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                    Abstract
Aims Taurine as an endogenous substance possesses a number of cytoprotective properties. In the study, we have evaluated the neuroprotective effect of taurine and investigated whether taurine exerted neuroprotection through affecting calpain/calpastatin or caspase-3 actions during focal cerebral ischemia, since calpain and caspase-3 play central roles in ischemic neuronal death. Methods Male Sprague–Dawley rats were subjected to 2 h of middle cerebral artery occlusion (MCAo), and 22 h of reperfusion. Taurine was administrated intravenously 1 h after MCAo. The dose–responses of taurine to MCAo were determined. Next, the effects of taurine on the activities of calpain, calpastatin and caspase-3, the levels of calpastatin, microtubule-associated protein-2 (MAP-2) and αII-spectrin, and the apoptotic cell death in penumbra were evaluated. Results Taurine reduced neurological deficits and decreased the infarct volume 24 h after MCAo in a dose-dependent manner. Treatment with 50 mg/kg of taurine significantly increased the calpastatin protein levels and activities, and markedly reduced the m-calpain and caspase-3 activities in penumbra 24 h after MCAo, however, it had no significant effect on μ-calpain activity. Moreover, taurine significantly increased the MAP-2 and αII-spectrin protein levels, and markedly reduced the ischemia-induced TUNEL staining positive score within penumbra 24 h after MCAo. Conclusions Our data demonstrate the dose-dependent neuroprotection of taurine against transient focal cerebral ischemia, and suggest that one of protective mechanisms of taurine against ischemia may be blocking the m-calpain and caspase-3-mediated apoptotic cell death pathways.
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                                    Introduction
Cerebral ischemia initiates a cascade of detrimental events including release of glutamate, accumulation of intracellular calcium, formation of free radicals, and induction of inflammation, which lead to disruption of cellular homeostasis and structure damage of ischemic brain tissue (Lipton 1999). Many different approaches to influence the detrimental events after brain ischemia have been developed in animal models of stroke. Almost all of them result in dramatic neuroprotection in animal experiments, but all human studies, to date, have failed, and the possible reasons for the failure have been reviewed (Gladstone et al. 2002; Cheng et al. 2004). Recently, more attentions to the neuroprotection are focused on the endogenous neuroprotection (Dirnagl et al. 2003; Lizasoain et al. 2006), and it has been demonstrated that some endogenous substances, such as albumin, estrogens, erythropoietin, and growth factors, exhibit neuroprotection in focal cerebral ischemia (Labiche and Grotta 2004; Hoffman et al. 2006).
Taurine (2-aminoethanesulfonic acid) is the major intracellular free β-amino acid present in most mammalian tissues. It is not involved in primary metabolism, and neither is incorporated into proteins. Taurine possesses a number of cytoprotective properties through its actions as a neurotransmitter, neuromodulator, osmoregulator, modulator of intracellular calcium homeostasis, anti-oxidant, membrane stabilizer, and anti-inflammation factor (Huxtable 1992; Schuller-Levis and Park 2004). It has been reported to reduce glutamate-induced neurotoxicity (El Idrissi et al. 2003; Louzada et al. 2004), and improve the recovery of neuronal functions after cerebral hypoxia (Schurr et al. 1987). Moreover, taurine-containing neurons in hippocampus are more resistant to the damage induced by ischemia than other neurons (Wu et al. 1994). Under cell-damaging conditions, the release of taurine is increased, meanwhile, the uptake of taurine is inhibited. The increase in the extracellular levels of taurine in cell-damaging conditions may be an important endogenous protective mechanism (Saransaari and Oja 2000). These reports suggest that taurine may act as an endogenous neuroprotectant to block multiple targets of detrimental cascade after focal cerebral ischemia. For testing this hypothesis, we first evaluated the neuroprotective effect of taurine against focal cerebral ischemia in the present study.
If the neuroprotective effect of taurine on focal cerebral ischemia is positive, then we shall be interested to investigate what is its mechanism. In this study, we primarily investigated whether taurine exerted neuroprotection through blocking the actions of calpain/calpastatin and caspase-3 after focal cerebral ischemia, since calpain/calpastatin and caspase-3 play central roles in ischemic neuronal death (Lipton 1999).
Calpains, one family of cysteine proteases, are activated by calcium and autolytic processing. The two ubiquitous calpains, μ- and m-calpain are regulated reversibly by calcium and calpastatin, an endogenous inhibitor of calpain. They are proposed to participate in the turnover of cytoskeletal proteins and regulation of kinases, transcription factors, and receptors (Goll et al. 2003). Caspases, another family of cysteine protease with an unusual substrate specificity, have been identified as key executioners of apoptosis. Caspase-3, one member of caspase family, is believed as a final killer of apoptosis (Salvesen and Dixit 1997). During focal cerebral ischemia, calpains and caspase-3 are activated and involved in the apoptotic cell death, which have been demonstrated through investigating the protection of calpain and caspase-3 inhibitors and the proteolysis of substrates, such as microtubule-associated protein-2 (MAP-2), spectrin, and calpastatin (Fink et al. 1998; Davoli et al. 2002; Rami et al. 2003; Kambe et al. 2005; Han et al. 2006). Moreover, calpastatin has been shown to be induced by cerebral hypoxia-ischemia in immature rats (Blomgren et al. 1999), and involved in the neuroprotection against brain ischemia (Rami et al. 2003).
