
Tissue-type transglutaminase and the effects of cystamine on
intracerebral hemorrhage-induced brain edema and neurological
deficits

Masanobu Okauchi, Guohua Xi, Richard F. Keep, and Ya Hua
Department of Neurosurgery, University of Michigan, Ann Arbor, Michigan, U.S.A.

Abstract
Introduction—Neurodegeneration occurs after intracerebral hemorrhage (ICH) and tissue-type
transglutaminase (tTG) has a role in neurodegenerative disorders. The present study investigated tTG
expression after ICH and the effects of a tTG inhibitor, cystamine, on ICH-induced brain edema and
neurological deficits.

Methods—This study had two parts. In the first, male Sprague-Dawley rats received an intracaudate
injection of 100 µL autologous whole blood or a needle insertion (sham). Rats were killed 3 days
later and the brains used for immunohistochemistry, Western blots and real-time quantitative
polymerase chain reaction. In the second set, ICH rats were treated intraperitoneally with either a
tTG inhibitor, cystamine, or vehicle. Rats underwent behavioral testing and were killed at day-3 for
measurement of brain swelling.

Results—tTG positive cells were found in the ipsilateral basal ganglia after ICH and most of those
cells were neuron-like. Western blot analysis showed a 3-fold increase in tTG in the ipsilateral basal
ganglia (p<0.01 vs. sham) after ICH. tTG mRNA levels were also significantly higher (8.5-fold
increase vs. sham). Cystamine treatment attenuated ICH-induced brain swelling (day 3: 14.4±3.2 vs.
21.4±4.0% in vehicle-treated rats, p<0.01), neuronal death and improved functional outcome
(forelimb placing score: 47±23 vs. 17±16% in vehicle-treated rats, p<0.05).

Conclusions—ICH induces perihematomal tTG upregulation and cystamine, a tTG inhibitor,
reduces ICH-induced brain swelling and neurological deficits.
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1. Introduction
Spontaneous intracerebral hemorrhage (ICH) is a common and often fatal stroke subtype.
Community based studies have indicated a mortality of more than 40%, and many survivors
are left with significant neurological deficits (Mendelow et al., 2005). The appropriate therapy
for ICH remains a subject of debate, and an improved understanding of the detailed cellular
and biochemical mechanisms leading to neuronal injury after ICH may facilitate the
development of improved medical and surgical therapies. Brain edema aggravates brain injury
and is associated with poor outcome in patients (Zazulia et al., 1999). There are several phases
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of edema formation after ICH including coagulation cascade, thrombin production, erythrocyte
lysis, and hemoglobin toxicity (Xi et al., 2006). Further, a relationship between ICH and
neuronal cell death has been noted (Kingman et al., 1988).

Transglutaminases are a family of cross-linking enzymes catalyzing the formation of γ-
glutamyl-ɛ-lysine bonds. Tissue-type transglutaminase (tTG) is the most ubiquitously
expressed member of this family. It is abundantly expressed in brain (Kim et al., 1999) and an
increase in tTG mRNA levels has been observed during normal aging in humans (Lu et al.,
2004). Expression of tTG is implicated in numerous processes including neurodegeneration
(Citron et al., 2002; Lesort et al., 2000). An upregulation in tTG has been documented in chronic
neuropathological conditions such as Huntington disease, Parkinson’s disease, and
Alzheimer’s disease (Citron et al., 2002; Lesort et al., 2000). Because tTG upregulation during
cell death processes is well documented in many different models (Piacentini et al., 2005), it
has been hypothesized that tTG can facilitate neuronal cell death in neurodegenerative disease
as well as in CNS injury. However, the role of tTG in ICH-induced brain injury has not yet
been examined.

Cystamine is a competitive inhibitor of TG activity that has been shown to limit the aggregation
of proteins with expanded polyglutamine tracts in vitro (Igarashi et al., 1998). Several studies
have demonstrated that cystamine treatment is neuroprotective in Huntington disease (Karpuj
et al., 2002; Van Raamsdonk et al., 2005; Wang et al., 2005). Furthermore, it has been described
that cystamine can also inhibit caspase-3 activity (Lesort et al., 2003), increase intracellular
levels of the antioxidants glutathione (Lesort et al., 2003), and increase expression of heat-
shock proteins (Karpuj et al., 2002).

In this study, we examined brain protein and mRNA levels of tTG in a rat model of ICH. We
also investigated the effects of the tTG inhibitor, cystamine, on brain edema and functional
outcomes following ICH.

