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Abstract

Basal ganglia hemorrhage accounts for approximately 50% of all hemorrhagic strokes.  A  
good rat model that produces severe intrastriatal hemorrhage (ISH) mimicking human severe ISH is  
lacking.  The present study compared the intra-striatal injection of 0.2 U with that of 0.6 U of collagenase  
in inducing severe ISH in rats.  Three-Tesla (3T) magnetic resonance imaging (MRI) was used to  
evaluate brain injuries in terms of hematoma size (volume), midline shift (MLS), and brain edema.   
This evaluation was further substantiated by determination of behavior and neurologic functions and  
mortality over 56 h.  The 0.2 U collagenase caused hematoma volume increases for 10.3 to 30.1 mm3,  
while the 0.6 U caused 36.4 to 114.8 mm3, at post-ISH 1 h to 56 h.  The 0.6 U collagenase significantly  
increased MLS to 1.5-3.0 times greater than the 0.2 U did at all post-intracerebral hemorrhage (ICH)  
time points.  The MLS increased dependently with hematoma expansion with high correlation coefficients,  
yet no mortality occurred.  These two dosages, nevertheless, caused the same pattern and severity  
in relative apparent diffusion coefficient (rADC) changes for three regions of interest (ROIs).   
Both ISH models induced consistent behavior deficits.  The larger dosage produced severe brain  
injuries as well as neurological deficits, more closely mimicking severe human ISH.  Hematoma volume  
and MLS can be the most useful parameters for evaluating the ISH severity in the present experimental  
model.  The larger dosage, therefore, would be useful for investigating the pathophysiology of the severer  
ISH in the striatum.  This may be applied for evaluating potential therapeutic strategies and 
outcomes in the future.
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Introduction

Accounting for approximately 10-15% of all  
type of stroke, intracerebral hemorrhage (ICH) is the  
most devastating type of stroke in humans (19, 20).  
Intrastriatal hemorrhage (ISH) accounts for approx-
imately 50% of all ICH strokes and is associated 
with high rate of morbidity and mortality (10, 20).   
Currently, there is no effective treatment for ISH that  
increases the survival and improves the quality of  
life.  For the development of new treatments, a good  
rat model that produces brain injuries comparable to  
clinically severer ISH in humans is needed.

The collagenase-induced ICH model enables 
successful and reproducible evaluation of ICH-
derived edema formation and histological changes  
that mimic spontaneous ICH (21, 23).  However, this  
model appears to have limitations and reflects only  
certain clinical features of ICH (10, 21, 23).  Bacterial  
collagenase enzymatically disrupts the basal lamina  
of brain capillaries and causes active bleeding that  
generally progresses over several hours (16).  Therefore,  
the collagenase-induced ICH is widely used, partic-
ularly having been focusing on the striatum of the  
preclinical animal studies (14, 15, 23).

Intrastriatal infusion of 0.2 U collagenase is the  
most common model for experimental ICH in rat (11,  
15, 23).  Infusions of 0.01–0.5 U bacterial collagenase  
into the striatum to induce bleeding in Sprague–Dawley  
rats have produced dose-dependent brain damages as  
manifested by increments of hematoma volume and  
brain edema (23).  However, all rats injected with 1 U  
collagenase died of massive edema and brain her-
niation within 24 h (23).  Thus, we used a rat model 
induced with 0.6 U collagenase and assumed that it 
would produce more severe ISH with low mortality 
in the present investigation (27).

Enlargement of a hematoma after ICH ictus  
contributes to brain midline shift (MLS), brain edema,  
and neurological deterioration (26).  MLS is a sign that  
has been correlated with increased mortality and poor  
clinical outcome of ICH (4, 9, 25).  In clinical ex-
aminations, computed tomography (CT) is the most 
commonly used technique to measure MLS with  
reasonable accuracy in patients (13, 17).  For imaging  
of ICH animal models, most investigations focus on  
monitoring hematoma volume and brain edema, rarely  
monitoring MLS (18, 23).  In clinical imaging, CT is  
preferred over magnetic resonance imaging (MRI) for  
visualization, but when specialized pulse sequences 
are used, the accuracy of MRI exceeds that of CT (22).  
Thus, we used MRI to measure hematoma volume, 
brain edema, and MLS.

