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Abstract

The present study was conducted in mice to validate a double blood infusion model of 

intracerebral hemorrhage (ICH) that does not use anticoagulant. We investigated the effect of 

intrastriatal infusion of blood on hematoma volume, neurologic function, brain edema and 

swelling, and markers of neuroinflammation and oxidative DNA damage. Anesthetized C57BL/6 

adult male mice were infused in the left striatum with 4 µl of blood over 20 min at 0.2 µl/min; the 

needle was left in place for 7 min, and the remaining 6 µl of blood was then infused over 30 min. 

The injection needle was slowly withdrawn 20 min after the second injection. Sham-operated 

control mice received only needle insertion. The hematoma produced in this model was primarily 

restricted to the striatum, and the mice demonstrated severe neurologic deficits that appeared 

within 60 min and remained evident at 72 h. Brain water content and swelling were significantly 

increased and were associated with a marked increase in ICH-induced neutrophil infiltration, 

microglial/macrophage and astrocyte activation, cytochrome c release, and oxidative DNA 

damage. Other groups have mixed the anticoagulant heparin with the infused blood, an agent that 

could affect in vivo clot formation. We believe that this double blood infusion model that does not 

use anticoagulant improves upon the procedure and provides an easy and reproducible alternative 

for inducing ICH in mice; it should be useful for studying the pathophysiology of ICH and for 

testing potential pharmaceutical and surgical interventions.
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1. Introduction

Intracerebral hemorrhage (ICH) is one of the most lethal stroke subtype (Mayer and Rincon, 

2006; Wang and Dore, 2007b). Mortality reaches 50% and disability in survivors is 

common. In comparison to ischemic stroke, pathologic mechanisms of ICH-induced brain 

injury remain relatively unclear, although recent preclinical studies have identified that 

neuroinflammation (glial activation and neutrophil infiltration), oxidative stress, proteases, 

red blood cell lysis, and thrombin may play a role (Ardizzone, et al., 2007; Rosenberg, 2002; 

Wang and Dore, 2007a; Wang and Dore, 2007b; Wang, et al., 2003; Wang and Tsirka, 

2005b; Xi, et al., 2006; Xue, et al., 2006). Therefore, optimized, reproducible, and 

controllable preclinical models of ICH are vital for studying gene products and signaling 

pathways that may be involved in the cascade of events that lead to ICH-induced brain 

injury as well as for testing potential pharmaceutical and surgical interventions.

Several animal models of ICH have been developed in the rodent, cat, rabbit, dog, pig, and 

primate (reviewed in Andaluz, et al., 2002; Wang and Dore, 2007b). Of those, laboratory 

mice are most useful because they are more economical and relatively more homogeneous 

within strains than larger animals. In addition, genetically modified mice are reliable tools to 

study particular gene/protein functions in the pathophysiology of ICH. Techniques such as 

injection of collagenase or blood into the mouse brain parenchyma have been established 

after being used in larger animals. Local injection of recombinant collagenase to induce 

intracerebral bleeding has been widely used in mice (Wang and Dore, 2007b). The 

hemorrhage in this model is highly reproducible, with hematoma developing within 5 h 

(Wang and Dore, 2007a). Furthermore, it replicates the primary vascular rupture; the 

resulting bleed is spontaneous in nature, mimicing clinical ICH. A drawback of this model is 

the presence of bacterial collagenase, which is thought by some to enhance inflammation 

and therefore affect ICH outcomes in subtle ways.

Compared with the collagenase model, the blood infusion model is more useful for studying 

the pathophysiology and biochemical events that result from the presence of blood in the 

brain tissue. Intracerebral blood infusion models that use donor or autologous whole blood 

have recently been developed in mice (Table 1). Belayev et al. (2003) developed a mouse 

model in which heparinized donor blood is infused into the striatum. Nakamura et al. (2004) 

first reported the development of an autologous blood infusion model, but did not specify 

whether anticoagulant was used. Rynkowski et al. (2008) established a mouse model using 

double infusion of heparinized autologous blood. Other groups have used single blood 

infusion instead of double blood infusion to create a hematoma within the mouse striatum 

with or without the use of anticoagulant heparin (Lee, et al., 2006; Qu, et al., 2007; Tejima, 

et al., 2007; Xue, et al., 2006; Zhao, et al., 2007). However, drawbacks of current blood 

infusion models include: lack of primary vascular rupture; variable lesion size due to 

backflow of the injected blood or ventricular rupture; potential effects of donor blood or 

anticoagulant on inflammation, complement, or the coagulation system. In addition, the 

technique of blood infusion in mice remains challenging given the relatively small volume 

of blood that can be injected into the brain.
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In view of the pitfalls and shortcomings of the current blood infusion models, our goal was 

to validate a modified double blood infusion model in mice that does not use anticoagulant 

and assess hematoma volume, neurological function, brain edema and swelling, 

neuroinflammation, and oxidative damage.

