
Assessing functional outcomes following intracerebral 
hemorrhage in rats

Richard Hartman, PhD1, Tim Lekic, BSc4, Hugo Rojas, MD3,4, Jiping Tang, MD4, John H. 
Zhang, MD, PhD2,3,4

1Department of Psychology, Loma Linda University, Medical Center, Loma Linda, California, USA

2Department of Neurosurgery, Loma Linda University, Medical Center, Loma Linda, California, 
USA

3Department of Anesthesiology, Loma Linda University, Medical Center, Loma Linda, California, 
USA

4Department of Physiology and Pharmacology, Loma Linda University, Medical Center, Loma 
Linda, California, USA

Abstract

Translational neuroprotective and drug development studies need to be gauged against well-

characterized functional outcomes, including motor, sensory and cognitive domains. Since 

intracerebral hemorrhage (ICH) causes dramatic neurological and cognitive deficits in humans, we 

hypothesized that ICH would result in prolonged motor-sensory and learning/memory deficits in 

rats. Neurological tests of sensorimotor functions were performed before ICH, 1-3 days and 10 

weeks after ICH. Water maze, open field, and rotarod performance was tested 2 and 8 weeks after 

ICH. Early neurological evaluations revealed significant deficits, with almost full recovery by 10 

weeks. The water maze revealed significant learning (but not motor) deficits at 2 weeks, but by 8 

weeks, the learning deficits had diminished and significant motor deficits had emerged, coinciding 

with a drop in activity. The injured hemisphere showed significant atrophy at sacrifice. Therefore, 

ICH produced detectable cognitive and motor deficits in rats that evolved over a 10-week period, 

and thereby provides a suitable baseline for analysis of future therapeutic interventions following 

hemorrhagic stroke.
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1. Introduction

Intracerebral hemorrhage (ICH) is a devastating form of brain injury that accounts for 

15-20% of all strokes (Broderick et al., 1993; Broderick et al., 1999; Qureshi et al., 2001). 

An approximate 50% survival rate leaves those patients with prolonged neurological deficits 

and significant brain atrophy (Broderick et al., 1999; Skriver and Olsen, 1986), and only 

20% of patients becoming independent by 6 months (Gebel and Broderick, 2000). ICH in 

any brain region can be associated with cognitive impairment, and almost half of all 

subcortical strokes result in long-term cognitive deficits (Nys et al., 2007). In fact, the 

cognitive deficits described by patients are among the most prominent and troubling 

symptoms across several types of cerebrovascular injury (King et al., 2006; Nys et al., 2007; 

Thajeb et al., 2007).

ICH most commonly occurs in the sub-cortical basal ganglia (striatum) region, which is best 

known for its role in motor tasks. Recent neuropsychological findings have also indicated an 

important role for the striatum in learning and memory (Benke et al., 2003; El Massioui et 

al., 2007; Ragozzino, 2007; Sridharan et al., 2006). In fact, lesions to this region have also 

been shown to cause significant cognitive disability in patients (Bhatia and Marsden, 1994; 

Hochstenbach et al., 1998; Su et al., 2007; Werring et al., 2004) especially in the areas of 

executive functioning and visual perception (Nys et al., 2007).

Based on the recommendations of the STIAR report (1999), preclinical neuroprotective and 

drug development studies need to be gauged against behavioral assessments, including 

motor, sensory and cognitive functions. Experimental animal models of ICH have 

successfully demonstrated several sensory and motor tasks as appropriate measures of 

treatment end-points (Clarke et al., 2007; Hua et al., 2002; MacLellan et al., 2006a; 

MacLellan et al., 2006b), but long-term behavioral studies with cognitive components are 

lacking. We therefore hypothesized that intracerebral hemorrhage in rats would produce 

long-term deficits across several cognitive, motor and sensory tasks.

2. Results

Behavioral Outcomes

By 2 weeks after ICH, none of the rats had obvious physical or motor abnormalities, and all 

appeared normal when handled throughout the following experiments. All rats blinked their 

eyes when approached by a cotton swab (suggesting functional vision) and could right 

themselves from their back at every time-point measured.

