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Abstract

Intracerebral hemorrhage (ICH) is a detrimental type of stroke. Mouse models of ICH, induced by 

collagenase or blood infusion, commonly target striatum, but not other brain sites such as 

ventricular system, cortex, and hippocampus. Few studies have systemically investigated brain 

damage and neurobehavioral deficits that develop in animal models of ICH in these areas of the 

right hemisphere. Therefore, we evaluated the brain damage and neurobehavioral dysfunction 

associated with right hemispheric ICH in ventricle, cortex, hippocampus, and striatum. The ICH 

model was induced by autologous whole blood or collagenase VII-S (0.075 units in 0.5 μl saline) 
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injection. At different time points after ICH induction, mice were assessed for brain tissue damage 

and neurobehavioral deficits. Sham control mice were used for comparison. We found that ICH 

location influenced features of brain damage, microglia/macrophage activation, and behavioral 

deficits. Furthermore, the 24-point neurologic deficit scoring system was most sensitive for 

evaluating locomotor abnormalities in all four models, especially on days 1, 3, and 7 post-ICH. 

The wire-hanging test was useful for evaluating locomotor abnormalities in models of striatal, 

intraventricular, and cortical ICH. The cylinder test identified locomotor abnormalities only in the 

striatal ICH model. The novel object recognition test was effective for evaluating recognition 

memory dysfunction in all models except for striatal ICH. The tail suspension test, forced swim 

test, and sucrose preference test were effective for evaluating emotional abnormality in all four 

models but did not correlate with severity of brain damage. These results will help to inform future 

preclinical studies of ICH outcomes.
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1. Introduction

Factors that predict short-term mortality after intracerebral hemorrhage (ICH) are fairly well 

known, but little is understood about long-term functional outcomes (Moulin and 

Cordonnier, 2015). Patients with ICH experience not only locomotor and memory 

impairment (Brainin et al., 2015; Langhorne et al., 2009) but frequently depression as well 

(Christensen et al., 2009; Hacket and Pickles, 2014; Koivunen et al., 2015). For example, 

ICH in the frontal cortex can lead to cognitive dysfunction and emotional changes (Lee et 

al., 2012; Moulin et al., 2016; Tang et al., 2011). Additionally, intraventricular hemorrhage 

(IVH), which occurs as an extension of intraparenchymal hemorrhage or subarachnoid 

hemorrhage into the ventricular system (Hallevi et al., 2008; Hwang et al., 2012), is 

associated with increased cognitive deficits and mortality (Brand et al., 2014; Hinson et al., 

2010). Although the hippocampus is not a common site of bleeding, damage to it can cause 

deficits in memory and social interaction (Rubin et al., 2014).

Most animal models that have been developed to mimic the clinical progression of ICH 

target the striatum (Keep et al., 2012; MacLellan et al., 2011; Wang, 2010; Wang and Dore, 

2007). Few studies have modeled ICH in the ventricular system, cortex, and hippocampus, 

despite their clinical prevalence. Moreover, the behavioral tests used in rodent models of 

ICH focus primarily on functional deficits and recovery after striatal ICH in the left 

hemisphere. Very few studies have evaluated the cognitive and emotional changes associated 

with ICH in the right hemisphere.

Many tests exist to assess locomotor function, grip and forelimb strength, memory, and 

emotion-related behavior in rodents subjected to ICH models. These include the 24-point 

neurologic deficit score (Han et al., 2016; Wang et al., 2003), wire-hanging test and cylinder 

test (Auriat and Colbourne, 2009; Lan et al., 2017a; Manaenko et al., 2009), novel object 

recognition test (Perez-Urrutia et al., 2017; Yang et al., 2017b), tail suspension test, forced 
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swim test, and sucrose preference test (Perez-Urrutia et al., 2017; Zhu et al., 2017). 

However, these tests have been used primarily to evaluate cognitive and emotion-related 

behavioral changes after striatal ICH and rarely applied to ICH models of the right lateral 

ventricle, cortex, and hippocampus. Therefore, our goal was to characterize brain damage 

and functional outcomes in ICH models that affect right-hemispheric structures using 

histology, immunofluorescence, and a battery of behavioral tests to evaluate motor, 

cognitive, and emotion-related behavior. We hypothesized that brain damage and behavioral 

deficits after ICH differ by brain region affected.

2. Materials and methods

2.1 Mice

This study was conducted in strict accordance with the recommendations in the Guide for 
the Care and Use of Laboratory Animals published by the National Institutes of Health. 

Animal use protocols were approved by the Johns Hopkins University Animal Care and Use 

Committee (Approved protocol number: MO15M83). Measures were taken to minimize the 

number of laboratory mice used and to ensure minimal pain and discomfort. Adult male 

C57BL/6 mice (20–25 g, total n=433) were placed into a clean induction chamber and 

anesthetized by isoflurane (3–4% initially and 1–2% for maintenance, Baxter healthcare 

Co.) in an oxygen-air mixture (20%:80%). Rectal temperature was monitored with a 

thermometer and maintained at 37 ± 0.5°C by an electronic thermostat-controlled warming 

blanket (Stoelting Co.) throughout the surgical procedure.

2.2 Experimental groups and surgical procedures

2.2.1 Striatal intracerebral hemorrhage (s-ICH)—Mice were placed in a stereotaxic 

frame (RWD Life Science) and infused in the right striatum with either 10 μl (low-dose 

group, n=12) or 30 μl (high-dose group, n=10) of autologous whole blood. Based on a 

published protocol with minor modifications (Krafft et al., 2012; Rynkowski et al., 2008; 

Wang et al., 2008a), we made a midline scalp incision and drilled a hole into the right side of 

the skull (for infusion of 10 μl blood: 0.6 mm anterior and 2.0 mm lateral of the bregma; for 

infusion of 30 μl blood: 0.2 mm anterior and 2.0 mm lateral of the bregma). The mouse’s tail 

was immersed in warm water (40 °C) for 2 min, and the tail skin cleaned with 70% alcohol. 

Blood was quickly drawn from the central tail artery with a sterile needle (25-gauge) (Zhu et 

al., 2014) into a sterile 50-μl Hamilton syringe without anticoagulant. After blood collection, 

the Hamilton syringe was secured onto a motorized micro-injector (Stoelting Co.), and the 

blood was infused at a rate of 1 μl/min. For the low-dose group, 4 μl of blood was infused at 

3.0 mm below the surface of the skull, and then after a 5-min pause, the remaining 6 μl of 

blood was infused at a depth of 3.8 mm. The needle was withdrawn at a rate of 1 mm/min 

beginning 10 min after the second injection. For the high-dose group, mice were similarly 

infused with 5 μl and 25 μl of blood. The burr hole was filled with bone wax (Ethicon, 

Somerville, NJ), and the scalp incision was closed with Super Glue (Henkel Consumer 

Adhesive Inc. Scottsdale, Arizona). Mice in the sham group (n=8) received only needle 

insertion into the right striatum.
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2.2.2 Intraventricular hemorrhage (IVH)—Either 25 μl (low-dose group, n=12) or 40 

μl (high-dose group, n=10) of autologous whole blood was infused into the right lateral brain 

ventricle. A 26-gauge needle attached to a Hamilton syringe was stereotaxically inserted into 

the right ventricle 2.5 mm below the surface of the skull (coordinates: 0.5 mm posterior and 

1.0 mm lateral of the bregma) and autologous blood was infused at a rate of 5 μl/min. After 

the infusion, the needle was left in place for 10 min and then removed at a rate of 1 mm/min. 