A good animal model that can mimic the clinical  
features of human ICH should meet the standards 
for high reproducibility and clinically relevance (27).  

The collagenase-induced ICH model enables suc-
cessful and reproducible evaluation of ICH-derived  
edema formation and histological changes that mimic  
spontaneous ICH (21, 23).  We assumed that 0.6 U  
collagenase would produce more severe ISH with low  
mortality and would probably produce brain injuries,  
including hematoma, brain edema, and MLS, com-
parable to clinically spontaneous ISH.

Materials and Methods

Animal Ethics

The animals were cared under the guidelines of  
the Tzu Chi University, Taiwan in accordance with  
guidelines of the National Institutes of Health Guide  
for the Care and Use of Laboratory Animals.

ISH

Twelve male adult Sprague-Dawley rats weighing  
from 280 to 350 g were arbitrarily assigned to two  
groups, six rats were injected for 0.2 U collagenase  
and the other six rats for 0.6 U collagenase.   
Rats anesthetized with pentobarbital (50 mg/kg,  
IP; Sigma-Aldrich, St. Louis, MO, USA) were  
placed in a stereotactic frame.  A 30-gauge needle was  
introduced through a burr hole into the caudate nu-
cleus (3 mm lateral to midline, 0.2 mm posterior to 
bregma, depth 6 mm below the surface of the skull)  
(15, 23).  A microinfusion pump was used to infuse 1  
μl and 3 μl saline containing 0.2 U or 0.6 U of bacterial  
collagenase (Type VII-S, Sigma-Aldrich) (flow rate  
0.2 μl/min; total volume 1 μl for 0.2 U and 3 μl for 0.6 U).   
Ten min after the completion of infusion, the needle 
was removed, the burr hole was sealed with bone 
wax, the wound was sutured, and the animal was 
placed in a warm box with free access to food and 
water.  During the surgery, the body temperature 
was automatically maintained at 37.5°C by a rectal 
temperature sensor and a heating pad (CMA 150, 
CMA Microdialysis AB, Stockholm, Sweden).

MRI

The imaging, using a 3-Tesla (3T) MRI (Signa  
HDx, GE healthcare Milwaukee, WI, USA) with  
4.3 cm diameter surface coil, was performed on the  
12 rats.  They were placed into an induction  
chamber and anesthetized by 5% isoflurane for 
induction and 2.5 to 3.0% isoflurane/O2 mixture 
via a nose cone throughout the sequential MRI  
examination.  Two groups of rats underwent sequential  
MRI examinations after collagenase injection.   
A baseline MRI before ICH injection was per-
formed on one day before surgery.  Time points at 1, 3, 
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6, 24 and 56 h post-ICH were acquired.  MRI pro-
tocols consisted of a T2-weighted imaging 3 dimen-
sion fast recovery fast spin echo (FRFSE) sequence 
with the following relevant parameters: repetition 
time (TR)/echo time (TE): 2000/85 ms, matrix size 
= 256 × 224, field of view (FOV) = 4 cm, slice 
thickness = 1 mm; diffuse weighted imaging (DWI) 
parameters set as: TR/TE: 10,000/min, matrix size 
= 128 × 128, FOV = 6 cm, number of excitation (NEX) 
= 4, slice thickness = 3 mm, gap = 0.3 mm, b value 
= 0 and 1000 s/mm2.

Hematoma Size and MLS

The hematoma size was determined from the 3D  
T2W FRFSE images.  In brief, lesioned area was 
outlined manually in each slice and the hematoma  
volume (in mm3) was determined by integration of  
the lesioned area in each slice using ITK-SNAP 
software (www.itksnap.org).  Determination of the  
MLS was modified by Llompart Pou et al. (13).  The  
measurements were taken from 1-mm T2WI FRFSE.   
The bilateral distances from the external edge of the  
hemorrhagic brain side and its contralateral side to  
the center of the third ventricle were measured as 
distances B and A, respectively.  The following  
mathematical formula was applied: MLS = (B – A)/2.