ICH activity levels declined with age (Fig. 1A). A significant treatment × time point 

interaction (F(1,26)=7.2, p<0.02) revealed that ICH rats spent less time moving at 8 weeks 

than 2 weeks (post hoc p<0.00003). However, body weights never differed between groups 

(Fig. 1B). There were no differences detected for the rotarod at 2 or 8 weeks using baseline 

acceleration parameters, but when tested using faster acceleration parameters at 8 weeks, 

ICH rats fell significantly more quickly than control rats (F(1,26)=5.4, p<.03; data not 

shown).
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ICH rats had a dramatic bias toward turning to the right (ipsilateral to the ICH) while 

swimming that evolved over time (F(1,26)=4.7, p<0.05), whereas control rats had no turning 

preference (Fig. 2A). ICH rats also swam more slowly than control rats (F(1, 26)=13.5, 

p<0.002), and a treatment × time point interaction analysis (F(1,26)=4.8, p<0.04) showed 

that ICH rats swam more slowly at 8 weeks compared to 2 weeks (post hoc p<0.006) (Fig. 

2B). Because of the differences in swimming speed, swim distance, rather than escape 

latency, was used for assessing task acquisition in the cued and spatial water maze.

Water maze cued learning performance (Fig. 3A and 3B) showed that ICH rats swam further 

before finding the visible escape platform (F(1,26)=8.8, p<0.007). A treatment × time point 

interaction (F(1,26)=8.0, p<0.009) revealed that the difference was only present at 2 weeks 

(post hoc p<0.005).

Water maze spatial learning performance (Fig. 3C and 3D) showed that ICH rats swam 

further before finding the submerged escape platform (F(1,26)=19.7, p<0.0002). A 

significant treatment × time point interaction (F(1,26)=21.9, p<0.00009) revealed that the 

difference only existed at 2 weeks (post hoc p<0.0003). No significant differences were 

detected in spatial memory performance during the probe trials (data not shown).

Neurological Outcomes

Prior to and after the other behavioral tests, the animals were subjected to a series of 

neurological tests (forelimb placing, forelimb use asymmetry, and a neurological test 

battery). For both the neurological test battery (Fig. 4A) and forelimb-placing (Fig. 4B) 

tests, all ICH rats were significantly worse compared to sham animals over the first three 

days (p<0.001). By 10 weeks, however, all animals had recovered neurological test battery 

scores, while trends toward late forelimb placing deficits continued to persist (p=0.06). The 

forelimb use asymmetry test (Fig. 5B) failed to show differences at 10 weeks.

Behavioral Correlation Matrix

A correlation matrix including all measures with significant main effects (swim speed, turn 

bias, cued swim distance, spatial swim distance) revealed that overall spatial water maze 

performance was correlated with overall cued water maze performance (r= 0.61, p<0.0001). 

Because cued (visible platform) performance deficits suggest potential non-associative (e.g., 

sensorimotor and/or motivational) or non-spatial (e.g., general associative learning) factors, 

the deficits observed in the spatial (submerged platform) task may have been caused by the 

same factors that contributed to the cued deficit. To control for this possibility, an analysis of 

covariance (ANCOVA) was performed, in which overall cued swim distance was covaried 

out of the overall spatial swim distance effect. The difference in spatial swim distance was 

still significant (F(1,24)=15.4, p<0.0007). Cued and spatial swim distance at the 2 week time 

point were also correlated (r=.51, p<.005). As with the overall (main) effects, even when 

controlling for cued swim distance at 2 weeks, spatial swim distance at 2 weeks was still 

significant F(1,25)=16.8,p<.0004). Although turn bias was not correlated with spatial 

performance, this variable was not measured for the cued phase. It is possible, therefore, that 

circling was less prominent during the cued phase, and that the ANCOVA procedure may 

not have completely isolated those circling effects. Percent time moving in the open field, 
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rotarod, and swim speed data from the 8-week time point were also analyzed in a correlation 

matrix. Open field percent time moving was correlated with water maze swim speed (r= 

0.47, p<0.01). However, the swimming speed difference was still significant even after 

controlling for percent time moving (F(1,25)=14.1, p<0.001).