2. Results
Physiological Variables

All physiological variables were measured immediately before an ICH. Mean arterial blood
pressure, blood pH, PaO2, PaCO2, and blood glucose level were controlled within normal
ranges (data not shown).

Brain tTG Levels after ICH
Immunohistochemistry demonstrated that tTG protein was over-expressed in the ipsilateral
basal ganglia after ICH (Figure 1Ab) compared with the contralateral basal ganglia (Figure
1Ac) or the ipsilateral basal ganglia after needle insertion (Figure 1Aa). Immuno-fluorescent
double labeling showed that some tTG-positive cells were also NSE positive. In contrast tTG-
positive cells were not GFAP positive, so tTG appears to be neuronal (Figure 1B).

By Western blot analysis, tTG was identified as a ~79 kDa band and β-actin as a ~42 kDa band
(Figure 2A). A densitometric analysis showed a marked (3-fold) increase in tTG/β-actin protein
ratio in the ipsilateral basal ganglia after ICH (0.76±0.10) compared with the sham control
(0.24±0.07, p<0.01), and the contralateral basal ganglia (0.24±0.10, p<0.01; Figure 2B).

RNA was also prepared from the ipsilateral basal ganglia after needle insertion (sham) and the
ipsilateral and contralateral basal ganglia after blood injection. The relative amount of tTG
mRNA was expressed relative to the sham control. After ICH, tTG mRNA levels were
significantly increased in the ipsilateral basal ganglia (8.5±3.0 fold vs. sham control, p<0.05)
but not in the contralateral basal ganglia (0.7±0.3 fold change vs. sham; Figure 2C).
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Effects of Cystamine Treatment on ICH-Induced Brain Swelling and Neurological Deficits
Cystamine treatment reduced brain swelling in the ipsilateral basal ganglia (14.4±3.2%)
compared with the vehicle treated group (21.4±4.0%, p<0.01; Figure 3A). This reduced brain
swelling was associated with a reduction in sodium accumulation in the ipsilateral basal ganglia
(299±40 versus 418±94 mEq/kg dry wt, p<0.05; Figure 3B) and reduction in potassium loss
(354±45 versus 267±28 mEq/kg dry wt, p<0.05; Figure 3C).

Behavioral tests including using forelimb placing test, forelimb use asymmetry test and corner
turn test were performed before, and 1 and 3 days after ICH. Forelimb placing deficits were
significantly improved at day-3 in the cystamine treated group (47±23%) compared with that
in vehicle treated group (17±16%, p<0.05) (Figure 4A). In the other two tests, there were
tendencies for improvement in the cystamine treated rats at day 3, but these did not reach
significance (Figure 4B and C).

Fluoro-Jade C staining was performed to assess whether cystamine can reduce cell death
around the hematoma. The total number of Fluoro-Jade positive cells was significantly
decreased in the cystamine treated group (41±17 vs. 91±32 in saline-treated group, p<0.05;
Figure 5).

3. Discussion
This study demonstrates that brain tTG mRNA and protein levels are increased in the
perihematomal area after ICH. Previous studies have shown tTG upregulation in animal models
of cerebral ischemia (Ientile et al., 2004; Tolentino et al., 2004), traumatic brain injury
(Tolentino et al., 2002), calcium-induced hippocampal damage (Tucholski et al., 2006), and
spinal cord injury (Festoff et al., 2002). Evidence is mounting that tTG may have a role in acute
brain injury (as explored here for ICH) as well as long-term neurodegeneration (such as in
Huntington disease). In rats and humans, tTG is expressed in the central nervous systems and
is localized mostly in the cytoplasmic compartment of neurons (Kim et al., 1999; Maggio et
al., 2001). Our current study also showed most tTG positive cells after ICH are neuronal.

Several studies have demonstrated that tTG is present in cells and tissues during apoptotic cell
degeneration and it is thus considered as a potential marker of apoptosis (Fesus, 1998). In some,
but not all, cells tTG activation leads to formation of crossed-linked protein envelopes and
subsequent cell death and tTG is, therefore, considered a crucial player in apoptosis (Fesus,
1998). Recently, apoptosis has been detected in the perihematomal zone in experimental ICH
models (Gong et al., 2001; Matsushita et al., 2000; Qureshi et al., 2001) and in human ICH
(Qureshi et al., 2003). Caspase-3, a cysteine protease, is involved in apoptotic neuronal death
(Namura et al., 1998) and a caspase-3 inhibitor, zVADfmk, attenuates the appearance of
perihematomal apoptotic cells in ICH (Matsushita et al., 2000). The upregulation of tTG after
ICH may play an important role in ICH-induced apoptotic cell death.