2. Results

In this blood-induced ICH model, we infused 10 µl of autologous whole blood at a very 

slow, controlled rate (0.2 µl/min) into the left striatum in two stages. This revised method of 

ICH induction is based on recent evidence that clot formation in humans is a gradual process 

(Brott, et al., 1997; Kazui, et al., 1996). In the pilot cohort study, we tried to infuse 20–30 µl 

of autologous blood into the striatum at an infusion rate of 2–3 µl/min, but frequently 

observed substantial backflow of blood during and after the infusion. Such backflow 

resulted in large variations in hematoma volume. In previous studies, we did not observe 

backflow when we injected collagenase into mouse brains at a rate of 0.1 µl/min (Wang and 

Dore, 2007a; Wang, et al., 2007); therefore, to prevent backflow in the current study, we 

modified the method of blood infusion by reducing the speed of injection and infusing the 

blood in two stages. We found that double infusion of a small volume of blood (10 µl) at 0.2 

µl/min significantly reduced the backflow and extravasation of blood along the needle track. 

The method generated reproducible hematoma volumes without subarachnoid blood 

accumulation and prevented nonphysiologic pressure injury to adjacent brain tissue, thus 

mimicking the natural bleeding process closely. The hematoma produced in this model was 

consistent in regard to location and volume and caused reproducible and reliable neurologic 

deficits. The typical morphology of hematoma at 72 h after blood infusion is shown in Fig. 

1. The hematoma was largely restricted to the striatum, with some blood pooled within the 

corpus callosum. Extension of the hematoma to the intraventricular or subrachnoid spaces 

was not observed on the histologic brain slices from any animal.

2.1. Hematoma volume and neurologic function

Histologic examination of the brain after 72 h survival revealed the presence of a localized 

hematoma lesion in all animals subjected to blood infusion, whereas in the sham-operated 

mice, only the needle track without any hematoma was visible (Fig. 2A). The brain injury 

volume calculated from serial sections via an image analysis system was 2.31 ± 0.87 mm3 

for the ICH group and 0.21 ± 0.03 for the sham group (Fig. 2B, n = 7/group, p < 0.001).

All mice subjected to blood infusion began to exhibit neurologic deficits within 60 min, 

deteriorated gradually, and were maximally impaired at 24 h; deficits remained evident 72 h 

after ICH induction. Sham-operated control mice demonstrated minimal neurologic deficits 

at all time points examined (Fig. 2C, n = 8/group, all p < 0.001).

2.2. Brain edema and swelling

Brain edema following ICH usually peaks on the third day (Wang and Tsirka, 2005b; 

Wasserman and Schlichter, 2007a; Xi, et al., 2006). Here, we first examined the brain water 

content as a means to measure brain edema formation in this ICH model. The results showed 

that the infusion of 10 µl blood into the left striatum produced significant increases in brain 
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water content in the ipsilateral basal ganglia at 72 h (78.82 ± 0.56% vs. 77.02 ± 2.62%, n = 

6/group, p < 0.01); however, brain water content in the ipsilateral cortex was not increased, 

as the hematoma was restricted primarily in the striatum in our model (Fig. 3A).

We next measured the percentage of hemispheric enlargement to evaluate brain swelling, 

which is a reflection of overall edema. It is also believed to be responsible for much of the 

brain damage and death that results from severe stroke. The hemispheric enlargement was 

quantified by digitizing serial brain sections and calculating the cumulative area. We found 

that hemispheric enlargement was significantly greater in the ICH group (8.81 ± 2.06%) 

than in the sham group (0.19 ± 0.74%; Fig. 3B, n = 6/group, p < 0.001).

2.3. Neuroinflammatory markers

2.3.1. Infiltration of neutrophils—Neutrophil infiltration occurs following experimental 

ICH induced by autologous blood (Gong, et al., 2000; Xue and Del Bigio, 2000) or 

collagenase injection (Wang and Dore, 2007a; Wang and Dore, 2007b; Wang and Tsirka, 

2005b). We investigated here whether it also occurs in this autologous blood-induced model. 