With this background, we further investigated whether taurine exerted neuroprotection through blocking the calpain- or caspase-3-mediated ischemic cell death pathway in penumbra after focal cerebral ischemia. Particularly, we paid more attentions on the effects of taurine on calpastatin actions after focal cerebral ischemia, since taurine (Schurr et al. 1987; El Idrissi et al. 2003; Louzada et al. 2004) and calpastatin (Rami et al. 2003; Han et al. 2006; Crocker et al. 2003), as two endogenous substances, are involved in the neuroprotection during central nervous system damage.


Materials and Methods
Rat Model of Focal Cerebral Ischemia
All animal protocols were approved by the national institutes of health guide for the care and the use of laboratory animals. Male Sprague–Dawley rats weighting from 315 to 330 g were anesthetized with chloral hydrate (400 mg/kg, i.p.) and the right middle cerebral artery occlusion (MCAo) was produced by inversion of a 4-0 nylon filament as described previously (Schmid-Elsaesser et al. 1998). The filament was withdrawn 2 h after onset of MCAo, and then reperfused. Rectal temperature was continuously monitored and maintained at 37 ± 0.5°C by a negative-feedback-controlled heating pad during the whole experiment.
Experimental Protocols
Dose–Response of Taurine to Focal Cerebral Ischemia
Rats were randomly assigned to 6 groups treated with taurine or vehicle: (1) taurine (Shanghai Chemical Reagents Company, dissolved in normal saline), 1 mg/kg; (2) taurine, 2.5 mg/kg; (3) taurine, 5 mg/kg; (4) taurine, 15 mg/kg; (5) taurine, 50 mg/kg, and (6) vehicle, a similar volume of normal saline (1 ml/kg). The respective agent was administrated intravenously 1 h after ischemia. Neurological deficits were evaluated 4 and 24 h after MCAo (n = 15 per group), and the infarct volumes were determined 24 h after MCAo (n = 14 per group).
Effects of Taurine on Activities of Calpastatin, Calpain and Caspase-3, and the Levels of Calpastatin, MAP-2 and αII-spectrin
Based on the dose–response study, 50 mg/kg of taurine was used in the study. Animals were randomly assigned to 3 groups treated with taurine or vehicle: (1) sham: normal saline (1 ml/kg); (2) vehicle: normal saline (1 ml/kg) and (3) taurine (50 mg/kg). The respective agent was administrated intravenously 1 h after ischemia. Rats were decapitated and the tissues of penumbras were dissected 24 h after MCAo in the vehicle- or taurine-treated rats, and the regions from the right hemispheres that corresponded to the ischemic penumbras were dissected 24 h after operation in sham-operated rats. The cytosolic fractions were prepared and used to determine the activities of calpastatin, calpain and caspase-3 (n = 12 per group), and the levels of calpastatin protein, MAP-2 and αII-spectrin (n = 8 per group).
Effect of Taurine on Apoptotic Cell Death
Animals were randomly assigned to 3 groups treated with taurine or vehicle: (1) sham: normal saline (1 ml/kg); (2) vehicle: normal saline (1 ml/kg), and (3) taurine (50 mg/kg). The respective agent was administrated intravenously 1 h after ischemia. Rats were decapitated and the brains were collected 24 h after operation in sham-operated rats, or 24 h after MCAo in vehicle- or taurine-treated rats. The brains were embedded in paraffin, and coronal slices (8 μm thick) were obtained. Terminal deoxynucleotidyl transferase-mediated biotin-dUTP nick-end labeling (TUNEL) staining was used to observe the apoptotic cell death (n = 9 per group).
Neurological Evaluation
Animals were examined for neurological deficits 4 and 24 h after MCAo by a blinder to the identity of the groups using a 6-point neurological function score that was described by Schmid-Elsaesser et al.: 0, no spontaneous motor activity; 1, spontaneous circling; 2, circling if pulled by tail; 3, lowered resistance to lateral push (and forelimb flexion) without circling; 4, contralateral forelimb flexion; 5, no observable neurological deficit (Schmid-Elsaesser et al. 1998).
Measurement of Infarct Volume
The rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and decapitated 24 h after MCAo. The brains were rapidly removed and sliced into 2-mm-thick slices. The brain slices were stained with 1% 2,3,5-triphenyltetrazolium chlorides (TTC, Sigma Co., St Louis, MO, USA) at 37°C for 15 min in the dark, and then fixed by 4% formaldehyde in phosphate buffered solution. The unstained area of the brain slice was defined as infarction. The infarct volume was measured using an image analysis program (Beijing Konghai Co., China). Since brain edema might significantly affect the accuracy of infarct estimation, the corrected infarct volume was calculated by the method described previously (Lin et al. 1993; Swanson et al. 1990).