Changes in striatal water content were ex-
pressed as changes in apparent diffusion coefficient  
(ADC) and relative ADC (rADC).  The ADC map was  
derived directly from the DWI calculated by the scanner  
software (GE).  As the absolute ADC values (mm2/sec)  
differ in each experimental setup, rADC values were  
calculated.  The rADC is a ratio of the ADC value of  
the ISH (ipsilateral) side to the healthy (contralateral)  
side of a corresponding mirror region of interest (ROI),  

calculated as rADC = ADCipsilateral/ADCcontralateral.   
Three areas were manually outlined to define ROI in  
the ipsilateral lesion side first and then mirrored another  
three ROIs on the contralateral side.  Measurements 
were made in six ROIs.

Neurological functions of rat were evaluated by  
a modified Neurological Severity Score (mNSS) (5) 
method at pre surgery and 24 and 56 h after induc-
tion of ICH.  The evaluation was performed by an 
investigator blinded to the experimental treatment  
scheme.  The mNSS is a composite test of motor, 
sensory, balance, reflexes absent, and abnormal 
movement functions.  Neurological function is  
graded on a scale of 0 (normal) - 18 (maximal deficit).   
All the rats were weighted before functional be-

Fig. 2. Hematoma volumes before and at 1, 3, 6, 24 and 56 h 
after infusion of 0.2 and 0.6 U collagenase.  Bars indi-
cate means ± SD.  ***P < 0.001 indicates significant 
differences between 0.6 U and 0.2 U ICH groups by 
two-way ANOVA and Bonferroni multiple compari-
son.
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Fig. 1. Time series of T2WI show changes in hematoma size and signal intensity before (pre-ICH), and at 1 h (ICH-1 h), 3 h (ICH-
3 h), 6 h (ICH-6 h), 24 h (ICH-24 h), and 56 h (ICH-56 h) after injections of 0.2 U (upper) and 0.6 U (lower) collagenase in 
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havioral testing and on 1 and 3 days after ICH.  All 
behavioral tests were evaluated and analyzed by an 
investigator blinded to the groups.

Data were statistically analyzed using statistical  
software package (SPSS, version 21; SPSS Inc.,  
Chicago, Ill, USA) and were presented as mean ±  
standard deviation (SD).  The statistical comparisons  
among multiple time points by two-way analysis 
of variance (ANOVA) followed by Bonferroni post 
hoc test.  In all instances, n refers to the number of 
animals in a particular group.  The mNSS between 
two groups compared by nonparametric Mann-
Whitney U test.  Correlation between hematoma 
volume and MLS used correlation coefficient to 
analyze.  Statistical significance was considered at 
P < 0.05.

Results

Hematoma Size/Volume and MLS

The hematoma size (Fig. 1) and volume (Fig. 2)  

increased time dependently in each group during 56 h  
of the observation period.  At all post-ICH time points,  
the 0.6 U collagenase significantly induced 3.0-3.6 
time greater hemorrhage volume than the 0.2 U did.  
The 0.2 U collagenase caused hematoma volume in-
creases for 10.3 ± 4.7, 22.2 ± 2.2, 26.8 ± 6.8, 28.9 ± 5.6 
and 30.1 ± 6.8 mm3, while the 0.6 U caused 36.4 
± 12.3, 81.5 ± 28.6, 96.1 ± 37.8, 109.7 ± 38.4 and 
114.8 ± 38.1 mm3, respectively, at post ICH-1 h, 3 h, 
6 h, 24 h, and 56 h (Fig. 2).  The maximum volume 
increase in 0.6 U group was 114.8 mm3, while that 
in 0.2 U group was about 30.09 mm3.

The 0.2 U collagenase caused MLS 0.2 ± 0.1, 0.4 
± 0.1, 0.5 ± 0.1, 0.6 ± 0.1 and 0.5 ± 0.1 mm, while 
the 0.6 U caused 0.5 ± 0.2, 0.8 ± 0.1, 0.8 ± 0.2, 1.0  
± 0.3 and 1.0 ± 0.3 mm, respectively, at post ICH-1 h,  
3 h, 6 h, 24 h, and 56 h (Fig. 3).  The 0.6 U colla-
genase significantly increased MLS about 1.5-3.0 
times greater than the 0.2 U did at all post-ICH time  
points.  The maximum MLS in 0.6 U group was 1.01 
mm, while that in 0.2 U group was 0.60 mm.