Histological examination

Hemispheric area quantification 10 weeks after ICH revealed significant atrophy in the 

injured hemisphere (4.02 ± 2.1 vs. 0.7 ± 0.48 mm2, p<0.001, Fig. 5).

3. Discussion

Though several other studies have shown that sensory and motor tasks are appropriate 

measures of outcome after ICH (Clarke et al., 2007; Hua et al., 2002; MacLellan et al., 

2006a; MacLellan et al., 2006b), this is the first study to provide a rigorous, comprehensive 

and longitudinal analysis of the cognitive (cued learning, spatial learning, long-term and 

short-term memory) and sensorimotor-neurological (activity levels, turn bias, swim speed, 

neurological test battery scoring and fore-limb use) deficits that are associated with this 

model. It is interesting to note that this model produced no observable differences (compared 

to sham) in spontaneous open field activity levels at 2 and 8 weeks. This lack of differences 

was also reflected in the general observation of home-cage and handling activity, and 

corroborates a similar finding by others at 4 weeks (MacLellan et al., 2009). However, 

testing activity levels in an open field are not stressful, motivation-driven tasks like the water 

maze. Thus, future tests of therapeutic efficacy could possibly employ stress-inducing 

procedures (such as restraint or mild shock; Schaefer et al., 2000) before testing activity that 

may better enhance the detection of deficits. Post-ICH stress could mimic the psychosocial 

stresses experienced by humans following stroke, and thus provide a more realistic 

assessment-model.

We are the first to report a significant drop in activity between the 2 and 8 week testing 

periods in those animals receiving ICH, whereas there was no such difference in the sham 

animals. Coincidently, there was also a degeneration of water maze swim speed and turning 

bias parameters over the same period of time, whereas the shams showed no such trend. In 

rats, the age-related changes in (exploratory) activity and locomotor ability have been 

attributed to losses of dopaminergic neurons within the mesencephalic substantia nigra (SN) 

(Emerich et al., 1993; Sanchez et al., 2008). This region has a plethora of interconnections 

with the rostral striatum (Bjorklund and Dunnett, 2007), and accelerated degeneration of the 

SN forms the pathophysiological basis of Parkinson’s disease (PD, a neurodegenerative 

disorder associated with movement disorders). Recent evidence suggests that PD leads to 

reciprocal structural and functional reorganizations of the basal ganglia (Bartels and 

Leenders, 2008; Obeso et al., 2008), which may contribute to the deficits in activity, 

locomotion and postural stability seen in patients with PD (Chastan et al., 2009). Taken 

together, the decreased levels of motor measures (activity, swim speed and turn bias) could 

be an indication of progressive dysfunctional structural re-organization of the damaged basal 

ganglia circuits following hemorrhagic injury to that area and could be contributing to the 

prolonged neurological morbidities seen after ICH in patients. Although others have shown 
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cerebral ischemia to cause delayed neuronal cell-death in the substantia nigra pars reticulata 

(Forno, 1983; Nakane et al., 1992; Saji et al., 1994; Tamura et al., 1990), this is the first 

report showing behavioral signs of possible delayed injury to the SN after ICH, and future 

studies should pursue this further.

The collagenase injection model of ICH in adult male rats was associated with severe cued 

and spatial learning deficits at 2 weeks post-ICH. Although the deficit in cued navigation at 

2 weeks adds a confounding factor to measurements of the rats’ spatial learning abilities, an 

analysis of covariance (ANCOVA) mathematically controlled for variance in spatial 

performance contributed by factors associated with cued performance. Even after controlling 

for deficits in the cued task, the ICH rats’ performance on the spatial task was still 

significantly impaired at 2 weeks.

The lack of significant spatial learning deficits at the 8-week time point may have resulted 

from a test history effect. The rats had experienced a similar test 6 weeks earlier (albeit with 

different spatial locations and cues), and may have learned the necessary strategies for 

solving the task, thus masking potentially subtle differences. However, we believe this not to 

be the case, since others have found similar results 8 weeks after induction of less severe 

ICH (using half the dose of collagenase used in this study; MacLellan et al., 2009). 