Sample Collection and Preparation of Cytosolic Fraction
As has been previously described by Ashwal et al. (1998), the tissues of penumbras were dissected 24 h after MCAo in the vehicle- or taurine-treated rats, and the regions from the right hemispheres that corresponded to the ischemic penumbras were dissected 24 h after operation in sham-operated rats at 4°C, and homogenized in 7 volumes of homogenization buffer (25 mM HEPES, pH 7.4, 0.1% Triton X-100, 5 mM MgCl2, 2 mM DTT, 1.3 mM EDTA, 1 mM EGTA, 0.5 mM phenylmethanesulfonyl fluoride, 10 μg/ml aprotinin, 10 μg/ml pepstatin A, 10 μg/ml leupeptin). The homogenates were centrifuged at 1,000 × g for 10 min at 4°C, and the supernatants were centrifuged at 17,000 × g for 90 min at 4°C again. The final supernatants (cytosolic fractions) were used to measure the activities of calpain, calpastatin, or caspase-3, and the levels of calpastatin, MAP-2, or αII-spectrin. The protein concentrations in supernatants were determined by the method of Bradford (Bradford 1976).
Calpastatin Activity Assay
The cytosolic fractions were boiled for 10 min and then centrifuged at 10,000 × g for 10 min at 4°C to remove denatured proteins, and the protein concentrations in supernatants were measured (Bradford 1976). The calpastatin activity was determined by the method described previously (Yoshida et al. 1993; Sorimachi et al. 1997). Briefly, the heat-treated sample (50 μg/ml protein) was incubated with purified m-calpain from rat (3 μg/ml, Calbiochem, San Diego, CA, USA) at 4°C for 5 min, and then was diluted in calpain assay mixture (20 mM Tris, pH 7.4, 4 mg/ml azocasein, 20 mM β-meraptoethanol, 1% Triton X-100) to a final volume of 1 ml. The mixture was incubated at 32 ± 1°C for 60 min, and calpain activity was determined as the release of trichloroacetic acid-soluble peptides from azocasein (Sigma Co., St Louis, MO, USA). Calpastatin activity (inhibition rate, %) was defined as m-calpain activity of purified m-calpain alone minus m-calpain activity of purified m-calpain with heat-treated samples/m-calpain activity of purified m-calpain alone.
Calpain Activity Assay
As has been previously described (Raser et al. 1995), 12% polyacrylamide gel contained 0.05% casein and 4% polyacrylamide gel were prepared and used as separating and stacking gel, respectively. The casein gel was pre-run at 50 V for 1 h at 4°C in a running buffer (25 mM Tris, 192 mM glycine, 1 mM EGTA, 1 mM DTT, pH 8.3). Proteins from each sample (45 μg) were loaded in each well, and then given electrophoresis at 50 V, 4°C. When bromophenol blue reached the base of the gel, the gel was removed and rinsed in incubation buffer (20 mM Tris, 10 mM DTT, 3 mM CaCl2, pH 7.6 for μ-calpain and pH 7.3 for m-calpain) twice, then incubated in the same incubation buffer at 32 ± 1°C for 24 h. The gel was stained in 0.2% Commassie blue R-250 for 2 h and incubated in a destaining solution overnight. The gel was analyzed by gel image analyzer (AlphaImager™ 2200, Aalpha Innotech Co., USA). Results were normalized with the integrated optical density (arbitrary densitometric units) of the lysed region (cleared band).
Caspase-3 Activity Assay
The caspase-3 activity was determined by use of ac-DEVD-AFC (Calbiochem, San Diego, CA, USA), a fluorescent substrate to be used as a susceptible fluorescent substrate for caspase-3 (Benchoua et al. 2001). Fifteen-microlitre sample was diluted in caspase-3 assay buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM EDTA, 10 mM DTT) to a final volume of 1,485 μl. The enzymatic reaction was started by addition of 15 μl of a 2 mM solution of ac-DEVD-AFC and incubated for 2 h at 37°C. Quantification of substrate cleavage leading to release of free AFC was determined with a spectrofluorometer set at 400 nm excitation wavelength and at 505 nm emission wavelength (Hitachi Co., Japan). Fluorescent arbitrary units were converted into micromoles of AFC released per hour and milligrams of protein using a standard curve of free AFC (Sigma Co., St Louis, MO, USA).
Western Blot Analysis
Calpastatin, MAP-2, and αII-spectrin were determined from cytosolic fraction separated by 10, 6, and 6% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), respectively. Twenty-microlitre sample was mixed with 5 μl of sample buffer, and then boiled for 5 min. Equal amount of proteins (40 μg) were separated by SDS-PAGE, and molecular weight markers (R&D Systems Inc., Minneapolis, MN, USA) were loaded on each gel for protein band identification. The proteins on the gel were subsequently transferred onto a nitrocellulose membrane using a semidry transfer apparatus. Blots were probed with either primary rabbit polyclonal antibody reactive with calpastatin (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:100), or primary mouse monoclonal antibody reactive with MAP-2 (Sigma Co., St Louis, MO, USA, 1:800), or αII-spectrin (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:100), and subsequently incubated with secondary anti-rabbit or mouse antibody conjugated with horseradish peroxidase (Chemicon International Inc., Temecula, CA, USA). Finally, the color reaction was observed by incubation of membrane with 3,3′-diaminobenzidine (Chemicon International Inc., Temecula, CA, USA), and the integrated optical densities of the protein bands detected by Western blot analysis were analyzed by gel image analyzer (AlphaImager™ 2200, Aalpha Innotech Co., USA).