The role of tTG induction in the neuronal response to injury is, however, still not well
understood. Oxidative stress is a contributing factor to increase of tTG activity, and tTG
overexpression sensitizes neuronal cell lines to apoptosis by increasing mitochondrial
membrane potential and increasing reactive oxygen species production (Piacentini et al.,
2002). Furthermore, increased tTG expression is found both in diseased tissues with
inflammation and in cells with inflammatory stress (Kim, 2006). In multiple sclerosis, a CNS
disease with a strong inflammatory component, activation of tTG in activated microglia
contributes to the development of inflammation (Lee et al., 2004). The effects of tTG on
neuroprotection need to be studied further, for example using tTG knockdown technology in
neuronal cultures.
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Cystamine was used as a competitive inhibitor of TG. Daily intraperitoneal administration of
cystamine attenuated brain edema 3 days later. Additionally, cystamine reduced ICH-induced
forelimb placing deficits and neuronal death (Fluoro-Jade staining). Brain edema after ICH is
known to exacerbate brain injury, and peaks around the third day after ICH in experimental
models (Xi et al., 1998; Xi et al., 2001; Yang et al., 1994). The time course of brain edema is
correlated closely with the time course of neurological deficits in rats with ICH (Hua et al.,
2002). The mechanisms of ICH-induced edema formation have been investigated and several
factors are now known to play key roles. Erythrocyte lysis and the release of hemoglobin and
hemoglobin breakdown products are major factors in inducing edema and oxidative damage
after ICH (Huang et al., 2002; Wu et al., 2002; Xi et al., 1998).

Cystamine is neuroprotective in neurodegenerative diseases such as Huntington disease
(Karpuj et al., 2002; Van Raamsdonk et al., 2005; Wang et al., 2005). Cystamine has also been
shown to decrease cell death in cultured cells exposed to glutamate (Ientile et al., 2003) or the
N-terminal fragment of mutant huntingtin (Zainelli et al., 2005). The therapeutic benefit of
cystamine has been attributed to its inhibition of TG activity. The current study demonstrates
that cystamine can reduce brain swelling, cell death and neurological deficits after ICH.
Although, the mechanism of this effect still remains to be fully elucidated, there is a possibility
that cystamine prevented not only apoptotic cell death but also oxidative stress or inflammation
involving tTG activity. Interestingly, estrogen can protect neuronal apoptosis in hippocampal
tissue following ischemia by down regulating tTG activity (Fujita et al., 2006), and estrogen
also reduces ICH-induced brain edema formation through limiting oxidative brain injury
(Nakamura et al., 2005). These findings support the possibility that cystamine has protective
effects against oxidative brain injury involving tTG activity.

It should be noted, however, that whether cystamine is directly inhibiting TG and whether the
therapeutic effects of cystamine are caused by TG inhibition alone remain to be clearly
established. Protective effects of cystamine that do not involve inhibition of tTG have been
shown (Bailey and Johnson, 2006). For example, cystamine can inhibit caspase-3 activity
(Lesort et al., 2003), increase expression of heat-shock protein 40, a suppressor of neuronal
cell apoptosis (Karpuj et al., 2002), and increase brain levels of brain-derived neurotrophic
factor (Borrell-Pages et al., 2006). In addition, cystamine is able to increase cellular antioxidant
activity by increasing the concentration of glutathione and cysteine in vivo (Lesort et al.,
2003) and in vitro (Pinto et al., 2005). Further studies will be necessary to clarify the precise
mechanism(s) involved in cystamine-induced protection and the relative importance of tTG
inhibition in that protection.

In conclusion, ICH increases brain tTG levels and cystamine, a tTG inhibitor, reduces ICH-
induced brain edema and neurological deficits. These results suggest a role of tTG in ICH.