As indicated by immunoreactivity of myeloperoxidase (MPO), double blood infusion 

produced a robust infiltration of neutrophils into the affected striatum at 72 h after ICH; no 

MPO-immunoreactive neutrophils were observed in the striatum of sham-operated control 

mice (Fig. 4A, n = 6/group).

2.3.2. Activation of microglia—Microglia/macrophage activation also occurs following 

experimental ICH induced by autologous blood (Gong, et al., 2000; Xue and Del Bigio, 

2000) or collagenase (Wang and Dore, 2007b; Wang and Tsirka, 2005a) and contributes to 

ICH-induced early brain injury (Aronowski and Hall, 2005; Wang and Dore, 2007a). To 

examine microglia/macrophage activation in this autologous blood-induced model, we used 

immunofluorescence staining of Iba1, a marker for microglia/macrophages (Ito, et al., 

2001). After ICH, activated microglia/macrophages were characterized as cells with a 

spherical, amoeboid, or rod-like appearance and a cell body usually more than 7.5 µm in 

diameter, with short, thick processes and intense immunoreactivity. Resting microglia were 

characterized by small cell bodies (<7.5 µm in diameter), long processes, and weak 

immunoreactivity. By using a combination of morphological criteria and a cell body 

diameter cutoff of 7.5 µm, microglia/macrophages were classified as either resting or 

activated (Batchelor, et al., 1999; Rogove, et al., 2002; Wang and Dore, 2007a). Our results 

showed that activated microglia/macrophages were present in the striatum around the injury 

site 72 h after ICH and that resting microglia/macrophages were distributed sparsely in the 

striatum of sham-operated control mice (Fig. 4B, n = 6/group).

2.3.3 Activation of astrocytes—Astrocytes react to many central nervous system 

challenges/insults, and reactive astrocytes are a hallmark of various neuropathologic 

conditions (Anderson, et al., 2003; Miller, 2005). To examine astrocytic reaction in this 

autologous blood infusion model, we used glial fibrillary acidic protein (GFAP) 

immunofluorescence labeling because reactive astrocytes exhibit striking intensification of 

GFAP immunoreactivity and increases in the number, length, and thickness of GFAP-

positive processes. Increased GFAP immunoreactivity was observed in the striatum around 
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the injury site 72 h after ICH; resting (nonreactive) astrocytes with small cell bodies, fine 

terminal processes, and weak immunoreactivity were observed in the striatum of the sham-

operated control mice (Fig. 4C, n = 6/group).

2.4. Cytochrome c release and oxidative DNA damage

Release of mitochondrial cytochrome c has been linked to apoptotic cell death (Garrido, et 

al., 2006), a significant contributor to ICH-induced brain damage (Matsushita, et al., 2000; 

Qureshi, et al., 2003; Wang, et al., 2003). In addition, several groups have shown increased 

cytochrome c release following ICH (Felberg, et al., 2002; Wang, et al., 2007) and cerebral 

ischemia (Li, et al., 2004; Shichinohe, et al., 2004). To examine cytochrome c release in this 

autologous blood infusion model, immunofluorescence labeling of cytochrome c was 

conducted. Here, intense immunoreactivity of cytosolic cytochrome c was detected in the 

striatum around the injury site 72 h after ICH; in contrast, we did not detect any enhanced 

cytochrome c immunoreactivity in the cells around the border region of injury in sham-

operated control mice (Fig. 5A, n = 6/group).

Oxidative damage contributes to ICH-induced early brain injury (Wang and Dore, 2007b). 

To examine oxidative DNA damage in this blood infusion model, we used 

immunofluorescence staining of 8-hydroxyguanosine (8-OHG), a commonly used biomarker 

for oxidative DNA damage caused by superoxide anion (Kim, et al., 2001; Nakamura, et al., 

2005; Wang and Dore, 2007a). Here, increased immunoreactivity of 8-OHG was observed 

in the striatum around the injury site 72 h after ICH, but was not observed in the striatum of 

sham-operated control mice (Fig. 5B, n = 6/group).

