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Summary. Neurodegeneration induced by excitotoxicity is a common

feature in various neurological disorders. This pathological condition is

caused by prolonged stimulation of glutamate receptor subtypes, followed

by both intracellular Ca2þ overload and activation of specific genes, re-

sulting in synthesis of enzymes involved in cell stress response.

Using experimental in vitro models of excitotoxicity, we demonstrated

that glutamate exposure up-regulated tissue transglutaminase in primary

cultures of both cerebellar granule cells and astrocytes. These changes

were consequent to receptor-mediated Ca2þ influx, as demonstrated by the

inhibition with selective antagonists, MK-801 and GYKI 52466. Early

increases in different transglutaminase isoforms were also observed in

global cerebral ischemia, which closely resembles neuronal damage

caused by NMDA receptor activation.

These findings agree with a postulated role for transglutaminases in

molecular mechanisms of several neurodegenerative diseases. Indeed, in-

creased cross-linking reactions could be of pathologic relevance, as part of

biochemical changes observed in neurological disorders.
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Introduction

Excitotoxicity was originally reported to term the ability

of glutamate and structurally related excitatory amino

acids to destroy neurons (Olney, 1986). Many studies have

suggested an involvement of excitotoxicity in the patho-

genesis of human neurodegenerative diseases induced by

acute insults, such as hypoxia, hypoglycemia, sustained

epilepsy, and trauma (Doble, 1999; Meldrum, 2000). In

addition, it is currently accepted that massive glutamate

release, with consequent prolonged activation of ionotro-

pic and metabotropic glutamate receptors, contributes

remarkably to neuronal death (Doble, 1999). Neurodegen-

eration mainly results from the activation of free radicals

generating enzymes, production of reactive oxygen spe-

cies (ROS), and increased extracellular Ca2þ influx. This

latter event, in turn, leads to over-activation of numerous

enzymes, such as protein kinases, phospholipases, pro-

teases and endonucleases (Lewen et al., 2000; Lok and

Martin, 2002). In recent years, the study of excitotoxicity

has been carried out in a variety of in vitro models, includ-

ing cell and tissue cultures, retina and brain slices. The

evidence obtained in these simplified systems has gener-

ally been consistent with earlier in vivo observations, con-

tributing to define underlying mechanism of excitotoxic

cell death. Cell damage produced by brief, intense expo-

sure to glutamate can be associated with distinct events:

(i) immediate neuronal cell swelling, dependent on the

alteration of Naþ=Cl� influx; (ii) delayed cell degenera-

tion dependent on excessive Ca2þ overload, triggered by

glutamate receptor agonists (Choi, 1992). Under certain

conditions, cell swelling observed in vitro can be charac-

terized as a temporary event, as cell volume homeostasis

can be recovered and neurons survive. On the contrary,

Ca2þ-dependent component of neurotoxicity produces



irreversible neuronal injury, and can be induced by gluta-

mate or related agonists in different in vitro and in vivo

models, leading to neuronal death in vulnerable brain

regions. Different susceptibility to excessive glutamate

release may depend on the type of glutamate receptors

expressed in neurons (Doble, 1999).

High glutamate concentration in inter-synaptic spaces

is a feature common to various neuropathological condi-

tions and neurodegenerative diseases, such as Alzheimer’s

disease, Huntington’s disease, and amiotrophic lateral

sclerosis. Numerous studies show evidence for the accu-

mulation of insoluble oligomers and polymers of disease

specific proteins that initiate or contribute to neuronal

dysfunction (Selkoe, 2002; Lai et al., 2004). In this con-

text, many findings showing increases in Ca2þ-dependent

transglutaminase (TGase) reactions could be of pathoge-

netic relevance. Thus, TGases may contribute to forma-

tion of protein aggregates and to biochemical changes

occurring in cell damage and neuronal loss.