4. Experimental Procedure
Animal Preparation and Intracerebral Infusion

Animal use protocols were approved by the University of Michigan Committee on the Use and
Care of Animals. A total of thirty male Sprague-Dawley rats (weight, 300 to 350 g; Charles
River Laboratories, Portage, MI, U.S.A.) were used in this study. Rats were anesthetized with
intraperitoneal pentobarbital (45 mg/kg). The right femoral artery was catheterized for
continuous blood pressure monitoring and blood sampling. Blood was obtained from the
catheter for analysis of blood pH, PaO2, PaCO2, and blood glucose. Core temperature was
maintained at 37°C with use of a feedback-controlled heating pad. Rats were positioned in a
stereotactic frame (Kopf Instruments, Tujunga, CA, U.S.A.), and a cranial burr hole (1 mm)
was drilled on the right coronal suture 3.5 mm lateral to the midline. A 26-gauge needle was
inserted stereotactically into the right basal ganglia (coordinates: 0.2 mm anterior, 5.5 mm
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ventral, 3.5 mm lateral to the bregma). Autologous whole blood (100 µL) was infused at a rate
of 10 µL/minute with the aid of a microinfusion pump (Harvard Apparatus Inc., South Natick,
MA, U.S.A.). Sham controls had only a needle insertion. The needle was removed, the burr
hole filled with bone wax, and the skin incision closed with sutures.

Experimental Groups
This study was in two parts. In the first part, rats received either a needle insertion (sham, n =
9) or an intracaudate injection of 100µL autologous whole blood (n = 9). The rats were killed
3 days later and the brains sampled for immunostaining, Western blot analysis, and real-time
PCR analysis. In the second part, we examined the effect of the transglutaminase inhibitor,
cystamine (Sigma Chemical Co., St. Lois, MO, U.S.A.), on ICH-induced brain damage in rats.
Cystamine (100 mg/kg in saline; n = 6) or saline (vehicle, n = 6) were injected intraperitoneally
2 hours after the rats received 100 µL blood, and then administered daily for a total of 3 days.
Behavioral tests were also performed before ICH and at days 1 and 3 after ICH. At day 3, rats
were euthanized for brain swelling and ion content measurement.

Immunohistochemistry
Rats were anesthetized with pentobarbital (60 mg/kg) and underwent transcardiac perfusion
with 4% paraformaldehyde in 0.1mol/L (pH 7.4) phosphate-buffered saline. Brains were
removed and kept in 4% paraformaldehyde for 6 hours, then immersed in 30% sucrose for 3
to 4 days at 4°C. Brains were then placed in optimal cutting temperature embedding compound
(Sakura Finetek, Inc., Torrance, CA, U.S.A.) and sectioned on a cryostat (18µm thick slices).
Sections were examined using the avidin-biotin complex technique. The primary antibody was
mouse anti-transglutaminase-2 monoclonal antibody (1:500 dilution, Lab Vision, Fremont,
CA, U.S.A.) and the secondary antibody was anti-mouse immunoglobulin G antibody (1:500
dilution, Vector Laboratories, Inc., Burlingame, CA, U.S.A.). Normal horse immunoglobulin
G (Vector Laboratories, Inc.) was used as a negative control.

Immunofluorescent Double Labeling
For immunofluorescent double labeling, tTG was combined with neuron-specific enolase
(NSE) or glial fibrillary acidic protein (GFAP) immunostaining. The primary antibodies were
mouse anti-transglutaminase-2 monoclonal antibody (1:500 dilution), rabbit anti-NSE
antibody (1:500 dilution, Chemicon International, Inc., Temecula, CA, U.S.A.), and goat anti-
GFAP antibody (1:500 dilution, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.). The
secondary antibodies were fluorescein isothiocyanate (FITC)-labeled horse anti-mouse
antibody (1:500 dilution, Vector Laboratories), rhodamine-conjugated goat anti-rabbit
antibody (1:500 dilution, Chemicon International, Inc.), and rhodamine-conjugated rabbit anti-
goat antibody (1:500 dilution, Chemicon International, Inc.). The double labeling was analyzed
using a fluorescence microscope.

Western Blot Analysis
Animals were anesthetized before undergoing transcardiac perfusion with 0.1 mol/L
phosphate-buffered saline. The brains were removed and a 3-mm thick coronal brain slice was
cut approximately 4 mm from the frontal pole. The slice was separated into ipsilateral and
contralateral basal ganglia. Western blot analysis was performed as previously described (Xi
et al., 1999). Briefly, 50-µg proteins for each were separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to a Hybond-C pure nitrocellulose
membrane (Amersham, Piscataway, NJ, U.S.A.). The membranes were blocked in Carnation
nonfat milk and probed with the primary and secondary antibodies. The primary antibodies
were mouse anti-transglutaminase-2 monoclonal antibody (1:2000 dilution) and mouse anti-
β-actin antibody (1:5000 dilution, Sigma-Aldrich, Inc., St. Louis, MO, USA), and the
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secondary antibody was peroxidase-conjugated goat anti-mouse antibody (BIO-RAD
Laboratories, Hercules, CA, U.S.A.). The antigen/antibody complexes were demonstrated with
a chemiluminescence system (Amersham) and exposed to film (X-OMAT; Kodak, Rochester,
NY, U.S.A.). The relative densities of the bands were analyzed using NIH image (version 1.62;
National Institutes of Health, Bethesda, MD, U.S.A.). Quantification of tTG protein was
performed by calculating the ratio between tTG and β-actin protein expression.