3. Discussion

In the present study, we validated a modified double autologous blood infusion model in 

mice that does not require anticoagulant. We found that the hematoma produced in this 

model was primarily restricted to the striatum. Mice subjected to blood infusion developed 

severe neurologic deficits, which appeared within 60 min and remained evident at 72 h after 

ICH. Brain water content and swelling were significantly increased and were associated with 

a marked increase in ICH-induced neutrophil infiltration, microglial/macrophage and 

astrocyte activation, cytochrome c release, and oxidative DNA damage.

Compared with previously published mouse blood infusion models (Table 1), the current 

model has several advantages. First, we used a two-stage infusion of a small volume of 

blood (10 µl) with a very slow and controlled infusion rate (0.2 µl /min), which significantly 

reduces the backflow and extravasation of blood along the needle track to ventricular and/or 

subarachnoid spaces, prevents nonphysiologic pressure injury to adjacent brain tissue, and 

mimics the natural bleeding process more closely. The hematoma produced in this model 

was consistent in regard to location and volume and caused more persistent and reliable 

neurologic deficits. Based on our experience and accumulated preliminary results, we have 

noticed that neurologic deficits resulting from this modified blood infusion model usually 

correlate much better with brain injury volume than that of the single blood infusion model 

(data not shown). Second, we used autologous whole blood, which excludes the influence of 

donor blood on the complement system and inflammation. Third, we did not add 
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anticoagulant to the blood, thus preventing the potential influence on the coagulation system 

and in vivo clot formation. In addition, the body temperature was maintained at 37.0 ± 0.5°C 

throughout the experimental and recovery periods to minimize the potential influence of 

temperature fluctuations (MacLellan and Colbourne, 2005). Finally, to minimize 

leukocytosis and activation of complement, blood was harvested slowly, and the tail was not 

rubbed.

Evidence suggests that enhanced neuroinflammation and oxidative damage are associated 

with ICH-induced early brain injury (Wang and Dore, 2007b; Wasserman and Schlichter, 

2007b; Xi, et al., 2006), most likely due to the accumulation of free heme within the brain. 

Free heme is a potent pro-oxidant and a strong inducer of inflammation (Wagener, et al., 

2001; Wagner, et al., 2003; Wang and Dore, 2007a). It is mainly released from red blood 

cells that leak during hemorrhage or through the damaged blood-brain barrier and hemolysis 

of hemoglobin. It is also released from other cellular components of brain tissue. A large 

accumulation of free heme following hemorrhage could result in increased 

vasopermeability, vasoreactivity, oxidative damage, and tissue infiltration of leukocytes 

(Wagener, et al., 2001; Wagner, et al., 2003).

The present data demonstrated that C57BL/6 mice subjected to double blood infusion have 

enhanced neutrophil infiltration and activation of microglia/macrophages and astrocytes. 

Our observations are also supported by the work of other groups, who used an autologous 

blood infusion model in rats (Gong, et al., 2000; Xue and Del Bigio, 2000). Following ICH, 

infiltrating leukocytes, activated microglia/macrophages, and reactive astrocytes could 

damage brain tissues by increasing vascular permeability, releasing proinflammatory 

proteases, and generating reactive oxygen species (ROS) (Eder, 2005; Facchinetti, et al., 

1998; Tejima, et al., 2007; Wang and Tsirka, 2005a; Weiss, 1989). ROS can trigger 

cytochrome c release from mitochondria into the cytosol, which is often followed by DNA 

damage and cell death (Matz, et al., 2001). Therefore, cytochrome c release can be used as a 

means of predicting cell death (Garrido, et al., 2006). Consistent with the results from an 

autologous blood infusion model in rat (Nakamura, et al., 2005) and our collagenase-

induced model in mice (Wang and Dore, 2007a; Wang, et al., 2007), we observed 

significantly increased cytosolic cytochrome c and 8-OHG immunoreactivity 72 h after 

blood infusion. Associated with the increased neuroinflammation and oxidative damage, we 

also observed significantly increased brain edema and swelling.

In conclusion, the double blood infusion model of ICH presented here will enable 

researchers to mimic the clinical ICH more closely than has been possible with other mouse 

models. Infusion of 10 µl blood into the striatum at 0.2 µl/min produced a consistent 

hematoma restricted primarily to the striatum. In addition, mice developed a significant 

increase in brain edema and swelling, severe neurologic deficits, neuroinflammation, 

oxidative DNA damage, and cytochrome c release. We believe that this anticoagulant-free, 

modified double blood infusion model could be easier to use and more reproducible for 

inducing ICH in mice than previously reported models. It can provide a better alternative for 

studying gene products and signaling pathways that may be involved in the cascade of 

events leading to ICH-induced brain injury and for testing potential pharmaceutical and 

surgical interventions.
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4. Experimental procedures

4.1 Animals

This study was conducted in accordance with the National Institutes of Health guidelines for 

the use of experimental animals. Experimental protocols were approved by the Johns 

Hopkins University Animal Care and Use Committee. Adequate measures were taken to 

minimize the number of laboratory mice used and to ensure minimal pain or discomfort in 

mice. Adult male C57BL/6 mice (24–30 g, 10–12 weeks old) were obtained from our 

colonies.