TGases

TGases catalyze a Ca2þ-dependent acyl-transfer reaction

between the �-carboxamide group of peptide-bound glu-

tamine residues and various primary amines, most com-

monly the "-amino group of lysine residues, or amino

groups of polyamines. The reaction results in cross-linked

proteins or incorporated polyamines into proteins, respec-

tively (Griffin et al., 2002), leading to formation of inso-

luble polymers resistant to breakage and proteolysis. In

mammals, nine different TGase genes have been identi-

fied so far, encoding biochemically and immunologically

distinct TGases (Gr�eenard et al., 2001): TGase 1 (mem-

brane, particulate), TGase 2 (tissue TGase) (ubiquitous,

soluble), TGase 3 (epithelia, soluble), TGase 4 (prostate,

soluble), TGase 5 (epithelia, soluble), TGase 6, TGase 7,

factor XIII-a (plasma) and band 4.2 protein, the latter

lacking enzymatic activity. Different TGases are involved

in a wide range of biological events, including blood coag-

ulation, wound healing and cell differentiation. However,

despite a close relationship between expression and dis-

tribution of enzyme isoforms in different cell types, recent

findings have highlighted the overlap of TGase genes

expression patterns, which leads to proteins with func-

tional redundancy.

Under physiological conditions, TGase-mediated reac-

tions are associated with long-term potentiation, synapse

formation, and tissue differentiation. However, interest in

TGases is further stimulated by the evidence of their

increased activity in a number of neurodegenerative dis-

eases, such as Alzheimer’s disease, Huntington’s disease

and different forms of amiotrophic lateral sclerosis

(Citron et al., 2002). Several efforts have been made to

characterize the role of TGase substrates involved in the

pathogenesis of diseases. Further, the presence of " (�-

glutamyl)lysine isodipeptides in body fluids, following

cell damage and breakdown, has been considered a useful

marker of tissue damage under pathological conditions

(Jeitner et al., 2001; Bonelli et al., 2002).

Although TGase 2 appears the most inducible form

among TGases in the brain areas, where it is expressed

in neurons as well as in glial cells, the mechanisms leading

to its up-regulation are still unclear. Retinoids are consid-

ered the most potent inducers of TGase 2, in cerebellar

granule cells. Here, we consider recent results, suggesting

that exposure of neuronal cells to high concentrations of

excitatory amino acids promotes Ca2þ accumulation, lead-

ing, in turn, to enzyme activation and enhanced TGase 2

expression, responsible for increased cross-linking of pro-

teins associated to cell damage and tissue degradation.

Tissue TGase and cell damage

In recent years, growing evidence has shown that TGase 2

(tissue TGase) may be involved in apoptosis occurring in

different cell types. In particular, increases in TGase 2 by

different inducers (i.e. retinoids, dexamethasone, p53)

have been implicated in programmed cell death. In these

cases, TGase 2 was up-regulated in dying cells, leading to

production of protein polymers=envelopes associated to

death pathways (Piacentini et al., 1994; Melino and

Piacentini, 1998). It has also been suggested that TGase

2 is important to prevent loss of intracellular compounds

by protein cross-linking inside apoptotic cells, before cell

destruction by phagocytosis (Fesus, 1998). In Swiss 3T3

fibroblasts, evidence was given for increases in TGase 2,

causing changes in the mitochondrial membrane polariza-

tion, and acting as a sensitizer of death stimuli (Piacentini

et al., 2002). Nevertheless, some findings suggested that

TGase 2 is not a crucial component of the main pathway

of the apoptotic program. Indeed, it has been reported that

the TGase 2 gene disruption did not produce developmen-

tal anomalies in mice, which were viable and phenotypi-

cally normal (De Laurenzi and Melino, 2001; Nanda et al.,

2001). Interestingly, it is possible to hypothesize that the

redundancy of other TGase isoforms can compensate for

the lack of TGase 2 protein. However, the expression of

TGase 2 in cells, in which calcium homeostasis was

rapidly modified, caused massive accumulation of cross-

linking products resulting in cell death.
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The mechanism by which excitotoxic injury produces

cell death is still not fully understood. In ischemia models,

for example, excitotoxic neuronal damage has been shown

to be either sensitive or insensitive to protein synthesis

inhibition (Wiessner et al., 2000; Snider et al., 2001).