TUNEL Staining for Apoptotic Cells
In situ detection of DNA fragmentation in brain cells after ischemia or after sham operation was performed using TUNEL as described by Gavrieli et al (1992). The 8-μm coronal slices fixed by 4% paraformaldehyde were deparaffized and rinsed in distilled water at room temperature. They were incubated with proteinase K (200 μg/ml) for 15 min at 37°C, and endogenous peroxidases were inactivated by covering the slices with 2% H2O2 for 10 min at room temperature. The sections were rinsed with 50 mM PBS, and immersed in TdT buffer (30 mM Tris, pH 7.2, 140 mM sodium acodylate, 1 mM cobalt chloride) for 30 min, followed by reaction with a TdT enzyme (Roche Diagnostics GmbH, Germany) and biotinylated 16-dUTP (Roche Diagnostics GmbH, Germany) at 37°C for 90 min. The slices were washed in reaction stopping buffer (150 mM sodium chloride, 15 mM sodium citrate, pH 7.4) for 15 min, followed by washing in PBS. The avidin–biotin technique was applied, and then the nuclei were counterstained with hematoxylin solution for 30 s. The apoptotic cells exhibiting DNA fragmentation were observed using a light microscope. Cells containing apoptotic bodies are referred to as apoptotic cells. In the current study, the following four scores were used to evaluate the degree of apoptotic dell death within frontoparietal cortex motor area (cortical penumbra) and medial part of striatum (striatal penumbra): 0, few positive staining cells; 1, positive staining cells were less than 30%; 2, positive staining cells were 30–60%, and 3, positive staining cells were >60%. The anatomic distribution of frontoparietal cortex motor area and medial part of striatum was shown in Fig. 6A (Memezawa et al. 1992).
Data Expression and Statistical Analysis
Data are presented as mean ± SEM. Comparisons among multiple groups were statistically evaluated by one-way ANOVA with a post hoc Fisher’s test and comparisons between two groups were evaluated by Student’s t-test. A probability of <0.05 was considered statistically significant.


Results
Dose–Responses of Taurine to Focal Cerebral Ischemia: Neurological Deficits and Infarct Volume
Before ischemia, neurological scores were normal (score = 5) in all animals. The vehicle-treated rats showed significant neurological deficits 4 and 24 h after MCAo. Treatment with 5, 15, or 50 mg/kg of taurine markedly reduced the neurological deficits 4 and 24 h after MCAo (4 h after MCAo: all P < 0.01 versus vehicle-treated rats at 5, 15, and 50 mg/kg of taurine; 24 h after MCAo: P < 0.05, 0.01 and 0.01 versus vehicle-treated rats at 5, 15, and 50 mg/kg of taurine, respectively). However, 1 or 2.5 mg/kg of taurine just had trend towards improving neurological function (see Fig. 1A).

Fig. 1
Dose–response of taurine to focal cerebral ischemia. The rats received 2-h ischemia and then reperfused. Vehicle or various dose of taurine was injected intravenously at 1 h after ischemia. (A) Dose–response of taurine to neurological deficits (mean ± SEM, n = 15, *P < 0.05 and **P < 0.01 versus vehicle). (B) The infarct zone was displayed by TTC staining in vehicle- or various dose of taurine-treated rats. (C) The bar graph reflected the infarct volumes from TTC staining in various groups (mean ± SEM, n = 14, *P < 0.01 versus vehicle)
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                        The dose–response of taurine to infarct volume is illustrated in Fig. 1B and C. A 2-h ischemia following 22-h reperfusion resulted in an infarct of 218 ± 11 mm3 in vehicle-treated rats. Taurine treatment at the dose of 5, 15, or 50 mg/kg decreased infarct volume significantly (all P < 0.01 versus vehicle-treated rats at 5, 15, or 50 mg/kg of taurine), however, taurine at the dose of 1 or 2.5 mg/kg had tendency to decrease the infarct volume.
Effects of Taurine on Calpastatin Protein Levels and Activities
The calpastatin protein levels in cytosolic fraction were determined by Western blot analysis. As illustrated in Fig. 2A and B, the calpastatin protein levels in penumbra 24 h after MCAo in vehicle-treated rats had no statistical significance compared with sham-operated rats, however, taurine treatment enhanced the calpastatin protein levels significantly (P < 0.05 versus vehicle-treated rats).