4.2 Double blood infusion model

For each separate study, age- and weight-matched C57BL/6 mice were randomly allocated 

into two groups: an ICH group and a needle insertion only group (sham). Mice were 

anesthetized by halothane (3% initial, 1% to 1.5% maintenance) in O2 and air (80%:20%) 

and placed in a stereotaxic frame (Stoelting Co., Wood Dale, IL). A midline scalp incision 

was made and a hole was drilled in the left side of the skull (0.6 mm anterior and 2.0 mm 

lateral of the bregma) in preparation for the infusion. The mouse tail was immersed in warm 

water for 2 min and cleaned with 70% ethanol; then, 0.8 cm of the tail tip was cut off with a 

pair of sterile surgical scissors. We did not attempt to increase blood flow by rubbing the 

tail, as this will result in leukocytosis (increased white blood cell count) and increase the risk 

of tissue fluid contamination. Blood (10 µl) was collected slowly (to minimize activation of 

complement) into a sterile 10-µl Hamilton syringe without the use of an anticoagulant. After 

blood collection, pressure was applied or a cauterizing agent (e.g., silver nitrate) was used to 

stop the bleeding. Within 1 min of blood collection, the Hamilton syringe was secured onto 

a motorized microinjector (Stoelting) set to inject at 0.2 µl/min. The 26-gauge needle 

attached to the Hamilton syringe was stereotaxically inserted into the striatum 3.8 mm below 

the surface of the skull. First, 4 µl of blood was infused over 20 min; the needle was left in 

place for another 7 min, and the remaining 6 µl of blood was infused over 30 min. The 

needle was slowly withdrawn 20 min after the second injection to minimize backflow. The 

burr hole in the skull was sealed with bone wax (ETHICON, Piscataway, NJ), and the scalp 

incision was closed with Super glue (Henkel Consumer Adhesive, Inc., Avon, OH). Body 

temperature was maintained at 37.0 ± 0.5°C throughout the experimental and recovery 

periods with a rectal probe; animals regained consciousness within 10 min. Control mice 

received only needle insertion into the left striatum. None of the mice died during the study 

before the endpoints of the experiment.

4.3 Neurologic deficit

An investigator blinded to the experimental cohort scored all mice (8 sham; 8 ICH) for 

neurologic deficits with a 24-point neurologic scoring system (Wang, et al., 2006) 4, 24, 48, 

and 72 h after blood infusion. The tests included body symmetry, gait, climbing, circling 

behavior, front limb symmetry, and compulsory circling. Each test was graded from 0 to 4, 

establishing a maximum deficit score of 24. Immediately after the testing at 72 h, the mice 

were sacrificed for immunofluorescence analysis.
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4.4 Hemorrhagic injury analysis

All processing and analysis of tissue sections as described in this and the following sections 

were conducted by an observer blind to the experimental cohort. Sham and ICH mice (n = 7/

group) were euthanized, and their brains were harvested, fixed in 4% paraformaldehyde for 

24 h, and cryoprotected in serial phosphate-buffered sucrose solutions (20, 30, and 40%) at 

4°C. Then the brains were cut into 30-µm sections with a cryostat. Sections were stained 

with Luxol fast blue and Cresyl Violet (Wang, et al., 2003; Wang and Tsirka, 2005c) before 

being quantified for injury area with SigmaScan Pro software (version 5.0.0 for Windows; 

Systat, Port Richmond, CA). The injured hemorrhagic areas on six coronal slices from 

different levels of the brain were summed, and the volumes in cubic millimeters were 

calculated by multiplying the thickness by the measured areas (Wang, et al., 2003; Wang 

and Tsirka, 2005c).