Therefore, a role for de novo protein synthesis in the

expression of apoptotic cascade in excitotoxicity is uncer-

tain. In particular, there is much evidence to show that

apoptotic cell death should be associated with early

ischemic events. Indeed, numerous findings suggest that

some proteins could be translated post-ischemia. Cyto-

skeletal damage also occurs in early post-ischemia, before

the degeneration of neuronal cell bodies. This early mod-

ification, following ischemia and excitotoxicity, contrasts

with the appearance of an organized cytoskeleton in neu-

ronal apoptosis. It is noteworthy that TGase 2 appears to

be induced not only by apoptotic but also ‘‘necrobiotic’’

cells (Fesus, 1998; Nicholas et al., 2003). This is consis-

tent with the principle that insults, causing necrosis by

direct cell destruction, can induce apoptosis if the cell

initially survives (Carson and Ribeiro, 1993). In particu-

lar, increases in protein cross-linking may be directly

associated with mechanisms leading to extensive cell

death in some brain regions.

In all useful models of global cerebral ischemia,

neurodegeneration in selectively vulnerable regions is

morphologically indistinguishable from neuronal death

caused by excitotoxicity, and, specifically, closely resem-

bles the neuronal death evoked by N-methyl-D-aspartic

acid (NMDA) receptor activation in the adult brain

(Martin et al., 1998).

TGase and excitotoxic damage in cell cultures

Experiments, carried out with different agonists of gluta-

mate receptor subtypes, have shown that stimulation of

NMDA receptors can increase the activity of numerous

enzymes, triggering protein–protein interactions delete-

rious for cell homeostasis, leading to excitotoxic neuronal

death (Doble, 1999). Indeed, brief exposures of cerebellar

granule cells to NMDA give onset to different calcium-

dependent processes, mainly evoked by NMDA receptor

activation (Griffiths et al., 1998; Tenneti and Lipton, 2000).

We recently demonstrated, in primary cultures of cerebel-

lar granule cells, an early increase in TGase activity and

TGase 2 expression, after excitotoxic injury produced by a

30 min treatment with NMDA (100�M). Further, these

increases were strongly reduced by 5-methyl-10,11-dihy-

dro-5H-dibenzo [a, d]-cyclohepten-5,10-imine hydrogen

maleate (MK-801), a non-competitive blocker of Ca2þ

influx through receptor gated ion channel. In contrast,

1-(40-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-

benzo-diazepine (GYKI 52466), a selective inhibitor of

alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic

acid (AMPA)=kainate (KA) receptors, was not able to

abolish the observed effects on TGase (Fig. 1). This sug-

gests that changes, induced by NMDA exposure, were spe-

cifically dependent on NMDA receptor activation (Ientile

Fig. 1. Effect of NMDA and glutamate receptor subtype inhibitors on TGase activity in primary cultures of neurons. Cerebellar granule cells were

treated for 30 min with NMDA (100�M), in the presence or absence of inhibitors, MK-801 (10�M), a non-competitive blocker of Ca2þ influx

through ion channel associated with NMDA receptor, and GYKI 52466 (100�M), a selective antagonist of AMPA=KA receptor. Enzyme activity was

measured by ELISA with FITC antibody, evaluating TGase-mediated incorporation of fluorescein cadaverine into cell proteins
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et al., 2002). Our findings may be relevant considering that,

in different cell systems, the up-regulation of TGase 2 was

considered a differential modulator of apoptosis in a sti-

muli-dependent manner (Tucholsky and Johnson, 2002).

It has also been reported that cerebellar granule cells,

maintained under depolarizing conditions (KCl 25 mM),

were susceptible to NMDA-induced neurodegeneration

(Cox et al., 1990; Xia et al., 1995). The observation that

increased levels of TGase activity are dependent on

NMDA-induced Ca2þ influx demonstrated the role of

NMDA receptor in these effects, as confirmed by the

inhibition with MK-801 (Table 1).

