutaminase. Science 264,
1764-1768.

Elkind M. S. and Sacco R. L. (1998) Stroke risk factors and stroke
prevention. Semin. Neurol. 18, 429-440.

Facchiano F., D’Arcangelo D., Riccomi A., Lentini A., Beninati S. and
Capogrossi M. C. (2001) Transglutaminase activity is involved in
polyamine-induced programmed cell death. Exp. Cell Res. 271,
118-129.

Ferrari N., Pfahl M. and Levi G. (1998) Retinoic acid receptor gammal
(RARgammal) levels control RARbeta2 expression in SK-
N-BE2(c) neuroblastoma cells and regulate a differentiation-
apoptosis switch. Mol. Cell Biol. 18, 6482—6492.

Festoff B. W., SantaCruz K., Arnold P. M., Sebastian C. T., Davies P. J.
and Citron B. A. (2002) Injury-induced ‘switch’ from GTP-regu-
lated to novel GTP-independent isoform of tissue transglutaminase
in the rat spinal cord. J. Neurochem. 81, 708-718.

Fujita K., Ando M., Yamauchi M., Nagata Y. and Honda M. (1995)
Alteration of transglutaminase activity in rat and human spinal cord
after neuronal degeneration. Neurochem. Res. 20, 1195-1201.

Gilad G. M., Varon L. E. and Gilad V. H. (1985) Calcium-dependent
transglutaminase of rat sympathetic ganglion in development and
after nerve injury. J. Neurochem. 44, 1385-1390.

Gill L. S., Pabbathi V. K., Vignes M. and Haynes L. W. (1998) Altered
distribution of Galphah/type 2 transglutaminase following cate-
cholamine deprivation is associated with depression of adrenore-
ceptor signal transduction in cultured ventricular zone germinal
cells. Brain Res. 788, 95-103.

Graham S. H. and Chen J. (2001) Programmed cell death in cerebral
ischemia. J. Cereb. Blood Flow Metab. 21, 99-109.

Greenberg C. S., Birckbichler P. J. and Rice R. H. (1991) Transgluta-
minases: multifunctional cross-linking enzymes that stabilize tis-
sues. Faseb J. 5, 3071-3077.

Hayes R. L., Pike B. R. and DeFord S. M. (2001) Contributions of
Calpains and Caspases to cell death following brain injury, in Head
Trauma, preclinical and clinical directions (Miller P. L. and Hayes
R. L., eds.), pp. 219-237. John Wiley, Inc, Hoboken, NJ, USA.

He Z., Yang S. H., Naritomi H., Yamawaki T., Liu Q., King M. A., Day
A. L. and Simpkins J. W. (2000) Definition of the anterior cho-
roidal artery territory in rats using intraluminal occluding tech-
nique. J. Neurol. Sci. 182, 16-28.

Ikura K., Shinagawa R., Suto N. and Sasaki R. (1994) Increase caused
by interleukin-6 in promoter activity of guinea pig liver transgl-
utaminase gene. Biosci. Biotechnol. Biochem. 58, 1540—1541.

© 2004 International Society for Neurochemistry, J. Neurochem. (2004) 89, 1301-1307



Im M. J., Russell M. A. and Feng J. F. (1997) Transglutaminase II: a new
class of GTP-binding protein with new biological functions. Cell
Sign. 9, 477-482.

Kalaria R. N. (2000) The role of cerebral ischemia in Alzheimer’s dis-
ease. Neurobiol. Aging 21, 321-330.

Kim S. Y., Grant P., Lee J. H., Pant H. C. and Steinert P. M. (1999)
Differential expression of multiple transglutaminases in human
brain. Increased expression and cross-linking by transglutaminases
1 and 2 in Alzheimer’s disease. J. Biol. Chem. 274, 30715-30721.

Kristian T. and Siesjo B. K. (1998) Calcium in ischemic cell death.
Stroke 29, 705-718.

Lai T. S., Hausladen A., Slaughter T. F., Eu J. P,, Stamler J. S. and
Greenberg C. S. (2001) Calcium regulates S-nitrosylation, denit-
rosylation, and activity of tissue transglutaminase. Biochemistry
40, 4904-4910.