Fig. 3. MLS before and at 1, 3, 6, 24 and 56 h after infusion of 0.2 and 0.6 U collagenase.  (A) An image shows MLS caused by a 
large hematoma.  The MLS is calculated as: (B – A)/2.  The ipsilateral and contralateral MLS distances are indicated by B and A, 
respectively.  (B) Statistic analysis.  (C) MLS change on pre ICH and post ICH between 2 groups.  Data are expressed as 
means ± SD, *P < 0.05, **P < 0.01, and ***P < 0.001 are considered significant differences by two-way ANOVA.
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Fig. 4. Correlation between hematoma volume vs. MLS.  He-
matoma volume with MLS has high positive correla-
tion. 

Correlation of MLS with Hematoma Expansion

MLS increased dependently with hematoma ex- 
pansion with high correlation coefficients, r = 0.818 
(P < 0.01) for 0.2 U group and r = 0.879 (P < 0.01) 
for 0.6 U group (Fig. 4). 

Striatal Water Content

In the pre-ICH striatum, ADC and rADC (ROI 1) 
were 0.70 × 10-3 (mm2/sec) and 0.98 respectively.   
Fig. 5 shows that rADC changes in three ROIs of the  
hematoma side between two groups were not signif-
icantly different.  At the post ICH-3 h and 6 h, the  
rADC in ROI 1 of both groups, however, decreased to  
the lowest value, indicating cytotoxic edema, and then  

Fig. 5. Time courses of relative ADC (rADC) changes for ROIs 1, 2, and 3 in 0.2 U and 0.6 U groups.  The rADC of a ROI is a ra-
tio of ADC value of the ROI on ipsilateral side (ROIs 1, 2, and 3) to that of a corresponding mirror ROI on contralateral side 
(ROIs 4, 5, and 6).  (A) rADC for hematoma core; (B) rADC for periphery rim; (C) rADC for outer rim.  (D) A schematic 
drawing illustrates ROIs 1, 2, and 3 on the ipsilateral (ISH) side with their mirror ROIs 4, 5, and 6 on the contralateral (healthy) 
side.  Values are expressed as means ± S.D.  In comparison of the 0.2 U with 0.6 U groups, P > 0.05 is considered as non-
significant by two-way ANOVA.
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returned to normal at ICH-24 h.  The rADC values in  
ROIs 2 and 3 did not change over time.  Two groups had  
the same pattern in rADC changes for these three 
ROIs (Fig. 5).

Changes in Neurologic Function and Survived Rate

Neurological impairment (deficit score) of the 
0.6 U group appeared to be not significantly severer 
than that of 0.2 U group at post ICH 1 and 3 days (P 
> 0.05) (Fig. 6).  All rats subjected to experimental 
ICH surgery survived until day of sacrifice (mortality 
= 0%).  Survival rates for both groups were 100%.

Discussion

Compared with 0.2 U collagenase, the use of 
0.6 U collagenase resulted in significantly larger  
hematoma volume and MLS (Figs. 2, 3).  Increasing  
MLS was highly correlated with expansion of he-
matoma in both 0.2 U and 0.6 U groups (Fig. 4).   
The model generated reproducible hematoma volumes,  
MLS, brain edema, (Fig. 5) and consistent neuro-
logical deficits (Fig. 6).  It must be emphasized that 
neither of the dosages was associated with mortality 
(both groups showed 100% survival rate).  These 
results differed from those observed clinically and 
are limitations of the current ICH animal model.