In recent years, several findings have demonstrated that

excitotoxic cell damage is involved in astrocyte activation

in vivo and in vitro (Condorelli et al., 1999; Ahlemeyer

et al., 2002). Indeed, primary cultures of astrocytes

respond to excitotoxic stimulus by different transduction

mechanisms (Matute et al., 2002), including influx of

Ca2þ (Charles et al., 1991) as well as increased expression

of immediate early genes (McNaughton and Hunt, 1992;

Condorelli et al., 1993). In this context, our results

demonstrated that, in cultured astrocytes, TGase was

increased by 100�M glutamate exposure (24 h). The

highest levels of enzyme activity were reached in late

differentiated cells (14 DIV). The different effects of glu-

tamate treatment on TGase activation, during cell differ-

entiation, can be explained considering that the enzyme is

involved in the formation of focal adhesion and cyto-

skeleton stabilisation (Perry et al., 1995; Chowdhury

et al., 1997), critical processes during nervous cell devel-

opment. Indeed, confocal laser scanning microscopy ana-

lysis showed that TGase substrates were localised in both

cytosolic and membrane regions. Further, the influence of

physiological potentiation of activated glutamate recep-

tors, in relation to cell differentiation stage, should also

be considered. Glutamate-increased TGase activity was in

part reduced by GYKI 52466, the inhibitor of AMPA=KA

receptors, demonstrating a receptor-mediated effect. This

is consistent with the presence of ligand-gated channel

family of glutamate receptors in primary cultures of astro-

cytes (Condorelli et al., 1999). It is well known that also

in astroglial cells the prolonged activation of glutamate

receptors is associated with increases in intracellular cal-

cium levels (Charles et al., 1991). Under our experimental

conditions, excitotoxic stimulus in cultured astrocytes

(14–21 DIV) produced an increase in intracellular calcium

levels, and an active nuclear translocation of TGase 2

(Campisi et al., 2003). This is relevant, considering a

postulated role for TGase 2 in neurodegenerative diseases.

In particular, nuclear inclusions in brains of subjects

affected by Huntington’s disease were associated with high

levels of increased TGase activity in different cell com-

partments. Indeed, cytosolic and intranuclear inclusions,

which occur in neurodegeneration, are likely to play a

role in the progression of disease. Therefore, TGase 2

may contribute to the formation, growth and=or stabiliza-

tion of protein aggregates (Gentile et al., 1998; Cooper

et al., 1999, 2002), which, in turn, may lead to impairment

of energy metabolism, resulting in excitotoxic cell death

(Cassarino and Bennett, 1999; Butterfield and Kanski,

2001).

Although further experiments on glutamate-evoked

effects in glial cells should be carried out, there is increas-

ing evidence for cell damage in brain regions, executed by

intracellular caspases (Tenneti and Lipton, 2000). In par-

ticular, astrocyte cell death, occurring during in vitro

ischemia and AMPA receptor-mediated toxicity, as well

as during induced oxidative stress, has been associated

with proteolytic activation of caspase-3 (Chen et al.,

2001; Yu et al., 2001; Liu et al., 2002). We have recently

demonstrated that glutamate-evoked increases in TGase

activity and TGase 2 expression paralleled the activation

of caspase pathway (Ientile et al., 2003). Notably, in-

creases in caspase-3, following excitotoxic insult, were

prevented by AMPA=KA receptor blockage with specific

inhibitors. This suggests that caspase-3 activation may

also be due to intracellular Ca2þ overload, triggered by

glutamate receptor stimulation. Furthermore, it has been

hypothesized that TGase inhibitors are able to reduce cell

damage associated with increases in aggregates forma-

tion. In particular, cell death was partially suppressed by

cystamine and monodansylcadaverine (Igarashi et al.,

1998). Indeed, under our experimental conditions, in-

creases in both TGase and caspase were reduced after

Table 1. Effect of extracellular Ca2þ removal on TGase activity in cul-

tured neurons exposed to NMDA

TGase activity

(A490 nm=100�g protein=30 min)