Lefebvre O., Wouters D., Mereau-Richard C., Facon T., Zandecki M.,
Formstecher P. and Belin M. T. (1999) Induction of apoptosis by
all-trans retinoic acid in the human myeloma cell line RPMI 8226
and negative regulation of some of its typical morphological fea-
tures by dexamethasone. Cell Death Differ. 6, 433—444.

Lesort M., Tucholski J., Miller M. L. and Johnson G. V. (2000) Tissue
transglutaminase: a possible role in neurodegenerative diseases.
Prog. Neurobiol. 61, 439-463.

Maddox A. M. and Haddox M. K. (1988) Characteristics of cyclic AMP
enhancement of retinoic acid induction of increased transglutami-
nase activity in HL60 cells. Exp. Cell Biol. 56, 49-59.

Mattson M. P. (2000) Apoptotic and anti-apoptotic synaptic signaling
mechanisms. Brain Pathol. 10, 300-312.

Monsonego A., Shani Y., Friedmann 1., Paas Y., Eizenberg O. and
Schwartz M. (1997) Expression of GTP-dependent and GTP-
independent tissue-type transglutaminase in cytokine-treated rat
brain astrocytes. J. Biol. Chem. 272, 3724-3732.

Nakaoka H., Perez D. M., Baek K. J., Das T., Husain A., Misono K., Im
M. J. and Graham R. M. (1994) Gh: a GTP-binding protein with
transglutaminase activity and receptor signaling function. Science
264, 1593-1596.

TG-2 induction after middle cerebral arterial occlusion 1307

Norlund M. A., Lee J. M., Zainelli G. M. and Muma N. A. (1999)
Elevated transglutaminase-induced bonds in PHF tau in Alzhei-
mer’s disease. Brain Res. 851, 154-163.

Pennypacker K. R., Hernandez H., Benkovic S., Morgan D. G., Willing
A. E. and Sanberg P. R. (1999) Induction of presenilins in the rat
brain after middle cerebral arterial occlusion. Brain Res. Bull. 48,
539-543.

Piredda L., Farrace M. G., Lo Bello M., Malorni W., Melino G., Pet-
ruzzelli R. and Piacentini M. (1999) Identification of ‘tissue’
transglutaminase binding proteins in neural cells committed to
apoptosis. Faseb J. 13, 355-364.

Pluta R. (2000) The role of apolipoprotein E in the deposition of beta-
amyloid peptide during ischemia-reperfusion brain injury. A model
of early Alzheimer’s disease. Ann. NY Acad. Sci. 903, 324-334.

Suedhoff T., Birckbichler P. J., Lee K. N., Conway E. and Patterson M.
K. Jr (1990) Differential expression of transglutaminase in human
erythroleukemia cells in response to retinoic acid. Cancer Res. 50,
7830-7834.

Tetzlaff W., Gilad V. H., Leonard C., Bisby M. A. and Gilad G. M.
(1988) Retrograde changes in transglutaminase activity after per-
ipheral nerve injuries. Brain Res. 445, 142-146.

Tolentino P. J., DeFord S. M., Notterpek L., Glenn C. C., Pike B. R.,
Wang K. K. and Hayes R. L. (2002) Up-regulation of tissue-type
transglutaminase after traumatic brain injury. J. Neurochem. 80,
579-588.

Tucholski J., Lesort M. and Johnson G. V. (2001) Tissue transglutami-
nase is essential for neurite outgrowth in human neuroblastoma
SH-SYS5Y cells. Neuroscience 102, 481-491.

Vermeer S. E., Prins N. D., den Heijer T., Hofman A., Koudstaal P. J. and
Breteler M. M. (2003) Silent brain infarcts and the risk of dementia
and cognitive decline. N. Engl. J. Med. 348, 1215-1222.

Zipfel G. J., Babcock D. J., Lee J. M. and Choi D. W. (2000) Neuronal
apoptosis after CNS injury: the roles of glutamate and calcium.
J. Neurotrauma 17, 857-869.

© 2004 International Society for Neurochemistry, J. Neurochem. (2004) 89, 1301-1307