Fig. 2
Effects of taurine on calpastatin protein levels and activities in cytosolic fractions of penumbras 24 h after MCAo in rats. The rats received 2-h ischemia and then reperfused. Taurine or saline was administrated intravenously 1 h after ischemia. (A) Western blot analysis using anti-calpastatin antibody. (B) The bar graph reflected the densitometric data from the experiment of calpastatin Western blot analysis (mean ± SEM, n = 8, *P < 0.05 versus vehicle). (C) The bar graph reflected the calpastatin activities through determining the inhibition of purified m-calpain by samples (mean ± SEM, n = 12, *P < 0.01 versus vehicle)
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                        In order to determine whether the changes in calpastatin protein levels had functional significance, the calpastatin activities were determined through evaluating the inhibition of the purified m-calpain by the heat-treated sample. The calpastatin activities in penumbra 24 h after MCAo in vehicle-treated rats decreased compared with sham-operated rats, but it did not reach statistical significance. Taurine treatment increased the calpastatin activities significantly (P < 0.01 versus vehicle-treated rats, Fig. 2C).
Effects of Taurine on Calpain Activities
The μ- and m-calpain activities were determined by means of casein zymography. As shown in Fig. 3A and B, the μ- and m-calpain activities in penumbra 24 h after MCAo in vehicle-treated rats increased significantly (μ-calpain: P < 0.05 versus sham-operated rats. m-calpain: P < 0.01 versus sham-operated rats). Taurine treatment reduced m-calpain activities significantly (P < 0.05 versus vehicle-treated rats), however, it had no significant effect on μ-calpain activities.

Fig. 3
Effects of taurine on μ- and m-calpain activities in cytosolic fractions of penumbras 24 h after MCAo in rats. The rats received 2-h ischemia and then reperfused. Taurine or saline was administrated intravenously 1 h after ischemia. (A) Casein zymography of μ- and m-calpain. (B) The bar graph reflected the densitometric data from the casein zymography (mean ± SEM, n = 12, μ-calpain: *P < 0.05 versus sham, m-calpain: *P < 0.01 versus sham, #
                                       P < 0.05 versus vehicle)
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                        Effects of Taurine on Caspase-3 Activities
The caspase-3 activities in cytosolic fractions were measured through determining the cleavage of fluorescent substrate ac-DEVD-AFC. The caspase-3 activities in penumbra 24 h after MCAo in vehicle-treated rats increased significantly (P < 0.05 versus sham-operated rats), and taurine treatment reduced the caspase-3 activities significantly (P < 0.05 versus vehicle-treated rats, see Fig. 4).

Fig. 4
Effects of taurine on caspase-3 activities in cytosolic fractions of penumbras 24 h after MCAo. The rats received 2-h ischemia and then reperfused. Taurine or saline was administrated intravenously 1 h after ischemia. Fluorescent arbitrary units were converted into picomoles of AFC released per hour and milligrams of protein (mean ± SEM, n = 8. *P < 0.05 versus sham, #
                                       P < 0.05 versus vehicle)
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                        Effects of Taurine on MAP-2 and αII-spectrin Levels
The MAP-2 and αII-spectrin protein levels in cytosolic fractions were determined by Western blot analysis. As illustrated in Fig. 5A–D, the MAP-2 and αII-spectrin protein levels in penumbra 24 h after MCAo decreased significantly in vehicle-treated rats (MAP-2: P < 0.05 versus sham-operated rats; αII-spectrin: P < 0.01 versus sham-operated rats), indicating the degradation of MAP-2 and αII-spectrin. Taurine treatment markedly increased the MAP-2 and αII-spectrin protein levels, indicating the reduction of the degradation of MAP-2 and αII-spectrin by taurine (both P < 0.01 versus vehicle-treated rats).

Fig. 5
Effects of taurine on MAP-2 and αII-spectrin levels in cytosolic fractions of penumbras 24 h after MCAo in rats. The rats received 2-h ischemia and then reperfused. Taurine or saline was administrated intravenously 1 h after ischemia. (A) Western blot analysis using anti-MAP-2 antibody. (B) Western blot analysis using anti-αII-spectrin antibody. (C) The bar graph reflected the densitometric data from the experiment of MAP-2 Western blot (mean ± SEM, n = 8, *P < 0.05 versus sham, #
                                       P < 0.01 versus vehicle). (D) The bar graph reflected the densitometric data from the experiment of αII-spectrin Western blot (mean ± SEM, n = 8, *P < 0.01 versus sham, #
                                       P < 0.01 versus vehicle)
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                        Effect of Taurine on Apoptotic Cell Death
The anatomic distribution of frontoparietal cortex motor area (cortical penumbra) and medial part of striatum (striatal penumbra) was shown in Fig. 6A (Memezawa et al. 1992). The apoptotic cell death was determined by TUNEL staining, and the results were illustrated in Fig. 6B–H. These TUNEL staining positive cells were densely labeled in the nuclei and showed morphologic signs of apoptosis. In the right frontoparietal cortex motor area (cortical penumbra) and medial part of striatum (striatal penumbra), a large number of cells showed a strong TUNEL staining in the vehicle-treated rats, while TUNEL staining was negative in sham-operated rats. Treatment with taurine significantly reduced the TUNEL staining positive score in the right frontoparietal cortex motor area and medial part of striatum 24 h after MCAo (both P < 0.05 versus vehicle-treated rats).