NMDA (100�M)þCa2þ (2.3 mM) 1.8 � 0.2

NMDAþEGTA (2 mM)�Ca2þ 0.7 � 0.06

Cerebellar granule cells were treated for 30 min with NMDA in Mg2þ-free

Locke’s solution, in the presence or absence of ethylene glycol tetra-acetic

acid (EGTA). Choline chloride replaced sodium chloride in the medium,

in order to prevent cell swelling caused by simultaneous removal of Ca2þ

and Mg2þ. After cell lysis, TGase activity was measured by ELISA, using

fluorescein cadaverine as substrate and fluorescein isothiocyanate (FITC)

antibody. Values are means � SEM of triplicate measurements for three

different experiments
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incubation with cystamine (1 mM) prior to glutamate

treatment, suggesting that changes in these enzymatic

activities may be concomitant events subsequent to exci-

totoxic injury.

These results demonstrated the direct effects of TGase

inhibitors on the activation of pro-apoptotic caspase-3

caused by excitotoxic injury. Therefore, it can be sug-

gested that excessive glutamate leads to astrocyte cell

death, an event which, if occurring in vivo, could impair

brain functions, due to neuronal toxicity resulting from

loss of buffering capacity by astrocytes. This is note-

worthy, since increases in extracellular glutamate have

been clinically related to different neurodegenerative dis-

eases, in which alterations of astroglial cells may contri-

bute to cell damage.

TGases in cerebral ischemia

Different experimental models have been used to study

biochemical features of brain cell damage following

ischemic insults. Numerous events, such as release of exci-

tatory amino acids, ROS production, and intracellular Ca2þ

overload, are involved in the progression of ischemic neu-

ronal loss, an active process caused by transient or perma-

nent reduction of the cerebral blood flow. In addition, acti-

vation of several enzymes may be part of biochemical

processes leading to neurodegeneration (Martin et al.,

1998; Lipton, 1999).

Interestingly, TGase reaction was associated with stress

response in brain areas susceptible to ischemic damage. In a

model of global cerebral ischemia, we evaluated changes in

TGase activity and expression, following a 3 min occlu-

sion. The time course of enzyme activity, throughout 48 h

of reperfusion, provided evidence for increased TGase

reactions in the early stages of ischemic injury, at least in

the hippocampus (Fig. 2). In fact, compared to sham oper-

ated brains, TGase resulted strongly activated in ischemic

hippocampus homogenates at 24 h of reperfusion, while

only minor modifications in enzyme activity were observed

in cerebral cortex. Further, we firstly provided robust evi-

dence for the presence of different TGase isoforms in

ischemic brain regions (Fig. 3). Among several known

TGases, TGase 2 was the most abundantly expressed,

and was four-fold increased in ischemic hippocampus, at

24 h following reperfusion. In contrast, no significant var-

iations were observed in the cortex, both in sham-operated

and ischemic brains. Likewise, TGase 1 was two-fold

increased in ischemic hippocampus, while no significant

differences were found in ischemic cortex. Such differ-

ences in expression may depend on a more direct respon-

siveness of TGase 2 vs TGase 1 transcription regulatory

elements to increasing Ca2þ concentrations (Polakowska

et al., 1999). Indeed, the activation of Ca2þ channels is

sharply increased in hippocampus during and after

ischemic events (Lipton, 1999). Low mRNA levels were

found for TGase 3, and particularly in hippocampus of both

ischemic and sham-operated gerbil brains (Fig. 3). This

was probably due to partially overlapping expression pat-

terns of TGase 2 and TGase 3. Similarly, undetectable

TGase 5 mRNA levels could be consequent to a total over-

lap, usually occurring in different cell types, of expression

patterns of TGase 2 and TGase 5 (Gr�eenard et al., 2001).