Nonetheless, future longitudinal tests of therapeutic efficacy should include more difficult 

water maze parameters for subsequent testing. However, it is worth noting that this situation 

closely approximates the human condition, in which practice effects are commonly seen, and 

indeed, successfully used as therapeutic rehabilitation strategies. Alternatively, because 

subtle, but not significant, differences in spatial water maze performance were observed at 

the 8-week time point, statistical power may have been insufficient to detect subtle 

differences. Although the repeated-measures design employed for this study produced data 

with relatively tight variance, future studies of therapeutic efficacy should use larger sample 

sizes to ensure the reliable detection of long-term cognitive deficits.

While the spatial deficits had somewhat dissipated by 8 weeks, sensorimotor coordination 

deficits were only detected by the rotarod when more difficult parameters were used at 8 

weeks. Future tests of therapeutic efficacy using the rotarod should therefore employ 

parameters that will ensure adequate, but not excellent, performance from the control group. 

This strategy will allow for the detection of subtle deficits in the experimental groups.

The neurological test battery scoring system used was based on a series of tests for assessing 

outcomes after middle cerebral artery occlusion in rats (Garcia et al., 1995). It bears 

similarities to other neurological scoring systems used after ICH (Altumbabic et al., 1998; 

Clark et al., 1998), and variations have been used recently to successfully assess treatments 

in rats after ICH (Titova et al., 2007), transient global cerebral ischemia (Ostrowski et al., 

2008), subarachnoid hemorrhage (Sugawara et al., 2009) and surgically-induced brain injury 

(Yamaguchi et al., 2007). This, however, is the first report using this neurological scoring 

system at early and late time-points after ICH. The modified form of this test is shown in 

table 1.

Hartman et al. Page 5

Brain Res. Author manuscript; available in PMC 2019 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Since the collagenase model of intracerebral hemorrhage is known to produce functional 

impairments that most severely affect the control of the distal forelimb and paw (Clarke et 

al., 2007), we decided to assess the late outcomes in both forelimb use asymmetry and 

forelimb placement. Since asymmetrical forelimb use had already been shown to be 

deficient in the collagenase ICH model of rats at 1 week (Clarke et al., 2005; MacLellan and 

Colbourne, 2005), 3 weeks (Clarke et al., 2005), 4 weeks (Auriat and Colbourne, 2009; 

DeBow et al., 2003; Fingas et al., 2007; MacLellan and Colbourne, 2005), 6 weeks (Auriat 

and Colbourne, 2009), and 2, 5 and 8 weeks (Nguyen et al., 2008), we did not assess an 

earlier time-point. Although an autologous blood injection model of ICH resulted in 

persistent deficits in forelimb placement at 8 weeks (with recovery by 3 months) and 

forelimb use asymmetry at 12 weeks (Hua et al., 2006), we observed the opposite result with 

our collagenase model. Forelimb use asymmetry completely recovering by 10 weeks, but 

residual trends in forelimb placement deficiency remaining at 10 weeks after injury. This is 

the first collagenase ICH report of forelimb placement and forelimb use asymmetry this long 

after injury. The incomplete recovery of forelimb placement is an important finding for 

future therapeutic applications, whereas the asymmetry result should direct future studies to 

assess time-points at 8 weeks (Nguyen et al., 2008) or earlier.

4. Conclusion

The collagenase model of ICH produced detectable cognitive and motor deficits in adult rats 

that evolved over a 10 week time period, and provides a suitable baseline for the analysis of 

therapeutic intervention strategies following stroke.