Mice in the sham group (n=8) were injected with an equal amount of saline.

2.2.3 Cortical intracerebral hemorrhage (c-ICH)—The c-ICH model was produced 

according to previous studies (Masuda et al., 2010; Zhu et al., 2014) with minor 

modifications. Each mouse (n=10) was stereotaxically injected with collagenase (Type VII-

S, 150 U/ml, sterile-filtered, high purity, purified by chromatography, Sigma-Aldrich Co.) at 

two sites of the right cortex at the following stereotactic coordinates: site 1: 0.0 mm anterior 

and 1.5 mm lateral of the bregma, 1.6 mm in depth; site 2: 1.0 mm anterior and 2.0 mm 

lateral of the bregma, 1.6 mm in depth. The low-dose group received 0.3 μl per site, and the 

high-dose group received 0.4 μl per site at a rate of 0.1 μl/min. The needle was withdrawn 

slowly 20 min after each injection to minimize backflow. Mice in the sham group (n=8) 

received an injection of the same amount of saline into each site. We chose these volumes 

because larger volumes did not produce well-defined hematomas.

2.2.4 Hippocampal intracerebral hemorrhage (h-ICH)—Mice (n=10) were injected 

with 0.2 μl of collagenase at a rate of 0.1 μl/min in the right hippocampus at 2.5 mm 

posterior and 1.7 mm lateral of the bregma, 1.8 mm in depth (Rogove et al., 2002). The 

needle was withdrawn slowly 10 min after injection. Mice in the sham group (n=8) were 

injected with 0.2 μl of saline. We chose this volume because in preliminary experiments, 0.3 

μl and 0.1 μl of collagenase failed to produce a well-defined hematoma.

2.3 Behavioral tests

Mice were housed in a temperature- and humidity-controlled room that was maintained on a 

12-h light/dark cycle, with food available ad libitum. All behavioral tests were conducted 

during the light cycle phase in enclosed behavior rooms. The same mice were used for all 

behavioral tests (Supplementary Fig. 1). All behavioral tests were evaluated and analyzed by 

an observer blinded to the study. Data were mapped with Graphpad Prism 5 software 

(GraphPad Software, Inc. USA).

2.3.1 Assessment of neurologic deficits—Neurologic function of each mouse was 

tested on days 1, 3, 7, 14, and 21 post-ICH with assessments of body symmetry, gait, 

climbing, circling behavior, front limb symmetry, and compulsory circling (Wu et al., 2017). 

Each test was graded from 0 to 4, establishing a maximum deficit score of 24.

2.3.2 Wire-hanging test—We evaluated grip strength, balance, and endurance in each 

mouse with the wire-hanging test on days 1, 3, 7, 14, and 21 post-ICH. Mice used their 

forelimbs to suspend their body weight on a 55 cm long iron wire stretched between two 

posts 50 cm above the ground. The hind limbs were gently covered with adhesive tape to 
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prevent them from using all four paws. A pillow was used to prevent fall injuries (Zhu et al., 

2014). The time that each mouse remained on the wire was recorded.

2.3.3 Cylinder test—We used the cylinder test to assess forelimb preference and 

asymmetry in each mouse on days 1, 3, 7, 14, and 21 post-ICH. According to a previously 

published method (Vahid-Ansari et al., 2016), we placed the mouse in a transparent cylinder 

(height 16.5 cm, diameter 9 cm) with two mirrors arranged at an angle behind the cylinder. 

A camera recorded forelimb usage during rearing and exploratory behavior for 5 min. We 

analyzed the videos to determine how many times each forelimb made wall contact. We used 

the following criteria: (1) The first forelimb to contact the wall during a full rear was 

considered an independent wall placement and recorded as a “left” or “right.” (2) 

Simultaneous contact by the left and right forelimb during a full rear and for lateral 

movements along the wall was recorded as “both.” (3) If the two forelimbs contacted the 

wall in quick succession without removal of the first, we recorded the movement as “left or 

right (the first contacted) forelimb independent” and “both.” (4) When the mouse explored 

the wall laterally, alternating both forelimbs, it was recorded as a “both” movement. The 

final score was calculated as: (Right forelimb movement − Left forelimb movement)/(Right 

forelimb movement + Left forelimb movement + both movement).

2.3.4 Novel object recognition test—The novel object recognition test was performed 

on day 21 post-ICH as described previously (Yang et al., 2017b; Zhu et al., 2014). In brief, 

mice were habituated to an open field (47×26×20 cm) for 5 min on day 1. On day 2 they 

were exposed to two identical novel objects (green cubes, 4×4×3cm) for 10 min. After 1 h, 

they were exposed to one novel object (white ball, 5 cm in diameter) and one familiar object 

(green cube) for 5 min. All behavior was recorded on video. A discrimination index (total 

time spent with new object/total time devoted to exploring objects) was calculated for each 

experimental group. Exploration of the object was defined as any direct contact with mouth, 

nose, or paw, or the nose directed at the object at <0.5 cm. Contacts judged to be accidental 

and standing, sitting, or leaning on the object were excluded (Besheer and Bevins, 2003).

2.3.5 Tail suspension test—Each mouse was subjected to the tail suspension test on 

days 7, 14, and 21 according to an established protocol (Can et al., 2012b; Zhu et al., 2014). 

Mice were acclimated to the behavior room for 1 h and then suspended by their tails to the 

edge of a shelf 55 cm above the floor. Adhesive tape (17 cm long) attached the tail 

(approximately 1 cm from the tip of the tail) to the shelf. A plastic tube (4 cm long, 1 cm 

diameter, 1.5 g) placed around the tails blocked their ability to climb them. A camera 

recorded their movements for 6 min, and we determined the duration of mobility. The total 

duration of mobility was subtracted from the 360 seconds of test time and recorded as the 

immobility time. Mice were considered immobile only when they hung passively and 

completely motionless.

2.3.6 Forced swim test—We tested mice with the forced swim test (Can et al., 2012a; 

Zhu et al., 2014) on day 22 after ICH to prevent influence from the stress of the tail 

suspension test on day 21. Mice were acclimated to the behavior room 1 h before being 

placed individually in 20 cm high cylindrical tanks (22 cm in diameter) containing 10 cm of 
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water at 24 ± 1 °C. The movements of the mice were recorded by a camera for 6 min, and 

we determined the duration of mobility during the last 4 min. The total mobility time was 

subtracted from the 240 seconds of test time and recorded as the immobility time. Mice that 

were floating upright and making only small movements to remain above water were 

considered to be immobile (Renard et al., 2004).