Fig. 6
The representative feature of TUNEL-positive cells in the frontoparietal cortex motor area (cortical penumbra, B–D) and medial part of striatum (striatal penumbra, E–G) 24 h after MCAo in rats (Original magnification 400×). The rats received 2-h ischemia and then reperfused. Taurine or saline was administrated intravenously 1 h after ischemia. (A) Schematic representation of the distribution of neuronal damage in rat brain after transient focal ischemia delineated by TUNEL. Two areas subjected to analysis of TUNEL are illustrated: FPCM, frontoparietal cortex motor area (cortical penumbra); MS, medial part of striatum (striatal penumbra). (B and E) Sham-operated rats. (C and F) Vehicle-treated rats. (D and G) Taurine-treated rats. (H) The bar graph reflected the TUNEL positive staining score in each group (mean ± SEM, n = 9, *P < 0.05 versus vehicle)
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Discussion
In the present study, we first investigate the dose–response of taurine to transient focal cerebral ischemia, and our results reveal that taurine treatment 1 h after ischemia improves neurological functions and decreases infarct volume in a dose-dependent manner, and taurine in dose of 5, 15, or 50 mg/kg has marked protection. Furthermore, we focus our attentions on the effects of 50 mg/kg of taurine on actions of calpain/calpastatin and caspase-3 after focal cerebral ischemia, and find that it reduces the m-calpain and caspase-3 activities, enhances the calpastatin protein levels and activities, suppresses the degradation of MAP-2 and αII-spectrin, and mitigates apoptotic cell death in penumbra. These results provide convincing evidences that this endogenous amino acid exerts neuroprotective effects against focal ischemia when administrated exogenously, and suggest that one of its protective mechanisms is blocking the m-calpain- and caspase-3-mediated apoptotic cell death pathways.
Taurine as a neurotransmitter, neuromodulator, and membrane stabilizer is used for experimental therapy against neuronal damages caused by neurotoxical substances, hypoxia, epilepsy, etc. (Birdsall 1998). Taurine has been reported to antagonize the seizures induced by different factors. For example, taurine suppresses the onset of convulsions caused by hypoxia in a dose-dependent manner, and 50 mg/kg of taurine (intraperitoneal injection) is most effective, but 100 mg/kg adversely affects its anti-convulsant action (Sanberg and Willow 1980), and all the taurine doses between 1 and 10 mg/kg effectively reduce the incidence of seizure due to cobalt, with 10 mg/kg giving the best results (Carruthers-Jones and van Gelder 1978). In mice seizure model induced by 4-aminopyridine, taurine at dose of 2.6 mg/kg (intraperitoneal injection) increases the latency of clonic seizures, reduces the incidence of tonic seizures and the postconvulsive mortality (Pasantes-Morales and Arzate 1981), and in the mice model of epileptic seizure caused by parenteral injection of kainic acid, taurine (43 mg/kg, subcutaneous injection) suppresses epileptic seizure (El Idrissi et al. 2003). These data indicate that taurine may protect brain against focal cerebral ischemia with a broad range of doses. Therefore, in this study, we evaluate the protection of 1, 2.5, 5, 15, or 50 mg/kg of taurine against focal cerebral ischemia, and find that taurine treatment at the dose of 5, 15, or 50 mg/kg have marked therapeutic effects, however, taurine at the dose of 1 or 2.5 mg/kg only has tendency to reduce ischemic damage. Our data demonstrate the dose-dependent neuroprotection of taurine against transient focal cerebral ischemia, and the range of valid dose is similar to that reported in above literatures. In contrast to our data, it has been reported that treatment with 100 mg/kg of taurine intraperitoneally at the onset of ischemia has a trend towards reducing infarct volume, however, it does not reach statistical significance (Shuaib 2003). The somewhat difference compared to our results possibly may be due to the different experimental conditions, such as animal model, timing and route of administration, particularly, a single different dose to be used without a dose–response study. On the other hand, it may be due to the biphasic action of taurine. For example, taurine improves the recovery of neuronal function following cerebral hypoxia in vitro (Schurr et al. 1987) and suppresses the onset of convulsions caused by hypoxia in vivo in a dose-dependent manner (Sanberg and Willow 1980), however, taurine administrated at relative high dose (5 mM in vitro, Schurr et al. 1987 and 100 mg/kg in vivo, Sanberg and Willow 1980) has no protection.
As a neuroprotectvie agent, taurine must pass through blood–brain barrier (BBB) and enter into brain under neuropathological conditions. Some researchers have found that the radioactive taurine increases in brain after radiolabeled taurine is administrated systemically (Urquhart et al. 1974; Pasantes-Morales and Arzate 1981). In vitro a Na+ and Cl− gradient-dependent transport system for taurine is identified in both the luminal and the anti-luminal membranes of bovine brain capillary endothelial cells, and the carrier-mediated transport found by in vitro experiments is confirmed to function for the translocation of the taurine molecule from the vascular space into the brain (Tamai et al. 1995). Moreover, a linear increase of taurine concentration in rat brain after intraperitoneal injection has been reported (Lallemand and De Witte 2004). In addition, taurine has been used with varying degrees of success in the experimental and clinical therapy of epilepsy and other seizure disorders (Sanberg and Willow 1980; Durelli and Mutani 1983; Birdsall 1998; El Idrissi et al. 2003). These researches provide convincing evidences that taurine may cross BBB and reach the ischemic area to exert its cytoprotection when it is administrated intravenously after brain ischemia.