5. Experimental procedures

5.1 Intracerebral Hemorrhage

All the procedures used for these studies were in compliance with the Guide for the Care 
and Use of Laboratory Animals and approved by the Animal Care and Use Committee at 

Loma Linda University. Aseptic technique was used for all surgeries. Rats were allowed free 

access to food and water and divided into sham-operated controls (n=11) and ICH (n=17) 

groups. Adult male Sprague-Dawley rats (290–395g; Harlan, Indianapolis, IN, USA) were 

used in the present study. Since neurobiological maturity is acquired at around 10-12 weeks 

in rats (Quinn, 2005), we chose adult animals that were at least 12 weeks old at the time of 

injury. Rats were anaesthetized with isoflurane and placed prone in a stereotaxic frame 

(Kopf Instruments, Tujunga, CA, USA). Then, using a collagenase injection ICH model 

similar to that described previously in rats (Rosenberg et al., 1990), the following 

stereotactic coordinates were used to localize the right basal ganglia: 0.2 mm anterior, 5.6 

mm ventral and 2.9 mm lateral to the bregma. A posterior cranial burr hole (1 mm) was 

drilled over the right cerebral hemisphere, into which a 27 gauge needle was inserted at a 

rate of 1 mm/min. A microinfusion pump (Harvard Apparatus, Holliston, MA, USA) infused 

the bacterial collagenase (VII-S; Sigma, St Louis, MO, USA; 0.2 U in 1 μL saline) through a 

Hamilton syringe at a rate of 0.2 μL/min. The needle remained in place for an additional 10 

min after injection to prevent “back-leakage”. To maintain a core temperature within 37.0 

± 0.5°C, an electronic thermostat-controlled warming blanket was used throughout the 
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operation. After needle removal, the burr hole was sealed with bone wax, the incision 

sutured closed, and the animal allowed to recover. Sham surgeries consisted of needle 

insertion alone.

5.3 Behavioral testing

At 2 weeks and 8 weeks post-ICH, animals were subjected to a 10-day battery of tests that 

assess a variety of behavioral domains. Before testing on day 1, each animal was placed on 

its back to observe whether it could turn itself over, and eye blink reflexes were tested by 

holding the rat while slowly approaching its eyes with a cotton swab. All animals passed the 

initial evaluation and the 10 days of testing are described below.

5.4 Open field

General activity level and movement patterns were assessed on days 2 and 4 (of the 10-day 

battery at weeks 2 and 8 after ICH) using procedures similar to previously published 

protocols (Hartman et al., 2001; Hartman et al., 2005a; Hartman et al., 2005b). This test 

involves observation of an animal for 30 minutes in opaque open-topped plastic boxes (49 

cm long, 35.5 cm wide, 44.5 cm tall). The animals’ movements were recorded by an 

overhead camera and analyzed by a computerized tracking system to determine the 

percentage of the trial that was spent moving versus resting (Noldus Ethovision).

5.5 Rotarod

The rotarod (Columbus Instruments) is a test of sensorimotor coordination and balance that 

consists of a rotating horizontal cylinder (7 cm diameter) divided into 9.5 cm-wide lanes. 

When placed into a lane, the animal must continuously walk forward to avoid falling off the 

cylinder. Latency to fall off is detected and recorded by a photobeam circuit. Rats were 

tested on days 1, 3, and 5 (of the 10-day battery at weeks 2 and 8 after ICH). Two 

consecutive trials, in which the cylinder started at 4 RPM and accelerated by 2 RPM every 5 

seconds, were administered per day. To control for a potential learning effect of previous 

rotarod exposure, an additional set of more difficult trials was added to the 8-week time 

point, in which the cylinder started at 10 RPM and accelerated by 2 RPM every 5 seconds.

5.6 Water Maze

This rodent learning and memory test (Morris, et al., 1982; Sutherland, et al., 1982; Hartman 

et al., 2001; Hartman et al., 2005a; Hartman et al., 2005b; Hartman et al., 2006) was 

administered on test days 6-10 (of the 10-day battery at weeks 2 and 8 after ICH). Briefly, 

this test of spatial navigation learning requires finding a hidden (submerged) platform in a 

pool of water using visual cues from around the room. It consists of a metal pool (110 cm 

diameter) in a well-lit room filled to within 15 cm of the upper edge with water made 

opaque by the addition of white non-toxic tempera paint. The pool contains a platform (11 

cm diameter) that the animal can step onto. For each trial, an animal was placed nose against 

the wall into the water at one of four release points and allowed to find the platform. All 

trials lasted a maximum of 60 seconds, at which point the animal was manually guided to 

the platform. An overhead camera recorded the swim path, allowing for quantification of 