Fig. 2. Changes in TGase activity in a gerbil model of global cerebral

ischemia. Following 3 min occlusion, TGase activity was measured in

whole homogenates of ischemic gerbil brains by detecting the incorpora-

tion of [3H]-putrescine into N, N’-dimethylcasein, throughout 48 h of

reperfusion. Compared to sham operated brains (basal activity), an early,

strong activation of TGase was observed in hippocampus, with the high-

est levels of enzyme activity at 24 h of reperfusion, while minor changes

were found in cerebral cortex. Results are mean values � SEM of tripli-

cate measurements from three different experiments

Fig. 3. Differential expression of multiple TGase isoforms in a gerbil

model of global cerebral ischemia. RT-PCR analysis of TGase expression

was performed at the time of peaking TGase activity, both in sham

operated (a) and ischemic gerbil brains (b), with specific primers for

TGase 1, TGase 2, TGase 3 and TGase 5. Different mRNA amounts were

found for all TGase isoforms, except for TGase 5. A strong up-regulation

of TGase 2, the most abundantly expressed, and TGase 1, was observed

in ischemic hippocampus compared to cerebral cortex. In contrast, low

expression levels were found for TGase 3, and no changes were ob-

served, both in hippocampus and in cerebral cortex, after ischemic insult
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However, different enzyme activities are susceptible

to changes in cell signalling, following the ischemia=

reperfusion period. In particular, the increases in TGase

activity, following ischemic injury, were due to up-regula-

tion of TGase 2 and TGase 1, and, most likely, to a

calpain-mediated processing of TGase 1 into the high

specific activity form, significantly contributing to total

enzyme activity. In fact, calpain, a calcium-dependent

protease, plays a pivotal role in the hippocampal damage

induced by excitatory amino acids (Paschen et al., 1990).

The observed region-specific changes in TGases in infarc-

tion were probably dependent on different susceptibility

to ischemia of examined brain areas. In fact, it is well

known that hippocampus is more severely damaged by

ischemic insult, while brain cortex is only moderately

affected (Lipton, 1999). However, it has been reported

that the expression of proteins, promoting cell survival

or delayed cell death in models of cerebral ischemia, is

often altered in cell type-specific patterns.

Conclusions

Some evidences demonstrate increases in TGases in some

neurodegenerative diseases. Although it has been empha-

sized that TGase 2 (tissue TGase) may be linked to molec-

ular mechanisms of programmed cell death, in different

models of cell damage, recent findings sustained the pos-

sibility that the enzyme is not operating during the apop-

totic process associated with neuronal death. However,

direct and indirect observations suggest that TGase-

dependent protein cross-linking may be part of the mole-

cular mechanisms involved in neurological diseases.

Increased activation of glutamate receptors, by high

levels of glutamate in synaptic spaces, is a common event

to several neuropathological conditions. Interestingly, we

observed an early up-regulation of TGase 2 in our experi-

mental in vitro models of glutamate-evoked excitotoxicity,

as well as in vivo models of cerebral ischemia. In these

cases, rises in TGase 2 expression after excitotoxic insult

were dependent on direct responsiveness of TGase 2 tran-

scription regulatory elements to increasing Ca2þ concen-

trations. These findings indicate that TGase 2 plays an

important role in biochemical pathways associated with

response to cell injury. However, TGase involvement in

physiological cell death has led to the conclusion that,

while in some cell types enzyme activation is lethal, in

others its role is not directly related to the act of killing. In

fact, in certain conditions, TGase induction is an impor-

tant and beneficial part of the death process, and should be

facilitated to avoid leakage of macromolecules and

inflammation, even in those cases when the enzyme is

originally not part of the killing pathway.

Indeed, further studies are needed to better understand

the role of different TGase isoforms in the brain response

to excitotoxicity, and to elucidate the possible involve-

ment of early genes in the regulation of TGases expres-

sion. Moreover, the characterization of TGase substrates

in neuronal cells, and other observations on TGase reac-

tion, as a biochemical marker in pathological conditions,

should be addressed towards this area of neurobiology.
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