In regard to the mechanism of taurine against brain ischemia, it is more complicated since both pathophysiological process of brain ischemia and cytoprotective property of taurine are more complex. In the study, we primarily investigate whether taurine exerts neuroprotection through blocking the actions of calpain and caspase-3 during focal cerebral ischemia, as taurine is a modulator of intracellular calcium homeostasis (Foos and Wu 2002; El Idrissi and Trenkner 2003).
It is well known that caspase-3 and calpain, two cysteine proteases, play central roles in neuronal death during focal cerebral ischemia (Lipton 1999). Caspase-3 acts as an executioner of the apoptosis, and the involvement of caspase-3 in apoptotic processes after ischemia is supported by the observation that treatment with caspase-3 inhibitors reduces ischemia-induced brain damage (Lipton 1999; Fink et al. 1998). Calpain, a calcium-dependent neutral protease, is activated by intracellular calcium during focal cerebral ischemia, which has been demonstrated through investigating the proteolysis of substrates and the protection of calpain inhibitors (Minger et al. 1998; Lipton 1999; Kambe et al. 2005). More recently, some reports have shown the involvement of calpain in the apoptotic cell death after brain ischemia through causing degradation of substrates such as spectrin, calcineurin (Rami et al. 2003; Shioda et al. 2006).
MAP-2 and spectrin, two cytoskeletal proteins, play important roles in maintenance of structural integrity, neuronal stability, normal functions and plasticity of neurons through interacting with neuronal cytoskeleton (Fitzpatrick et al. 1996; Ludin and Matus 1993; Goodman and Zagon 1986; Bennett 1990). Therefore, possible functional consequences of neuronal cytoskeletal loss could result in the disruption of structural integrity and stability of neurons, disturbances of axonal transport, neuronal dysfunction, leading to neuronal death. MAP-2 is a preferred substrate for calpain, and spectrin is very susceptible to calpain and to caspase-3-like proteases (Johnson et al. 1991; Nath et al. 1996). It has been reported that cytoskeletal degradation, represented by the loss of MAP-2 or spectrin shown by immunochemical methods, is a sensitive indicator of neuronal damage after focal cerebral ischemia (Dawson and Hallenbeck 1996; Kambe et al. 2005), and the degradation of MAP-2 or spectrin is involved in the cell apoptosis (Williams et al. 2003; Fifre et al. 2006).
Our results reveal that taurine treatment reduces the activities of m-calpain and caspase-3, suppresses the degradation of MAP-2 and αII-spectrin, and alleviates TUNEL staining positive score in penumbra, although it has no effect on μ-calpain activities. These results indicate that taurine may protect brain against transient focal cerebral ischemia through down-regulating m-calpain and caspase-3 activation, maintaining structural integrity and stability of cells, terminally, mitigating the apoptotic cell death. Our results provide multiple evidences, including the activation of proteases, degradation of substrates and apoptotic cell death, to demonstrate the neuroprotection of taurine, and suggest that the blockade of m-calpain- and caspase-3-mediated, but not μ-calpain-mediated apoptotic cell death pathway may be one of the neuroprotective mechanisms of taurine after transient focal cerebral ischemia. Figure 7 summarizes the calpain- and caspase-3-mediated apoptotic cell death pathways in penumbra after transient focal cerebral ischemia and the actions of taurine.

Fig. 7
Overview of the neuroprotection of taurine against focal cerebral ischemia through blocking the calpain- and caspase-3-mediated apoptotic cell death pathway. “➝” indicates positive actions. “⇨” indicates inhibitory actions
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                     It is believed that intracellular calcium overload is induced through the opening of ionic channels gated by receptors and voltage, the release of calcium from intracellular calcium storage pools, and other mechanisms after brain ischemia. Subsequently, it initiates a series of intracellular events that impact the development of tissue damage profoundly, such as activation of proteolytic enzymes and endonucleases, production of reactive oxygen species (ROS), release of excitatory amino acids (EAAs), and apoptosis (Kristian and Siesjö 1998; Lipton 1999; Mattson et al. 2000). A number of reports have demonstrated the regulation of taurine on intracellular calcium homeostasis (Huxtable 1992; Foos and Wu 2002; El Idrissi and Trenkner 2003). Therefore, it is logical that taurine may block the calpain- or caspase-3-mediated ischemic cell death pathway through suppressing the intracellular calcium overload after focal cerebral ischemia, since the increases in intracellular calcium can directly activate calpain (Goll et al. 2003) and induce caspase-3-like activity by regulating the release of cytochrome c from mitochondria (Juin et al. 1998). This hypothesis has been demonstrated by our data that taurine down-regulating m-calpain and caspase-3 activation, although we do not directly investigate the effects of taurine on intracellular calcium in this study. The different effects of taurine on μ- and m-calpain activation may be due to the calcium concentration required for the activation of μ- and m-calpain, as μ-calpain which needs micromolar calcium for activation, and m-calpain which needs millimolar concentration of calcium (Goll et al. 2003).