swim distance, escape latency, proximity to target, swim speed, and left/right turn bias by a 
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computerized tracking system (Noldus Ethovision). Generally, as performance improves, 

escape latency and swim path length decrease. The cued water maze was tested on day 6 (of 

the 10-day battery at weeks 2 and 8 after ICH). This is the “visible-platform” task, used 

primarily as a control to assess sensorimotor and/or motivational deficits that could affect 

performance during the spatial water maze task. For this task, the surface of the escape 

platform was visible (5 mm above the surface of the water), and a 20 cm tall pole capped by 

a tennis ball was placed on top of the platform to make its location even more obvious. The 

animals were tested for 10 trials per day in 5 blocks of 2 consecutive trials with a 10-minute 

inter-block interval. The location of the platform changed for each block of trials. The 

animals were released into the pool opposite the location of the platform for that trial and 

allowed to remain on the platform for 5 seconds after finding it (or being guided to it). None 

of the animals displayed behaviors inappropriate for spatial water maze testing (including 

spinning, thygmotaxic navigation around the perimeter of the pool, or inability to swim). 

The spatial water maze was tested on days 7-10 (of the 10-day battery at weeks 2 and 8 after 

ICH). For this task, the surface of the escape platform was submerged 1 cm below the 

surface of the water, requiring the animal to find the platform based on its relationship to 

spatial cues in the room rather than direct visualization. The animals were given 10 trials per 

day in 5 blocks of 2 consecutive trials with a 10-minute inter-block interval. The location of 

the platform remained the same throughout each day, and changed for the next day. Three 

locations were tested. After finding (or being guided to) the platform, the animals were 

allowed to remain on it for 10 seconds. A different set of platform locations and spatial cues 

was used for the 2 week and 8 week time points. At the beginning of the next day, each 

animal was given a 60 second “probe” trial, in which the platform was removed from the 

water maze. The total number of times that the animal crossed over the former location of 

the platform was recorded, as well as the amount of time spent searching the target quadrant. 

An hour later, the platform was placed back into the pool in a new location, and the next set 

of 10 trials was administered.

5.7 Neurological testing

Forelimb placing tests and neurological test battery scoring were performed at baseline (pre-

ICH), 24, 48, and 72 hours and 10 weeks after ICH, and forelimb use asymmetry was 

assessed 70 days after ICH, prior to sacrifice for the histological analysis.

5.8 Forelimb Placing

For vibrissae-elicited forelimb placing testing (Hua et al., 2002), the rats were held by their 

torsos and moved gently up and down before the testing to facilitate muscle relaxation and 

minimize any struggling movements. Trials that elicited high levels of resistance, muscle 

straining, struggling, or placing of any limbs onto the examiner’s hand were not counted. 

Each forelimb received independent testing by brushing the ipsilateral vibrissae onto the 

corner-edge of a tabletop. Most animals are able to place the vibrissae-stimulated forelimb 

quickly onto the countertop, but brain injury can produce deficits in placement of the 

forelimb contralateral to the injury. For each test day, the rats were given a total of 10 trials 

per forelimb, and the percentage of successful trials was calculated.
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5.9 Neurological test battery

The scoring system (Garcia et al., 1995) consisted of six tests (spontaneous activity, 

symmetrical limb movement, forelimb outstretching, climbing, axial sensation and vibrissae 

proprioception) with possible scores of 0–3 (0=worst; 3=best). The minimum score was 0 

and the maximum was 18. The full assessment with modifications suitable for ICH is 

provided in Table 1.

5.10 Forelimb Use Asymmetry

At 10 weeks after ICH, animals were subjected to an assessment of forelimb use during 

exploratory activity using methods described previously (Hua et al., 2002). Briefly, video of 

each rat in a transparent cylinder (20cm diameter × 30cm height) was recorded for 10 

minutes. Behavior was scored according to following criteria: (1) the independent use of 

either forelimb (left or right) to make contact with the cylinder wall during a full rearing, to 

perform a weight-shifting maneuver, or to simply regain the center of gravity while (lateral) 

stepping vertically along the inside of the wall, and (2) simultaneous use of both forelimbs to 

make contact with the cylinder wall during a full rearing and alternating (lateral) stepping 

movements along the inside of the wall. Behavior was quantified by recording the number of 

times the unimpaired (ipsilateral) forelimb was used as a percentage of, (l): total number of 

limb contacts with the wall, (C): number of limb contacts using the forelimb contralateral to 

the injury expressed as a percentage of total limb contacts, (B): number of limb contacts 

using both (bilateral) forelimbs, expressed as a percentage of total limb contacts along the 

inside of the wall. The overall forelimb use asymmetry score was calculated as follows= [I/(I

+C+B)]-[C/(I+C+B)].