4.5 Brain water content

Brain edema was assessed by measuring brain water content as described previously with 

minor modifications (Wang and Tsirka, 2005b; Wang and Tsirka, 2005c). Briefly, mice (n = 

6/group) were sacrificed by decapitation 72 h after blood infusion. The brains were removed 

immediately and divided into five parts: ipsilateral and contralateral basal ganglia, ipsilateral 

and contralateral cortex, and cerebellum (which served as an internal control). Brain samples 

were weighed immediately on an analytical balance (Denver Instrument Co, Denver, CO) to 

obtain the wet weight and then dried at 100°C for 48 h to obtain the dry weight. Brain 

edema was expressed as (wet weight − dry weight)/wet weight of brain tissue × 100.

4.6 Hemispheric enlargement

Brain edema was further measured by percentage of hemispheric enlargement at 72 h after 

blood infusion. Mice (n = 6/group) were euthanized, and their brains were harvested, and 

rapidly frozen at −80°C. Frozen brain sections taken at 500 µm intervals by cryostat were 

stained with Luxol fast blue/Cresyl violet according to a published protocol (Geisler, et al., 

2002). The areas of ipsilateral hemisphere and contralateral hemisphere were analyzed with 

advanced SPOT image software (Diagnostic Instruments Inc., Sterling Heights, MI). The 

volumes of ipsilateral and contralateral hemispheres were calculated by multiplying each 

area by the distance between sections. Hemisphere enlargement (%) was expressed as 

[(ipsilateral hemisphere volume − contralateral hemisphere volume)/contralateral 

hemisphere volume] × 100 (Kondo, et al., 1997; Manley, et al., 2000).

4.7 Immunofluorescence

Mice were anesthetized by intraperitoneal injection with Avertin (2-2-2 tribromoethanol; 

Sigma, St. Louis, MO; 0.5 mg/g body weight) and perfused transcardially with phosphate-

buffered saline (PBS, pH 7.4) for 5 min and then with ice-cold 4% paraformaldehyde in PBS 

for another 5 min. Sham-operated control mice were perfused similarly. The brains were 

harvested, fixed in 4% paraformaldehyde for 24 h, and cryoprotected in serial phosphate-

buffered sucrose solutions (20, 30, and 40%) at 4°C. Then the brains were cut into 12-µm 

sections with a cryostat.
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Immunofluorescence was carried out as described previously (Wang and Dore, 2007a; 

Wang and Tsirka, 2005b; Wang and Tsirka, 2005c). Briefly, free-floating sections were 

washed in PBS for 20 min, blocked in 5% normal goat serum, and incubated overnight at 

4°C with one of the following primary antibodies: rabbit anti-MPO (neutrophil marker; 

1:100; DAKO, UK); rabbit anti-Iba 1 (microglia marker; 1:1000; Wako Chemicals, 

Richmond, VA); rabbit anti-GFAP (astrocyte marker; 1:1000; DakoCytomation, 

Copenhagen, Denmark); mouse anti-8-OHG (10 µg/ml, Oxis International Inc, Portland, 

OR); mouse anti-cytochrome c (1:1000; BD Pharmingen, San Diego, CA). Sections were 

then incubated with Alexa 488 (1:1000; Molecular Probes)- or Cy3 (1:1000; Jackson 

ImmunoResearch, West Grove, PA)-conjugated secondary antibody. Control sections were 

processed by the same method, except that primary antibodies were omitted. Stained 

sections were examined with a fluorescence microscope (ECLIPSE TE2000-E, Nikon, 

Japan).

4.8 Statistics

All data are expressed as means ± SD. Differences between two groups were determined by 

two-tailed Student’s t-test. Neurologic scores between ICH and sham groups at different 

time points were analyzed by two-way ANOVA followed by Bonferroni correction. 

Statistical significance was set at p < 0.05.
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Fig. 1. 
Representative unstained mouse brain section obtained 72 h after infusion of 10 µl 

autologous whole blood into the striatum. Blood was observed primarily in the striatum, 

with some blood pooled within the corpus callosum. Scale bar = 100 µm.
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Fig. 2. 
The infusion of 10 µl autologous whole blood into the striatum of mice produces extensive 

brain damage and severe neurologic deficits within 72 h. Age- and weight-matched 

C57BL/6 mice were randomly allocated into two groups: intracerebral hemorrhage group 

(ICH) and needle insertion only group (sham). (A) Representative brain sections obtained 72 

h after the sham procedure (left) and intrastriatal infusion of 10 µl autologous whole blood 

(right). Brain sections were stained with Luxol fast blue/Cresyl Violet. Intrastriatal infusion 

of 10 µl blood produced extensive brain damage; whereas the sham procedure produced very 
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limited needle track damage. Scale bar = 100 µm. (B) Quantification shows significantly 

larger brain injury volume in the ICH group than in the sham group at 72 h (n = 7/group, 

**p < 0.001). (C) An investigator blinded to the experimental cohort assessed the neurologic 

deficits of mice with a 24-point neurologic scoring system at 4, 24, 48, and 72 h. Neurologic 

deficits were significantly more severe in the ICH group than in the sham group (n = 8/

group, **p < 0.001). Values are means ± SD.