As a neuromodulator, neurotransmitter, and membrane stabilizer, taurine may reduce the intracellular calcium overload and exert its neuroprotection against focal cerebral ischemia through one or more of a number of means: (1) by suppressing EAA-induced excitotoxicity through acting upon nerve terminals to reduce the release of EAAs (Kamisaki et al. 1996), and acting upon GABA-A receptors to enhance chloride currents (El Idrissi and Trenkner 2004), as membrane depolarization due to EAAs is contributed to the calcium influx through opening the ionic channels (Kristian and Siesjö 1998; Lipton 1999; Mattson et al. 2000); (2) by modulating mitochondrial calcium homeostasis and improve mitochondrial function (Foos and Wu 2002; El Idrissi and Trenkner 2003), since taurine may reduce the release of calcium from intracellular calcium storage pools through enhancing the sequestration of mitochondrial calcium (Palmi et al. 1999), and inhibiting the reversal of sodium/calcium exchangers (Foos and Wu 2002); and (3) by affecting the calcium influx through voltage-gated calcium channels (Huxtable 1992), for taurine may maintain the structural integrity of the membrane (Moran et al. 1987) and reduce the membrane damage due to ROS (Nakamura et al. 1993; Pokhrel and Lau-Cam 2000).
Calpastatin is an endogenous calpain inhibitor. It has been shown that calpastatin could be degraded by calpain and caspase-3 during apoptosis or cerebral hypoxia-ischemia (Blomgren et al. 1999; Wang et al. 1998), and an increase in expression of calpastatin is neuroprotective to several neurological diseases, such as Parkinson’s disease and cerebral ischemia (Rami et al. 2003; Han et al. 2006; Crocker et al. 2003). On the other hand, taurine is an endogenous neuroprotectant (Schurr et al. 1987; Wu et al. 1994; Saransaari and Oja 2000), and it reduces ischemic brain damage, as shown in the present study. Therefore, we are particularly interested in the effects of taurine on calpastatin during transient focal cerebral ischemia. Our study reveals that taurine treatment increases calpastatin protein levels and activities in penumbra 24 h after MCAo, suggesting that exogenous administration of taurine strengthens the endogenous protective mechanism of calpastatin, which is supported by the study that the expression of calpastatin mRNA and protein is induced by cerebral hypoxia-ischemia in immature rats (Blomgren et al. 1999). The calpastatin protein levels and activities in vehicle-treated rats have no statistical significance compared with sham-operated rats, which could be explained by (1) calpastatin is degraded by calpain and caspase-3 (Wang et al. 1998; Blomgren et al. 1999), as both enzymes are activated during cerebral ischemia (Lipton 1999), and (2) the levels of taurine released from cells during transient focal cerebral ischemia are not enough to initiate the calpastatin-mediated endogenous neuroprotection. However, our results do not exclude the increase in calpastatin expression during focal cerebral ischemia. The mechanism by which taurine increases calpastatin actions is unclear, which might be related to the up-regulation of gene expression by taurine (Park et al. 2006), or down-regulation of calpain and caspase-3 activation by taurine, as demonstrated in this study. Further study is needed to determine the mechanism by which taurine up-regulates the calpastatin actions during focal cerebral ischemia.
The taurine concentration is very high in brain. The intracellular:extracellular concentration ratio has been estimated at 600 in neurons (Jacobson and Hamberge 1984), and it is a functional equilibrium between active uptake, passive release, and biosynthesis from cysteine. Taurine is a key regulator of intracellular homeostasis or enantiostasis (Huxtable 1992, 2000; Michalk et al. 1996). Under cell-damaging conditions, the release of taurine is increased, and the uptake of taurine is inhibited (Saransaari and Oja 2000). During focal cerebral ischemia, the level of taurine in extracellular fluid increases and remains elevated, though somewhat attenuated, throughout the subsequent reperfusion phase (Lo et al. 1998). The increase in the extracellular level of taurine under cell-damaging conditions including brain ischemia may constitute an important endogenous protective mechanism against neuronal damage (Saransaari and Oja 2000). Meanwhile, the decrease in intracellular concentration of taurine and the loss of intracellular:extracellular concentration ratio due to the release of taurine may result in the disorder of intracellular homeostasis or enantiostasis, leading to neuronal damage. Hence, the release of taurine may be an obligatory self-protective mechanism under ischemic stress. It is reasonable that exogenous administration of adequate amount of taurine after brain ischemia may be contributed to the recovery of intracellular homeostasis or enantiostasis and the reduction of ischemic damage. This speculation has been supported by our results in this study. Further studies are needed to elucidate the detailed mechanisms of taurine against focal cerebral ischemia, which are beneficial to understanding the modulation of taurine on intracellular homeostasis or enantiostasis after focal cerebral ischemia.
In summary, this study has demonstrated that taurine in dose-dependent manner protects brain against transient focal cerebral ischemia in rats, and one of protective mechanisms of taurine against transient focal cerebral ischemia is blocking the m-calpain- and caspase-3-mediated apoptotic cell death pathway. These data provide evidences to support the hypothesis that exogenous administration of taurine may reduce ischemic brain damage through modulating intracellular homeostasis or enantiostasis after focal cerebral ischemia.
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