2.3.7 Sucrose preference test—The sucrose preference test is used to assess anhedonia. 

On day 18, each mouse was placed in a separate cage with two tubes, one containing water 

and the other a 1% sucrose solution. The tubes were weighed at the beginning of the 

experiment, and their position in the cage was switched every day. On day 21, we re-

weighed the two tubes and calculated the amount of liquid consumed from each. The 

sucrose preference was calculated as a percentage of the consumed sucrose solution relative 

to the total amount of liquid drunk: sucrose preference = sucrose consumption (g)/(water 

consumption (g) + sucrose consumption (g)). Anhedonia is characterized by a reduction in 

sucrose intake (De Bundel et al., 2013; Zhe et al., 2017).

2.4 Histologic morphology

Mice were sacrificed on days 3 (n = 6/group) and 22 post-ICH (n = 5/group). The entire 

brain of each mouse was cut into 50-μm-thick sections with a cryostat. All sections from the 

s-ICH, c-ICH, and h-ICH groups that contained hematoma were selected and stained with 

Luxol fast blue (for myelin) and Cresyl violet (for neurons). Sections from the IVH group 

that contained hematoma were stained with Cresyl violet only. SigmaScan Pro software 

(version 5.0.0 for Windows; Systat, San Jose, CA) was used to quantify the gray and white 

matter injury and volume of ventricles on day 3 post-ICH and to quantify the volume of 

whole brain, cortex, ventricle, and hippocampus on day 22 post-ICH (Jacobs et al., 1990; 

Masuda et al., 2010; Sherry et al., 1993). The injury volume and volume of whole brain, 

cortex, ventricle, and hippocampus in cubic millimeters was calculated by multiplying the 

thickness by the sum of the damaged areas of each section (Li et al., 2017a; Wang et al., 

2003). Sections were analyzed by an investigator blinded to the experimental cohort.

2.5 Histology

Mice in each group were anesthetized and perfused via cardiac catheter with 4% 

paraformaldehyde in 0.1 mol/l phosphate-buffered saline (pH 7.4) on day 3 after ICH. The 

brains were removed, placed in 4% paraformaldehyde for 24 h, and then immersed in 30% 

sucrose for 72 h at 4°C. The brains were then cut into 25-μm-thick coronal sections with a 

cryostat. Fluoro-Jade B (FJB) was used to quantify neuronal death (Li et al., 2017a). We 

selected three sections per mouse with similar areas of striatal, cortical, ventricular, or 

hippocampal hematoma to quantify FJB-positive cells. The numbers of FJB-positive cells 

from 12 randomly selected locations per mouse (4 fields per section × 3 sections per mouse) 

in the periventricular brain region (IVH model) or in the brain regions surrounding the 

hematoma (s-ICH, c-ICH and h-ICH models) were averaged and expressed as positive cells 

per square millimeter (n = 6/group). Sections were analyzed by an investigator blinded to the 

experimental cohort.
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2.6 Brain water content

Brain edema was determined by the wet–dry weight ratio method as described previously 

(Yang et al., 2017a; Zhu et al., 2014). Briefly, mice (n = 4–5/group) were sacrificed by 

decapitation 72 h post-ICH. The brains were removed immediately and cut from 4 to 7 mm 

posterior to the bregma in the s-ICH group, from 1 mm anterior to the bregma to 3 mm 

posterior to the bregma in the IVH group, from 3 mm anterior to the bregma to 2 mm 

posterior to the bregma in the c-ICH group, or from 0.8 mm to 4 mm posterior to the bregma 

in the h-ICH group. In the s-ICH, IVH, and c-ICH groups, the brains were dissected into five 

parts: ipsilateral and contralateral basal ganglia, ipsilateral and contralateral cortex, and 

cerebellum (which served as an internal control). In the h-ICH group, the brains were 

dissected into ipsilateral and contralateral hippocampus, ipsilateral and contralateral cortex, 

and cerebellum. Brain samples were weighed immediately on an analytical balance (Denver 

Instrument 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%.

2.7 Immunofluorescence

Sections (n = 6) were incubated with rabbit anti-Iba 1 primary antibody (microglial marker; 

1:500; Wako Chemicals, Richmond, VA) followed by Alexa 488-conjugated goat anti-rabbit 

secondary antibody (1:1000; Molecular Probes, Eugene, OR). An investigator blinded to 

experimental cohort examined the stained sections under a fluorescence microscope (Eclipse 

TE2000-E, Nikon, Tokyo, Japan) and counted the immunoreactive cells over a 40× 

microscopic field from 12 randomly selected locations per mouse (4 fields per section × 3 

sections per mouse) in the periventricular brain region (IVH model) or in the perihematomal 

brain regions (s-ICH, c-ICH, and h-ICH models). Numbers were averaged and expressed as 

positive cells per square millimeter.

2.8 Statistical analysis

All data are expressed as mean ± SD. Histology data were analyzed by one-way ANOVA 

followed by a post hoc analysis with Newman–Keuls method to correct for multiple 

comparisons. Behavioral tests were analyzed by two-way ANOVA and a post hoc analysis 

with Kruskal–Wallis for different time points, and one-way ANOVA with a post hoc analysis 

with Dunnett’s method. Group differences were considered statistically significant at P < 

0.05. Power calculations were performed with G*Power 3.1 software (Faul et al., 2007). 

Linear regression was used for correlational analysis, and a P-value < 0.05 was considered 

statistically significant.

3. Results

The mortality of mice was 6 of 84 (7.1%) in the s-ICH group, 7 of 85 (8.2%) in the IVH 

group, 4 of 80 (5.0%) in the c-ICH group, and 4 of 41 (9.8%) in the h-ICH group. No 

animals died in any of the sham groups (0 of 143).
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3.1 Hemorrhagic injury volume and ventricular volume 72 h post-ICH

Volume of affected tissue and hemispheric enlargement were significantly greater in the s-

ICH groups (10 μl and 30 μl) than in the respective sham groups. Additionally, the volume 

of affected tissue and degree of hemispheric enlargement were greater in the group injected 

with 30 μl of autologous blood than in the group injected with 10 μl of autologous blood 

(Fig. 1A). At 72 h after collagenase injection, hematoma was present in the cortex of the c-

ICH groups (Fig. 1B) and in the hippocampus of the h-ICH group (Fig. 1C). Quantification 

showed significantly larger injury volume and hemispheric enlargement in the c-ICH group 

(Fig. 1B) and h-ICH group (Fig. 1C) than in their respective sham controls. Additionally, in 

the c-ICH model, the degree of injury volume and hemispheric enlargement was greater in 

the high-dose group than in the low-dose group (P < 0.01; Fig. 1B). In the IVH groups (25 μl 

and 40 μl), Cresyl violet staining revealed enlargement of the ventricles at 72 h after blood 

infusion, but the difference between the high-dose (40 μl) and low-dose (25 μl) IVH groups 

was not statistically significant (P > 0.05; Fig. 1D).