Wang et al. Page 15

Brain Res. Author manuscript; available in PMC 2016 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
The infusion of 10 µl autologous whole blood into the striatum of mice produces significant 

increases in brain edema and swelling at 72 h. Age- and weight-matched C57BL/6 mice 

were randomly allocated into two groups: intracerebral hemorrhage group (ICH) and needle 

insertion only group (sham). (A) Seventy-two hours after infusion of blood, brain water 

content in the ipsilateral basal ganglia (Ipsi-BG) of the ICH group was significantly higher 

than that that of the sham group; no differences in brain water content were observed 

between the two groups in the contralateral basal ganglia (Cont-BG), ipsilateral cortex (Ipsi-

CX), contralateral cortex (Cont-CX), or cerebellum (Cerebel) (n = 6/group, *p < 0.01 

compared to sham group). (B) Hemispheric enlargement, determined by quantitative image 

analysis, was significantly greater in the ICH group than in the sham group (n = 6/group, 

**p < 0.001 compared to sham group). Values are means ± SD.
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Fig. 4. 
The infusion of 10 µl autologous whole blood into the striatum of mice produces a 

significant increase in neuroinflammation at 72 h. Age- and weight-matched C57BL/6 mice 

were randomly allocated into two groups: intracerebral hemorrhage group (ICH) and needle 

insertion only group (sham). (A) Infiltrating neutrophils (MPO-immunoreactive cells), (B) 

activated microglia/macrophages (Iba1-immunoreactive cells), and (C) reactive astrocytes 

(GFAP-immunoreactive cells) were apparent in or around the injury site in mice at 72 h; 

resting microglia/macrophages and astrocytes, but not infiltrating neutrophils, were observed 
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in the striatum of sham-operated control mice (all n = 6/group). Scale bar = 30 µm for A, B, 

C.
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Fig. 5. 
The infusion of 10 µl autologous whole blood into the striatum of mice produces a 

significant increase in oxidative damage at 72 h. Age- and weight-matched C57BL/6 mice 

were randomly allocated into two groups: intracerebral hemorrhage group (ICH) and needle 

insertion only group (sham). (A) cytochrome c immunoreactivity, a marker for apoptosis, 

and (B) 8-hydroxyguanosine (8-OHG), a marker for DNA oxidation, were used to 

investigate oxidative damage after ICH. Immunoreactivity of cytosolic cytochrome c and 8-

OHG was increased around the injury site 72 h after blood infusion but was not detected in 

the striatum of sham-operated control mice. Scale bar = 30 µm for A and B. (both n = 6/

group).
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Table 1

Mouse blood infusion models used in previous studies

Study Blood origin Anticoagulant
used

Total blood infusion volume
(infusion rate)

Belayev, et al., 2003 Donor blood from the heart Heparin 15 µl; double infusion (5 µl /3 min, followed 7 min later 
by 10 µl/5min)

Nakamura, et al., 2004 Autologous blood from femoral artery Not specified 30 µl; single injection (2 µl /min)

Tejima, et al., 2007 Autologous blood (No origin specified) Not specified 20 µl; single injection (2 µl /min)

Xue, et al., 2006 Autologous blood from the tail None 10 µl; single injection (3.3 µl /min)

Lee, et al., 2006 Autologous blood from tail vein None 5 µl; single injection (1 µl /min)

Qu, et al., 2007 Autologous blood from tail vein Heparin 15 µl; single injection (0.4 µl /min)

Zhao, et al., 2007 Autologous blood from femoral artery Not specified 15 µl; single injection (3 µl /min)

Rynkowski, et al., 2008 Autologous blood from central tail 
artery or lateral tail veins

Heparin 30 µl; double infusion (5 µl /2.5 min, followed 7 min 
later by 25 µl /12.5 min
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