Collagenase Dosage and ISH

The most commonly used collagenase dose to  
induce ICH in previous animal experiments was 0.2  
U (12, 15).  However, the resulting damage has been  

too mild to effectively simulate a clinically severe ICH.   
A suitable dosage of collagenase to induce more  
severe brain injuries (hematoma volume, MLS, and  
brain edema) with a high survival rate is important 
in ICH experiments.  Our findings showed that he-
matoma volume and MLS were greater for a dosage 
of 0.6 U than that of 0.2 U (Fig. 3).  This result is 
similar to that of a report by Rosenberg (1990) in  
which the lesion extent depended on the amount of  
enzyme injection (23).  Rosenberg et al. demonstrat-
ed most of the rats injected with 0.5 U collagenase  
survived, whereas the rats injected with 1.0 U died 
of massive edema and brain herniation within 24 h.  
Our study using 0.6 U of collagenase to induce ISH 
in rats showed that all rats survived for at least 56 h.  
Therefore, we think that 0.6 U is a suitable dosage 
for inducing severe brain injuries that mimic clini-
cally severe ISH. 

Effect of Hematoma Volume and MLS on ICH Outcome

Large hematoma volume has been associated 
with poor outcomes and high mortality rates in pa-
tients with ICH (3).  Patients with ICH with larger 
MLS (>10 mm) have been shown to have higher 
mortality rates than those with smaller MLS (<9 
mm; 53% vs. 25%) (1).  It has been reported that a  
MLS >12 mm at any time during the clinical course was  
predictive of 100% fatal outcome within 6 months 
(9).  In the present study, we demonstrated high 
correlations between hematoma volume and MLS in 
both the groups (Fig. 4), indicating that these two 
parameters may be the most useful in evaluating the 
ISH severity, even though we have not yet demon-
strated the degree of MLS that may cause mortality.

Aging and ICH

Increasing age is a risk factor for ICH in 
humans (8, 20, 22), and aging has been shown to 
exacerbate ICH-induced brain damage and neuro-
logical deficits (6, 7).  However, young rats have 
been primarily used as experimental ICH models.  
Young rats may not mimic the clinical features ob-
served in older people because young rats may have 
better recovery ability; therefore, use of young rat  
model data may result in poor treatment outcomes.   
To more closely mimic clinical features, investigators  
may either use older rats in which ICH itself exacerbates  
brain injuries or younger rats in which ICH injuries  
are aggravated by higher doses of collagenase.  Hence,  
we used a higher dose of collagenase (0.6 U) to induce  
ICH in young rats to mimic the clinical features ob-
served in older patients with ICH.
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Fig. 6. The mNSS determined the neurological deficits of the 
rats on day 0 (pre), at post-ICH 24 and 56 h.  Data are 
expressed as mean ± SD.  P > 0.05 is considered as in-
significantly different between 0.2 U and 0.6 U groups 
by Mann-Whitney U test.
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Brain edema is an important clinical complication  
of ICH.  Both 0.2 and 0.6 U-induced ISH models 
show the same pattern in rADC, showing decreases 
at 1 h post-ICH and recovery at 24 h in the hema-
toma core (Fig. 5).  In addition, the extent of cere-
bral edema was not significantly different between  
the two groups.  Therefore, this parameter was not a  
good indicator of brain damage after ISH induced 
by 0.2 U and 0.6 U of collagenase.

MRI is a noninvasive method that can repeatedly  
detect changes in hematoma volume, brain edema, and  
MLS at different time points after ISH in the same 
rats (2, 24).  In addition, the method has an advan-
tage of reducing experimental animal numbers.

There were two limitations in our study.  First,  
the number of rats was small, so significant differenc-
es in changes in edema formation and neurological  
deficits may not have been detected.  Second, ICH 
produced in young rats may not ideally mimic ICH 
produced in older rats because older people are 
more vulnerable to ICH, and aging exacerbates  
ICH-induced brain damage and neurological deficits  
(6, 7).  Therefore, increasing experimental rat number  
is needed in the future experiment.  Therefore, future  
studies using larger numbers of rats are needed.

In conclusion, we established and validated ISH  
in rats by inducing 0.6 U of collagenase.  This ISH 
model produced reproducibly larger hematoma vol-
umes and MLS that closely mimicked clinically se-
vere ISH in humans.  Hematoma volume and MLS 
were found to be the most useful parameters for 
evaluating ISH severity in our experimental model.  
The present ISH rat model can be used to investi-
gate the pathophysiology of ISH and evaluate new 
therapeutic strategies for ISH or ICH.
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