3.2 Volume of whole brain, cortex, and hippocampus on day 22 post-ICH

The volume of striatum in both s-ICH groups (10 μl and 30 μl) was smaller than that in the 

sham groups (P < 0.01). The volume of right cortex in the s-ICH groups (10 μl and 30 μl) 

was smaller than that in the respective sham groups (P < 0.01), whereas the volume of 

hippocampus showed little change from that in the sham groups (n=5 mice/group, P > 0.05; 

Supplementary Fig. 2A).

The cortical and hippocampal volumes in both hemispheres of the IVH groups (25 μl and 40 

μl) were smaller than those of the respective sham groups, whereas the ventricular volume 

was greater than that in the sham groups. The volume of whole brain was less in the high-

dose (40 μl) and low-dose (25 μl) IVH groups than that in the sham group (n=5 mice/group, 

P < 0.01–0.05; Supplementary Fig. 2B).

In the c-ICH groups, the cortical and hippocampal volumes in ipsilateral hemisphere were 

smaller than those in the respective sham groups. However, volumes on the contralateral side 

were unchanged from those in the sham groups. Further, the volume of whole brain was 

smaller in the c-ICH groups than in the sham group. In the h-ICH group, cortical volume and 

hippocampal volume in the ipsilateral hemisphere were smaller than those in the sham 

groups (n=5 mice/group, P < 0.01; Supplementary Fig. 2C and 2D).

3.3 Neuronal death

FJB staining was used to detect neuronal degeneration at 72 h post-ICH (Cheng et al., 2016). 

Compared with sham groups, the s-ICH, c-ICH, and h-ICH mice exhibited more FJB-

positive cells around the injury sites in the striatum, cortex, and hippocampus, respectively 

(Fig. 2A, B, D). Similarly, IVH mice exhibited greater numbers of FJB-positive cells around 

the lateral ventricles than did the sham controls (Fig. 2C). Quantification analysis confirmed 

also that brains of mice in the high-dose groups had significantly more FJB-positive cells 

than brains of mice in the respective low-dose groups. Furthermore, we observed more FJB-

positive cells in the hippocampus of ICH mice than in the hippocampus of sham mice in all 

groups except for the s-ICH group (n=6 mice/group, P < 0.01; Fig. 3A–D).

Zhu et al. Page 8

Brain Behav Immun. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.4 Brain water content

Brain water content was elevated compared with that in sham groups at 72 h post-ICH in the 

ipsilateral basal ganglia of the s-ICH groups (10 μl and 30 μl; n=5 mice/group, P < 0.05–0.1; 

Fig. 4A), in the ipsilateral basal ganglia and cortex of the IVH groups (25 μl and 40 μl; n=5 

mice/group, P < 0.05–0.1; Fig. 4B), in the ipsilateral cortex of the c-ICH group (n=5 mice/

group, P < 0.01; Fig. 4C), and in the ipsilateral hippocampus of the h-ICH group (n=4 mice/

group, P < 0.01; Fig. 4D). No differences in brain water content were observed between the 

low- and high-dose groups within the s-ICH, IVH, and c-ICH models (P > 0.05; Fig. 4A–C).

3.5 Neuroinflammation

We assessed microglia/macrophage activation because early cellular inflammation is known 

to contribute to secondary brain injury after ICH (Wang, 2010; Wang and Dore, 2007). We 

defined microglial/macrophage activation by morphologic criteria and a cell body diameter 

cutoff of 7.5 μm (Wu et al., 2010). At 72 h after ICH, activated microglia/macrophages were 

evident in the brain regions around the lateral ventricles in mice exposed to IVH and around 

the injury sites in the striatum, cortex, and hippocampus of mice exposed to the s-ICH, c-

ICH, and h-ICH models, respectively (Fig. 5A–D). Quantification analysis confirmed that 

mice subjected to ICH had significantly more activated microglia/macrophages than did 

sham mice. Moreover, significantly more Iba1-positive activated microglia/macrophages 

were present in the brains of mice in the high-dose s-ICH and c-ICH groups than in those of 

mice in the low-dose s-ICH and c-ICH groups, respectively (n=6 mice/group, P < 0.01). The 

number of activated microglia/macrophages correlated positively with the volume of the 

affected brain tissue of mice on day 3 in both the 10- μl and 30-μl s-ICH groups (r=0.89, 

0.84, respectively; both P < 0.05; Supplementary Fig. 3A and 3B).

3.6 Locomotor function

Based on results from the 24-point neurologic scoring system, wire-hanging test, and 

cylinder test, we found that s-ICH mice (10 μl and 30 μl) demonstrated marked deficits in 

locomotor activity, gripping, and forelimb strength compared with those of sham mice at all 

time points tested (power=0.99 in both the 24-point neurologic scoring system and wire-

hanging test). Additionally, the neurologic deficit scores were significantly higher in high-

dose than in low-dose s-ICH mice on days 1, 3, and 7 post-ICH (n=10–12 mice/group, P < 

0.01; Fig. 6A). In the cylinder test, scores were higher in s-ICH (10 μl and 30 μl) mice than 

in sham mice on days 1 and 3 post-ICH, but we observed no difference between high-dose 

and low-dose s-ICH mice. The mice exhibited complete recovery on day 7 post-ICH (n=10–

12 mice/group, P < 0.01–0.05; power=0.63; Fig. 6A). Neurologic deficit score, but not 

performance in the wire-hanging test or cylinder test, correlated positively with the volume 

of affected brain tissue of mice on day 3 in the 10-μl and 30-μl s-ICH groups (r = 0.82, 0.88, 

respectively; both P < 0.05; Supplementary Fig. 4A and 4B). Neurologic deficit score also 

correlated positively with the number of activated microglia/macrophages in the 

perihematomal region of mice on day 3 in the two s-ICH groups (r = 0.67, 0.84, 

respectively; P < 0.05; Supplementary Fig. 5A and 5B)

Mice in the IVH (25 μl and 40 μl) groups had significantly higher neurologic deficit scores 

than did sham animals on days 1, 3, and 7 post-ICH, but we observed no significant 
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difference in deficit scores between the low- and high-dose IVH groups at any time point 

(n=10–12 mice/group, P < 0.01; power=0.99; Fig. 6B). In the wire-hanging test, IVH (25 μl 

and 40 μl) mice exhibited marked deficits in gripping and forelimb strength compared with 

those of sham animals on days 1, 3, and 7 post-ICH (n=10–12 mice/group, P < 0.01–0.05; 

power=0.92; Fig. 6B). However, scores in the cylinder test were unchanged from those in the 

sham group (n=10–12 mice/group, P > 0.05; power=0.13; Fig. 6B).