Real-time quantitative polymerase chain reaction
Animals were anesthetized and killed by decapitation. The brains were removed and brain
tissues were sampled as described previously. Total RNA was extracted with Trizol reagent
(Gibco BRL Grand Island, NY, U.S.A.), and 1µg RNA was digested with amplification-grade
deoxyribonuclease I (Gibco BRL). Complementary DNA was synthesized by reverse
transcription using the digested 1µg RNA (11µL) with 14 µL reaction buffer (Perkin Elmer,
Foster City, CA, U.S.A.) containing dNTP (dATP, dCTP, dGTP and dTTP), 25mmol/L
magnesium chloride, 10x polymerase chain reaction buffer II, Random Hexamer Primer,
ribonuclease inhibitor, and murine leukemia virus reverse transcriptase. The reaction was
performed at 42°C for 30 minutes and terminated at 99°C for 5 minutes. Diethylpyrocarbonate
water (75µL) was added to dilute the complimentary DNA to 100 µL and stored at −20°C for
later use.

Real-time polymerase chain reaction was performed using a thermal cycler system
(Mastercycler ep realplex, Eppendorf AG, Hamburg, Germany) according to the
manufacturer’s instructions. Reactions were performed in a 20µL volume with 10µM primers,
20x SYBR solution in real master mix (Eppendorf AG), and diethylpyrocarbonate water. Rat
TG2 primers used in this study were 5’-AAGGGAAGTCTTCACCAGAGCCAA-3’ (sense)
and 5’-CGATGTGGGCAAACACGTCAAAGT-3’ (anti-sense). Rat GAPDH primers (5’-
CCGTGCCAAGATGAAATTGGCTGT-3’ (sense), 5’-
TGTGCATATGTGCGTGTGTGTGTG-3’ (anti-sense) were used to amplify GAPDH
mRNA, a housekeeping gene used as a control. Amplification protocol included a 5 minute
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; then 40 cycles of 95°C denaturation for 5 s, and 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. Quantification was performed by online monitoring for
identification 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.

Brain Swelling and Ion Contents
Animals were anesthetized and decapitated to measure brain swelling and ion content. Brains
were removed and a coronal tissue slice (3-mm thickness) 4 mm from the frontal pole was cut
using a blade. The brain tissue slice was divided into two hemispheres along the midline, and
each hemisphere was dissected into cortex and basal ganglia. The cerebellum served as a
control. Five tissue samples from each brain were obtained: the ipsilateral and contralateral
cortex, the ipsilateral and contralateral basal ganglia, and the cerebellum. Brain samples were
immediately weighted on an electric analytical balance (model AE 100; Mettler Instrument,
Highstown, NJ, U.S.A.) to obtain the wet weight. Brain samples were dried at 100°C for 24
hours to obtain the dry weight. Brain swelling was expressed as the percentage change in the
ratio of wet weight to dry weight between the ipsilateral and contralateral sides.

After weighing, the dehydrated samples were digested in 1 ml of mol/L nitric acid for 1 week.
The sodium and potassium contents of this solution were measured using the automatic flame
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photometer (model IL 943; Instrumentation Laboratory, Lexington, MA, U.S.A.). Ion content
was expressed in microequivalents per gram of dehydrated brain tissue (milliequivalent per
kilogram dry weight).

Assessment of Neurodegeneration
To assess neuronal degeneration, Fluoro-Jade staining (Schmued et al., 1997) was performed
on brain coronal sections at 3 days after ICH. Three high-power images (×40 magnification)
were taken around the hematoma using a digital camera. Fluoro-Jade positive cells were
counted on these 3 areas from each of 4 cystamine or vehicle treatment rat brain sections.