5.11 Histology

At 10 weeks after ICH, the animals were deeply anesthetized and transcardially perfused 

with ice-cold PBS (60 mL, 0.01 mol/L, pH 7.4), followed by 4% formaldehyde solution. The 

brains were quickly removed, post-fixed in fresh 4% formaldehyde solution at 4°C 

overnight, and immersed in 30% sucrose until they sank. The brains were then embedded, 

and horizontal sections (10 μm thick) were cut and placed onto polylysine coated glass 

slides (Richard Allen Scientific) with the use of a cryostat (CM3050S; Lecia Microsystems; 

Kusaka et al., 2004), and Nissl staining was performed as previously described using 0.5% 

cresyl violet (Ostrowski et al., 2006). The area of preserved ipsilateral cortex was measured 

with image analysis software (Image J software, National Institutes of Health, version 1.40). 

Area of injury was calculated using the following formula: [Total area of R hemisphere – 

(Injured area + ventricle)]/(Total area of L Hemisphere – Ventricle).

5.12 Statistical Analysis

An α-level of .05 was used for all statistical significance tests. To avoid violating the 

assumption that differences between levels of repeated measures must not be correlated 

across subjects, the p-values for such repeated-measures analyses reflected the conservative 

Huynh-Feldt adjustment to the degrees of freedom. Open field percent time moving data 

were analyzed with a treatment (control, ICH) × time point (2 weeks, 8 weeks) × day (1st, 

2nd) repeated-measures ANOVA. Rotarod fall latency data were analyzed with a treatment 
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(control, ICH) × time point (2 weeks, 8 weeks) × day (1st, 2nd) × trial (1st, 2nd) repeated-

measures ANOVA. The more difficult set of rotarod trials (administered at 8 weeks) was 

analyzed with a treatment (control, ICH) × trial (1st, 2nd) repeated-measures ANOVA. The 

forelimb placing, forelimb use asymmetry, and neurological tests were analyzed using t-tests 

at each time point. Water maze motor data (swim speed, relative angular velocity / turn bias) 

were taken from the three probe trials at each time point (since these trials are all 

consistently 60 s long) and analyzed with treatment (control, ICH) × time point (2 weeks, 8 

weeks) × spatial location (1st, 2nd, 3rd) repeated-measures ANOVAs. Because of clear 

confounds between swim speed and escape latency, only swim path distance data were 

analyzed for the water maze learning trials. Water maze cued learning swim distance data 

were averaged into five blocks of two trials each and analyzed with a treatment (control, 

ICH) × time point (2 weeks, 8 weeks) × block (blocks 1-5) repeated-measures ANOVA. 

Water maze spatial learning swim distance data were averaged into five blocks of two trials 

each and analyzed with a treatment (control, ICH) × time point (2 weeks, 8 weeks) × spatial 

location (1st, 2nd, 3rd) × block (blocks 1-5) repeated-measures ANOVA. Water maze probe 

trial data (percentage of the trial spent searching the probe quadrant and number of target 

location crossings) were analyzed using treatment (control, ICH) × time point (2 weeks, 8 

weeks) × spatial location (1st, 2nd, 3rd) repeated-measures ANOVAs. Significant ANOVA 

interactions were further explored using the conservative Scheffe post hoc test. Correlations 

were determined using the Pearson’s r test. Correlation matrices were generated for three 

sets of averaged behavioral variables: those with overall main effects, those with effects seen 

at the 2 week time point, and those with effects seen at the 8 week time point. An analysis of 