Mice in the c-ICH group had significantly higher neurologic deficit scores than did sham 

animals on days 1, 3, and 7 post-ICH (n=10 mice/group, P < 0.01; power=0.99; Fig. 6C). 

Locomotor deficit peaked on day 3, gradually recovered from day 7 to day 14, and returned 

to baseline on day 21. In the wire-hanging test, c-ICH mice exhibited marked deficits in 

gripping and forelimb strength compared with those of sham animals on days 1, 3, and 7 

post-ICH (n=10 mice/group, P < 0.01; power=0.99; Fig. 6C). Mice had completely 

recovered from these deficits on days 14 and 21 post-ICH. Scores in the cylinder test were 

similar for c-ICH and sham mice (n=10 mice/group, P > 0.05; power=0.99; Fig. 6C).

Mice in the h-ICH group had significantly higher neurologic deficit scores than did sham 

animals on days 1, 3, and 7 post-ICH (n=10 mice/group, P < 0.01–0.05; power=0.88; Fig. 

6D), but they recovered from days 7 to 21. In the wire-hanging test and cylinder test, we 

observed no difference between h-ICH mice and sham animals at any time point (n=10 

mice/group, all P > 0.05; power=0.17, 0.55, respectively; Fig. 6D).

3.7 Memory function

In the novel object recognition test, we observed no differences between s-ICH (10 μl and 30 

μl) mice and sham animals (n=10–12 mice/group, all P > 0.05; Fig. 7A). The discrimination 

index was significantly smaller in the IVH (25 μl and 40 μl), c-ICH, and h-ICH groups than 

in their respective sham groups. No difference was observed between low-dose and high-

dose IVH mice (n=10–12 mice/group, P < 0.01–0.05; Fig. 7B–7D).

3.8 Changes in emotional state

Mice in the s-ICH groups (10 μl and 30 μl) exhibited significantly longer immobility time 

than sham animals in both the tail suspension test and forced swim test, but we observed no 

significant difference between the low- and high-dose s-ICH groups (n=10–12 mice/group, P 
< 0.01; Fig. 8A, B). Mice in the s-ICH groups (10 μl and 30 μl) also exhibited less sucrose 

preference than sham animals (n=10–12 mice/group, P < 0.01; Fig. 8A). Again, no 

difference was observed between the low- and high-dose groups.

Mice in the IVH groups (25 μl and 40 μl) had significantly longer immobility time in the tail 

suspension test than did sham animals on days 14 and 21 post-ICH (n=10–12 mice/group, P 
< 0.01; Fig. 8B). However, no significant difference was observed between the low-dose and 

high-dose IVH groups. In the forced swim test on day 22 post-ICH, mice in the IVH groups 

(25 μl and 40 μl) also exhibited significantly longer immobility time than did sham animals 

(n=10–12 mice/group, P < 0.01; Fig. 8B). Additionally, mice in the high-dose IVH group 

demonstrated less sucrose preference than the sham animals (n=10–12 mice/group, P < 0.01; 

Fig. 8B).
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Mice in the c-ICH and h-ICH groups had significantly longer immobility times than their 

sham controls in the tail suspension test on days 14 and 21 post-ICH (n=10 mice/group, P < 

0.01; Fig. 8C) and in the forced swim test on day 22. In the sucrose preference test, mice in 

the c-ICH and h-ICH groups exhibited significantly less sucrose preference than did sham 

animals (n=10 mice/group, P < 0.01; Fig. 8D).

We categorized animals as having depression-like behaviors if they scored at or above the 

median immobility time in the tail suspension test and forced swim test and at or below the 

median for sucrose preference. Depression-like behaviors developed in 5 of 12 mice (41.7%) 

in the low-dose (10 μl) s-ICH group, 4 of 10 mice (40%) in the high-dose (30 μl) s-ICH 

group, 5 of 12 mice (41.7%) in the low-dose (25 μl) IVH group, 5 of 10 mice (50%) in the 

high-dose (40 μl) IVH group, 5 of 10 mice (50%) in the low-dose (0.3 μl) c-ICH group, 5 of 

10 mice (50%) in the high-dose (0.4 μl) c-ICH group, and 5 of 10 (50%) mice in the h-ICH 

group.

4. Discussion

In this study, we successfully established right hemispheric s-ICH, IVH, c-ICH, and h-ICH 

models in mice. Using histology, immunohistochemistry, and neurobehavioral tests, we 

validated that each model generated reproducible brain damage, brain edema, neuronal 

death, and neuroinflammatory responses. Furthermore, a series of behavior tests was applied 

to evaluate the locomotor function, cognitive function, and emotion-related behavioral 

deficits in these four ICH models. The behavioral tests revealed that ICH in different brain 

regions produces different behavioral deficits. We found that the 24-point neurologic scoring 

system was a sensitive method with the highest power to evaluate motor deficits in all four 

ICH models in the first week, whereas the novel object recognition test was capable of 

discriminating recognition memory dysfunction at the late stage in all models except for s-

ICH. The tail suspension test, forced swim test, and sucrose preference test were effective 

for evaluating emotion-related behavior. Notably, we found that depression-like behavior 

was present in 40% to 50% of ICH mice based on the location of bleeding, a slightly higher 

percentage than that reported in clinical studies (Christensen et al., 2009; Koivunen et al., 

2015; Wei et al., 2016).

Collagenase-induced ICH in rats has been reported to result in marked brain atrophy and 

long-term neurologic deficits at 10 weeks or 2 months post-ICH (Beray-Berthat et al., 2010; 

Hartman et al., 2009). In our study, the volume of cortex and striatum in ipsilateral 

hemisphere decreased in the s-ICH group, whereas the volume of hippocampus was 

unchanged on day 22 post-ICH. These results may indicate continued tissue loss after ICH. 

Neuronal death and brain water content were increased in the respective brain regions 

affected in the four ICH models at 72 h post-ICH.

We used a series of behavioral tests to evaluate neurologic function in our ICH models, but 

focused mostly on locomotor function. The 24-point neurologic deficit score is a very 

precise method of evaluating the overall locomotor function as demonstrated in previous 

studies (Jiang et al., 2016; Li et al., 2017a; Wu et al., 2010; Yang et al., 2017a). The wire-

hanging test is a simple test to evaluate grip strength, balance, and endurance, and falling 
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latency was shown to be reduced in an s-ICH model (Manaenko et al., 2011). The cylinder 

test is used to assess forelimb use and rotation asymmetry, and animals exposed to s-ICH 

have demonstrated abnormal performance in this test (Wells et al., 2005). The results of our 

study were consistent with those of previous reports for s-ICH. s-ICH mice exhibited 

locomotor deficits in each of the tests. Moreover, mice in the high-dose s-ICH (30 μl) group 

had more severe neurologic deficits than mice in the low-dose s-ICH (10 μl) group on days 

1, 3, and 7. These results indicate that the 24-point neurologic deficit score is sensitive 

enough to evaluate injury severity in the s-ICH model during the first week and are 

consistent with the results shown by MacLellan et al. (MacLellan et al., 2006). In that study, 

neurologic deficit scale, but not cylinder test, was able to distinguish among gradations in 

injury in the first week after ICH; the cylinder test was considered only as a “lesion 

detector.” We also obtained reproducible results from the wire-hanging test in mice that 

received pretraining. However, a positive correlation was detected only between neurologic 

deficit score and the number of activated microglia/macrophages in the perihematomal 

region or the volume of the affected brain tissue. The power analysis with G*Power 3.1 

software for changes in locomotor function further indicated that the 24-point neurologic 

deficit scoring system was the most sensitive behavioral test for determining injury severity 

in the four ICH models. Nonetheless, selection of behavioral tests in preclinical efficacy 

studies should consider sensitivity to injury severity as well as the effects of treatments 

(MacLellan et al., 2006).