Behavioral Tests
Intracerebral hemorrhage-induced neurological deficits were assessed using forelimb placing,
forelimb use asymmetry and corner turn tests (Hua et al., 2002). In the vibrissae-elicited
forelimb placing test, animals were held by their bodies to allow the forelimbs to hang free.
Independent testing of each forelimb was conducted by brushing the respective vibrissae on
the corner of a table top once per trial for 10 trials. A score of 1 was given each time the rat
placed its forelimb onto the edge of the table in response to vibrissae stimulation. The
percentage of successful placing responses was determined for the impaired and the unimpaired
forelimbs.

For the forelimb use asymmetry test, forelimb use during exploratory activity was analyzed in
a standing transparent cylinder. Behavior was quantified by determining the number of times
the normal ipsilateral (I) forelimb, the impaired contralateral (C) forelimb, and both (B)
forelimbs were used as a percentage of total number of limb usage. A single, overall limb-use
asymmetry score was calculated as follows: forelimb use asymmetry score = [I/(I+C+B)]−[C/
(I+C+B)]. During the corner turn test, the rat was allowed to proceed into a corner whose angle
was 30°. To exit the corner, the animal could turn to either the left or the right, and the direction
was recorded. This task was repeated 10 to 15 times, and the percentage of right turns
calculated.

Statistical Analysis
All data in this study are presented as means ± SD. Data were analyzed with Student’s t-test
or one-way analysis of variance (ANOVA). Differences were considered significant at p<0.05.

Abbreviations
CNS, central nervous system; ICH, intracerebral hemorrhage; tTG, tissue-type
transglutaminase.
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Figure 1.
(A): Immunoreactivity for tTG in the ipsilateral basal ganglia at 3 days after needle insertion
(a), or 100µl blood injection (b), and in the contralateral basal ganglia after blood injection (c),
scale bar=50µm. (B): Double immunofluorescent labeling of the perihematomal zone at 3 days
after ICH. a) and d) show immunostaining for tTG , b) shows immunostaining for NSE, and
e) for GFAP. tTG is colocalized with NSE positive cells (c), but not with GFAP positive cells
(f). Scale bar = 50 µm.
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Figure 2.
(A): Western blot analysis for tTG in ipsilateral basal ganglia at 3 days after needle insertion
(Lane 1–3) or 100µl blood injection (Lane 4–6), and in the contralateral basal ganglia after
blood injection (Lane7–9). β-actin is shown as a control for equal loading. (B): Bar graph
showing the levels of tTG protein (Western blot; expressed as a ratio to β-actin) in ipsilateral
(Ipsi) or contralateral (Contra) basal ganglia (BG) at 3 days after 100µl blood or a needle
injected into right basal ganglia. Values are expressed as mean ± SD. # p<0.01 vs. Sham ipsi-
BG and contra-BG. (C): tTG mRNA levels (real-time PCR analysis) in the ipsilateral or
contralateral basal ganglia at 3 days after 100µl blood injection or in the ipsilateral basal ganglia
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after needle insertion. Values are expressed as the means ± SD. *p<0.05 vs. Sham ipsi-BG and
contra-BG.
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Figure 3.
Effect of cystamine or vehicle treatment on brain swelling (A), and tissue sodium (B) and
potassium (C) contents at 3 days after 100µl blood injection. Brain swelling was measured in
the ipsilateral (ipsi) cortex and basal ganglia. Ion contents were measured in the ipsi- and
contralateral (contra) cortex and basal ganglia as well the cerebellum (cerebel) which served
as a control. Values are given as means ± SD, N=6. # and * indicate differences from the vehicle
group at the p<0.01 and p<0.05 levels, respectively.
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Figure 4.
Behavioral assessment including using forelimb placing (A), forelimb use asymmetry (B), and
corner turn (C) tests before ICH and 1 day or 3 days after ICH. Values are expressed as the
means ± SD. *p<0.05 vs. Vehicle group. For the forelimb placing test, a score of 100% indicates
no injury and 0% indicates a maximum deficit. For the forelimb use asymmetry test, 0%
indicates no injury. For the corner turn test, 50% indicates no injury while a 100% represents
a maximum deficit.
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Figure 5.
Fluoro-Jade staining in the ipsilateral basal ganglia at 3 days after ICH in (A) vehicle- treated
and (B) cystamine treated rats. Scale bar = 100 µm. C: Quantification of the effect of cystamine
and vehicle treatment on Fluoro-Jade staining (number of positive cells). Values are expressed
as the means ± SD; n = 4 rats per group. *p<0.05 vs. vehicle group.
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