covariance (ANCOVA) was used to determine whether the observed effects were still 

significant after controlling for the variance contributed by the correlated variables.
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Fig. 1 –. Declining level of activity with age in spite of steady weight gain.
Both graphs show mean +/− standard error of the mean. (A) No difference between sham 

and ICH rats was observed at either time-point, however a significant treatment × time point 

interaction (# p<0.00003) revealed that ICH rats spent less time moving at 8 weeks than they 

did at 2 weeks. (B) No difference in weight was observed at any time-point measured.
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Fig. 2 - Water maze motor measures deteriorate with age.
(A) Mean +/− 95% confidence intervals. Sham rats had no bias toward turning left versus 

right whilst swimming, but ICH rats were significantly biased toward turning to the right at 

both 2 and 8 weeks (* p<0.05). (B) Mean +/− standard error of the mean. ICH rats swam 

more slowly than sham rats (* p<0.002), and ICH rats swam more slowly at 8 weeks than at 

2 weeks (# p<0.006).
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Fig. 3 - Water maze performance improves with age.
All graphs show mean +/− standard error of the mean. (A and B) Cued learning: ICH rats 

swam further before finding the visible escape platform († p<0.005), but the difference only 

existed at 2 weeks (* p<0.05). (C and D) Spatial learning: ICH rats swam further before 

finding the submerged escape platform († p<0.0003), but the difference only existed at 2 

weeks (* p<0.05)
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Fig. 4 - Neurological outcomes.
Both graphs show mean +/− standard error of the mean. (A) Forelimb placing and (B) 

Neurological test battery scores at baseline (pre-ICH), 1, 2, 3 and 70 days after ICH 

induction. ICH rats performed significantly worse compared to shams over the first three 

days (* p<0.001) with no significant differences at baseline or 10 weeks later.

Hartman et al. Page 17

Brain Res. Author manuscript; available in PMC 2019 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5 - Long-term cerebral atrophy and forelimb-use asymmetry outcomes.
Both graphs show mean +/− standard error of the mean. (A): ICH rats had significant brain 

atrophy compared to shams (* p<0.001). (B): Forelimb use asymmetry at 10 weeks after 

ICH revealed no differences. (C and D) Representative photos of cresyl violet stained 

coronal brain sections obtained at 10 weeks after ICH showing that (D) ICH animals had 

visible atrophy near cerebral ventricles, whereas (C) shams had no discernable cerebral 

tissue loss. Asterisk (*) indicates site of needle-track.
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Table 1

Neurological Evaluation after ICH

Score

3 2 1 0

Spontaneous Activity (5 min 
in typical cage)

Moved around, explored 
environment and reached the 
upper rim ≥ 3 sides of cage

Moved hesitatingly around, 
explored, and reached the 
upper rim < 3 sides of cage

Severely affected rat did 
not rise-up at all. and 
barely moved in the cage

Rat did not 
move at all

Symmetry of Limb 
Movement (suspended by 
tail)

All limbs extended 
symmetrically

Limbs on one side 
outstretched less (or more 
slowly) than the other

Limbs on one side 
showed minimal 
movement

One side did 
not move at all 
(paretic)

Forelimb Outstretching 
(suspended by tail, forepaws 
to table)

Both forelimbs outstretched, 
walking symmetrically on 
forepaws

Impaired forepaw walking 
with asymmetric outstretch

Limbs on one side 
showed minimal 
movement

One side did 
not move at all 
(paretic)

Climbing (45° angle on 
gripping surface)

Climbed to the top easily 
with a firm grip

Asymmetric or impaired 
climbing or did not grip the 
wire as strongly

Failed to climb or circled 
instead

Axial Sensation (mild 
stimulus to the trunk from 
behind)

Equally startled to the 
stimulus on both sides of 
trunk

Reacted more slowly on one 
side compared to other

Did not respond to 
stimulus on one side

Vibrissae Proprioception 
(gentle touch from behind

Equally turned head to 
cotton-wisp on both sides

Reacted more slowly on one 
side compared to other

Did not respond to 
stimulus on one side

Table showing the neuro-scoring system adopted and modified for the functional assessment of rats after ICH
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