In our study, s-ICH mice exhibited both locomotor and emotion-related behavioral deficits. 

Few behavior tests of cognitive function have been applied in the s-ICH model. MacLellan 

et al. (MacLellan et al., 2009) used a series of behavioral tests, including spontaneous 

alternation, elevated plus maze, open-field, Morris water maze, T-maze, and the radial arm 

maze test to evaluate learning and memory deficits in a rat s-ICH model, but found no 

significant differences from control rats. The novel object recognition test was first utilized 

in the s-ICH model to evaluate recognition memory but yielded no significant results. A 

clinical study showed a strong relationship between hippocampal volume and cognitive 

performance (Kliper et al., 2013). In our study, hippocampal volume was unchanged on day 

22 post-ICH, which might explain the results.

Post-stroke depression (PSD) affects approximately one-third of patients after stroke 

(Hacket and Pickles, 2014), but its exact mechanism is not clear. The specific location of a 

lesion, such as basal ganglia or left frontal lobe, may play an important role in the etiology 

of PSD (Fang and Cheng, 2009). Prior studies have shown that patients with lesions in the 

left hemisphere have a high frequency of PSD (Eastwood et al., 1989; Starkstein et al., 

1988). However, a recent systematic review of the studies revealed a significant association 

between right-hemispheric stroke and incidence of depression (Wei et al., 2015). No 

preclinical studies have investigated depression after right-hemispheric ICH. In our model of 

right-hemispheric ICH, mice in the s-ICH (10 μl and 30 μl) groups exhibited learned 

helplessness in the forced swim test and tail suspension test, and anhedonia in the sucrose 

preference test (Wang et al., 2008b; Zhe et al., 2017). The basal ganglia lesion and atrophy 

of the ipsilateral cortex and striatum might be the cause of PSD in this s-ICH model. White 

matter injury negatively affects the prognosis of ICH patients (Zuo et al., 2017). Using MRI 

and histology, we have detected white matter tract damage in the s-ICH models (Li et al., 
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2017b; Yang et al., 2017a; Zhang et al., 2017a). The contribution of white matter injury to 

PSD and cognitive dysfunction needs further research.

Rats with IVH show locomotor deficiency and spatial memory loss (Ahn et al., 2013; Liu et 

al., 2017). To our knowledge, no previous studies have evaluated depression-like behaviors 

after IVH in animals. A recent clinical trial of adult patients with large spontaneous IVH and 

obstructive hydrocephalus showed a wide range of scores on tests of communication, 

memory, and emotion, even in subjects with poor outcomes on the modified Rankin score 

(mRS grades 3–5) (Ziai et al., 2016). Another clinical study showed that patients with 

aneurysmal subarachnoid hemorrhage had lower scores for verbal memory performance and 

emotion recognition and more marked depressive symptoms compared to healthy controls 

(Brand et al., 2015). Our current study revealed that the IVH mice had locomotor deficiency 

with abnormal recognition memory and depression-like behaviors. Inflammation might be 

one major mechanisms by which IVH exerts deleterious effects (Hallevi et al., 2012). 

Elevated proinflammatory cytokines are associated with depression and abnormal cognitive 

function (Elderkin-Thompson et al., 2012). Our study showed microglia/macrophage 

activation around the ventricles, which may contribute to depression-like behaviors in this 

model (Singhal and Baune, 2017). Additionally, the cylinder test with a power of 0.13 did 

not identify alterations in forelimb use and rotation asymmetry in the IVH model, probably 

because hematoma can reside in both ventricles and cause bilateral injury. Another 

unanswered question is whether residual hydrocephalus secondary to IVH may contribute to 

cognitive or emotional disturbance in the longer term. ICH subjects with IVH extension are 

at an increased risk for developing incontinence and dysmobility, which often co-exist with 

cognitive dysfunction (Woo et al., 2016). Furthermore, periventricular white matter tracts are 

frequently damaged after IVH, mainly due to extracellular hemoglobin toxicity (Ley et al., 

2016).

The cortex is the second most common brain region affected by ICH in humans (Xi et al., 

2006). Mice with cortical hemorrhage have been reported to display motor dysfunction 

(Anan et al., 2017; Masuda et al., 2010). In our study, c-ICH mice exhibited locomotor 

deficiency, abnormal recognition memory, and depression-like behaviors. However, the 

cylinder test was not sensitive for assessing locomotor asymmetry in the mouse c-ICH 

model. Similarly, Tennant and Jones (Tennant and Jones, 2009) found the cylinder test to be 

insensitive for detecting motor deficits in mice with small cortical infarcts. They 

hypothesized that the small lesion “did not result in sufficient impairments in postural 

support behaviors with the contralesional forelimb.” Recognition memory was significantly 

impaired in the c-ICH mice. Neuroinflammation in the hippocampus and prefrontal cortex 

may induce cognitive deficits (Costa et al., 2014). We showed previously that activated 

microglia/macrophages, reactive astrocytes, and infiltrating neutrophils accumulate in the 

perihematomal regions in the c-ICH model at 72 h (Zhu et al., 2014). Enhanced 

inflammatory response may contribute to the cognitive deficits in the novel object 

recognition test. In a previous traumatic brain injury model, controlled cortical impact 

caused brain tissue loss, a decrease in hippocampal volume, and deficits in emotion-related 

behaviors (Washington et al., 2012). Consistent with that study, we found decreases in 

volume of the whole brain, ipsilateral cortex, and ipsilateral hippocampus after c-ICH. 

Furthermore, our data revealed that the depression-like behaviors were not affected by the 
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lesion size in the cortex. One clinical study showed that infarct located at frontal and 

temporal lobes was an independent risk factor for early depressive symptoms in the acute 

stage of stroke (Metoki et al., 2016). This finding indicates that injury to the cortex may 

result in depression-like behaviors, which can explain why the incidence in the c-ICH group 

was as high as 50%.

Studies have confirmed that hippocampus is critical for recognition memory (Ahn et al., 

2008; Cohen et al., 2013; Danckert et al., 2007). In rats, h-ICH induced by collagenase 

produced depression-like behaviors that might have been related to the associated apoptosis 

observed in the hippocampus (Roh et al., 2016). In our study, the h-ICH mice demonstrated 

abnormal recognition memory and depression-like behaviors. Locomotor function appeared 

normal except for that in the 24-point neurologic deficit score during the first week. The 

mild neurologic deficits might have been caused by the compression of the hematoma 

against the adjacent cortex. It might also be possible that the 24-point neurologic deficit 

score is more sensitive than the other two locomotor tests. The wire hanging test had a 

power of only 0.17, which might have been due to small sample size or may suggest that it is 

not a sensitive behavioral test to evaluate locomotor function after hippocampal injury. 

Inflammation might contribute to cognitive impairment after stroke. Clinical studies have 

shown that inflammatory markers are associated with reduced hippocampal volume and poor 

cognitive performance among stroke survivors (Kliper et al., 2013). In a chronic 

unpredictable mild stress model in rats, a decrease in hippocampal volume correlated with 

the impairment of learning and memory (Luo et al., 2014). In our study, microglia/

macrophage activation around the hematoma and a decrease in hippocampal volume may 

contribute to the pathogenesis of these behavioral deficits.

Microglial and macrophage activation and polarization have been well characterized in the 

perihematomal region in the s-ICH model (Chang et al., 2017; Lan et al., 2017a; Lan et al., 

2017b; Zhang et al., 2017b), but not in the IVH, c-ICH, and h-ICH models. Microglial 

phenotype and function may vary between brain regions, and these differences may explain 

the variations in brain damage and repair we observed in the four ICH models. In future 

studies, we will characterize the dynamic changes in microglial phenotype and the 

longitudinal changes in the inflammatory response in ICH models that affect different brain 

regions and identify the underlying molecular targets.

In summary, we have established and validated right-hemispheric IVH, c-ICH, and h-ICH 

models in mice and compared them with the commonly used s-ICH model. We 

demonstrated that brain damage and behavioral deficits differ by brain region affected. In 

terms of future preclinical studies, we found that the 24-point neurologic deficit scoring 

system and wire-hanging test are sensitive for evaluating motor function in all four ICH 

models; the tail suspension test, forced swim test, and sucrose preference test can be 

effectively used to evaluate depression-like behavior in all four ICH models; and the novel 

object recognition test can be used to evaluate recognition memory in the IVH, c-ICH, and 

h-ICH models.
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h-ICH hippocampal intracerebral hemorrhage
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Highlights

• We evaluated outcomes of ICH that affect right-hemispheric structures in 

mice.

• ICH was induced in ventricle, cortex, hippocampus, and striatum.

• Motor, cognitive, and emotion-related behaviors were evaluated.

• Brain damage and behavioral deficits after ICH differed by brain region 

affected.

• This study will help to inform future preclinical studies of ICH outcomes.
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Fig. 1. 
Brain injuries in the s-ICH, IVH, c-ICH, and h-ICH mice at 72 h post-ICH. Mouse brains 

were collected 72 h after ICH or sham procedure, sectioned, and stained with Luxol fast 

blue/Cresyl (s-ICH, c-ICH, and h-ICH) or Cresyl violet alone (IVH). (A) Representative 

brain sections show hematoma in the right striatum of s-ICH mice injected with 10 μl or 30 

μl of autologous blood. Quantification revealed significantly larger volume of affected tissue 

and hemispheric enlargement in the s-ICH (10 μl and 30 μl) groups than in the sham group. 

Additionally the volume of affected tissue and degree of hemispheric enlargement were 

greater in the 30-μl s-ICH group than in the 10-μl s-ICH group (n=6 mice/group, **P < 0.01 

vs. Sham group, ##P < 0.01 vs. 10-μl s-ICH group). (B) Representative brain sections from 

sham mice and mice with c-ICH produced by injection of 0.3 or 0.4 μl collagenase. 

Hematoma was restricted to the right frontal cortex in both low- and high-dose c-ICH 

groups. Quantification showed significantly larger injury volume and hemispheric 

enlargement in both c-ICH groups than in the sham group (n=6 mice/group, **P < 0.01 vs. 

Sham group, ##P < 0.01 vs. low-dose c-ICH group). (C) Representative brain sections 

obtained after sham procedure or h-ICH. Hematoma was present in the right hippocampus in 

the h-ICH group. Quantification showed significantly larger injury volume and hemispheric 

enlargement in the h-ICH group than in the sham group (n=6 mice/group, **P < 0.01 vs. 

Sham group). (D) IVH was produced by injecting 25 μl or 40 μl of autologous blood into the 

right ventricle. Quantification showed that both ipsilateral and contralateral ventricular 

volumes were greater in the IVH mice (25 μl and 40 μl) than in the sham mice (n=6 mice/

group, **P < 0.01 vs. Sham group), but the difference between the 40-μl IVH group and 25-

μl IVH group was not statistically significant (P > 0.05). Scale bar = 1 mm. All data are 

presented as mean ± SD.
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Fig. 2. 
Neuronal degeneration in mice at 72 h post-ICH. (A–D) The number of FJB-positive cells 

was elevated in the brain regions around the striatum in s-ICH mice (10 μl and 30 μl, A), 

lateral ventricles in IVH mice (25 μl and 40 μl, B), cortex in c-ICH mice (low-dose and high-

dose collagenase, C), and hippocampus in h-ICH mice (D). The black boxes in the 

schematic diagrams indicate the preselected regions of striatum, lateral ventricles, cortex and 

hippocampus used for counting FJB-positive cells. Quantification analysis confirmed that 

significantly more FJB-positive cells were present in the brains of mice that underwent the 

ICH models than in those of sham mice. Additionally, significantly more FJB-positive cells 

were present in the brains of mice in the 30-μl s-ICH, 40-μl IVH, and high-dose c-ICH 

groups than in those of the 10-μl s-ICH, 25-μl IVH, and low-dose c-ICH groups, 

respectively. Scale bar = 20 μm. All data are presented as mean ± SD; n=6 mice/group; **P 
< 0.01 vs. Sham group; ##P < 0.01 vs. 10-μl s-ICH group, 25-μl IVH group, or low-dose c-

ICH group.
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Fig. 3. 
Neuronal degeneration in the hippocampus at 72 h post-ICH. (A–D) The black boxes in the 

schematic diagrams indicate the preselected regions of hippocampus used for counting FJB-

positive cells. (A) The number of FJB-positive cells in the hippocampus was similar in sham 

and s-ICH mice (both 10-μl and 30-μl groups). However, we observed elevations in the 

numbers of hippocampal FJB-positive cells in the IVH groups (25 μl and 40 μl, B) c-ICH 

groups (low and high dose, C), and h-ICH group (D). Quantification analysis showed that 

significantly more FJB-positive cells were present in the hippocampus of the IVH, c-ICH, 

and h-ICH groups than in that of the respective sham groups. Additionally, significantly 

more FJB-positive cells were present in the hippocampus of mice in the 40-μl IVH and high-

dose c-ICH groups than in that of the 25-μl IVH and low-dose c-ICH groups, respectively. 

Scale bar = 20 μm. All data are presented as mean ± SD; n=6 mice/group; **P < 0.01 vs. 

Sham group; ##P < 0.01 vs. 25-μl IVH group or low-dose c-ICH group.
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Fig. 4. 
Brain edema at 72 h post-ICH. (A) Brain water content was increased in the ipsilateral basal 

ganglia in the s-ICH groups (10 μl and 30 μl) compared with that in the sham group (n=5 

mice/group). (B) Brain water content was increased in the ipsilateral basal ganglia and 

cortex of the IVH groups (25 μl and 40 μl) compared with that in the sham group (n=5 mice/

group). (C) Brain water content was increased in the ipsilateral cortex of the c-ICH groups 

(low- and high-dose collagenase groups) compared with that in the sham group (n=5 mice/

group). (D) Brain water content was increased in the ipsilateral basal ganglia of the h-ICH 

group compared with that in the sham group (n=4 mice/group). All data are presented as 

mean ± SD; *P < 0.05, **P < 0.01 vs. Sham group. BG, basal ganglia; Cerebel, cerebellum; 

Cont, contralateral; CT, cortex; Ipsi, ipsilateral.
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Fig. 5. 
Microglia/macrophage activation at 72 h post-ICH. (A–D) The black boxes in the schematic 

diagrams indicate the preselected regions of striatum, lateral ventricles, cortex, and 

hippocampus used for counting Iba1-positive cells. Compared with that in sham groups, we 

observed more Iba1-positive activated microglia/macrophages around the injury sites in the 

striatum of the s-ICH mice (10 μl and 30 μl, A), in the brain regions around the lateral 

ventricles in the IVH mice (25 μl and 40 μl, B), around cortex of the c-ICH mice (0.3 μl and 

0.4 μl collagenase groups, C), and around the hippocampus of the h-ICH mice (D). 

Quantification analysis confirmed that the number of Iba1-positive activated microglia/

macrophages was significantly higher in mice that underwent the ICH models than in sham 

mice, and was significantly higher in the brains of mice in the 30-μl s-ICH and high-dose c-

ICH groups than those of the 10-μl s-ICH and low-dose c-ICH groups, respectively. Scale 

bar = 10 μm. All data are presented as mean ± SD; n=6 mice/group; **P < 0.01 vs. Sham 

group; ##P < 0.01 vs. 10-μl s-ICH group or low-dose c-ICH group.
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Fig. 6. 
Changes in locomotor function after ICH. (A) Mice in the s-ICH (10 μl and 30 μl) groups 

had significantly greater neurologic deficit scores than did mice in the sham group at all 

time-points. Neurologic deficit scores were significantly higher in the 30-μl s-ICH group 

than in the 10-μl s-ICH group on days 1, 3, and 7 post-ICH (n=10–12 mice/group). Gripping 

and forelimb strength were significantly impaired in the s-ICH (10 μl and 30 μl) mice at all 

time points (n=10–12 mice/group). In the cylinder test, scores were higher in s-ICH (10 μl 

and 30 μl) mice than in sham mice on days 1 and 3 post-ICH, but no difference was 

observed between the 30-μl and 10-μl s-ICH mice. The mice exhibited complete recovery on 

day 7 post-ICH (n=10–12 mice/group). (B) Mice in the IVH (25 μl and 40 μl) groups had 

significantly higher neurologic deficit scores and shorter falling latency in the wire-hanging 

test than did sham animals on days 1, 3, and 7 post-ICH. However, falling latency in the 

wire-hanging test did not differ between the 40-μl and the 25-μl IVH mice on those days 

(n=10–12 mice/group). The mice in each group exhibited no differences in the cylinder test 

(n=10–12 mice/group, P > 0.05). (C) Mice in the c-ICH groups exhibited significantly 

higher neurologic deficit scores than did sham animals on days 1, 3, and 7 post-ICH (n=10 

mice/group) as well as marked deficits in gripping and forelimb strength (n=10 mice/group). 
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The mice did not exhibit differences in the cylinder test (n=10 mice/group, P > 0.05); (D) 
Mice in the h-ICH group had significantly higher neurologic deficit scores than did sham 

animals on days 1, 3, and 7 post-ICH (n=10 mice/group). In the wire-hanging test and the 

cylinder test, no difference was observed between h-ICH mice and sham animals at any time 

point (n=10 mice/group, all P > 0.05). All data are presented as mean ± SD; *P < 0.05, **P 
< 0.01 vs. respective Sham group; ##P < 0.01 vs. 10-μl s-ICH group; &&P < 0.01 vs. h-ICH 

group day 1.
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Fig. 7. 
Changes in memory function after ICH. Memory was assessed with the novel object 

recognition test on day 21 in s-ICH, IVH, c-ICH, and h-ICH mice. (A) No differences were 

observed between s-ICH (10 μl and 30 μl) mice and sham animals (n=10–12 mice/group, all 

P > 0.05). (B) The discrimination index was significantly smaller in the IVH (25 μl and 40 

μl) groups than in the sham group, but no differences were observed between IVH mice 

injected with 40 μl of blood and those injected with 25 μl of blood (n=10–12 mice/group). 

(C, D) The discrimination index was significantly smaller in the c-ICH (C) and h-ICH (D) 

groups than in their respective sham groups (n=10–12 mice/group). All data are presented as 

mean ± SD; *P < 0.05, **P < 0.01 vs. Sham group.
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Fig. 8. 
Emotional changes after s-ICH, IVH, c-ICH, and h-ICH. (A) Mice in the s-ICH (10 μl and 

30 μl) groups had significantly longer immobility time than sham animals in the tail 

suspension test on days 14 and 21 and in the forced swim test on day 22. However, we 

observed no significant difference between the 10-μl s-ICH group and 30-μl s-ICH group 

(n=10–12 mice/group). Mice in the s-ICH (10 μl and 30 μl) groups consumed less sucrose 

than did sham animals in the sucrose preference test (n=10–12 mice/group), but again we 

observed no difference between the 10-μl s-ICH and 30-μl s-ICH groups. (B) Mice in the 

IVH (25 μl and 40 μl) groups had significantly longer immobility time than sham animals in 

the tail suspension test on days 14 and 21 and in the forced swim test on day 22. However, 

no difference was observed between 25-μl IVH and 40-μl IVH groups (n=10–12 mice/

group). Only mice in the 40-μl IVH group exhibited a significant decrease in sucrose 

preference compared to that of sham animals (n=10–12 mice/group). (C–D) Mice in the c-

ICH (C) and h-ICH (D) groups had significantly longer immobility times than did sham 

animals in the tail suspension test on days 14 and 21 and in the forced swim test on day 22. 
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They also showed less sucrose preference than did sham animals (n=10 mice/group). All 

data are presented as mean ± SD; *P < 0.05, **P < 0.01 vs. Sham group.
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