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Abstract

Physical exercise is beneficial for functional recovery after brain injury. For effective 
rehabilitation, the determination of appropriate running condition is an important challenge. In 
the present study, we examined the running parameter for treadmill exercise in a mouse model of 
neonatal hypoxic-ischemic brain injury. The mice performed exhaustive runs and incremental test 
to determine their critical speed (CS) and the velocity at the lactate threshold (vLT). The CS and 
vLT were significantly different between the normal mice and brain-injured mice. It was also found 
that the CS was not significantly different from vLT. 

According to this study, CS and vLT could be valuable parameters for rehabilitation in a 
mouse model of neonatal hypoxic-ischemic brain injury.

ABBREVIATIONS 
CS: Critical Speed; vLT: Velocity at the Lactate Threshold

INTRODUCTION
Regular aerobic exercise improves motor and cognitive 

symptoms associated with a variety of central nervous system 
disorders [1-4]. Previous studies have demonstrated that 
treadmill training can significantly reduce brain infarct volume 
and improve neurological outcomes in animal models of stroke 
[5]. Moreover, early exercise was found to decrease neuronal 
apoptosis in the cerebral cortex in rat stroke models [6].

However, there are only a few studies about the rehabilitation 
for animal models of neonatal hypoxic-ischemic brain injury. 
Since unsuitable exercise provides physiological stress to mice, 
it is important to determine the appropriate running speed for 
mice. Billat et al., have previously defined critical speed (CS) [7], 
which is a parameter of motor performance, and lactate threshold 
velocity (vLT) [8], which is an important factor in endurance 
events, in various strains of mice [9]. 

In the present study, we examined the running parameters 
for treadmill exercise in a mouse model of neonatal hypoxic-
ischemic brain injury. We determined their CS and vLT as these 
parameters could be of assistance to various studies for the 
treatment of various brain disorders.

MATERIALS AND METHODS

Neonatal ischemia-reperfusion brain injury

All animals were used according to the Guidelines of the 

Institutional Animal Care and Use Committee of Kochi University. 
The C57BL/6N mice and NOD/SCID (NOD.CB17-Prkdcscid/J) 
mice were purchased from Charles River Laboratories Japan 
Inc. (Kanagawa, Japan). NOD/SCID mice were maintained in 
barriers and were fed sterile food and chlorinated sterile water. 
The modified Rice-Vannucci model [10,11] was used for neonatal 
ischemia-reperfusion brain injury as previously described [12]. 
Seven-day-old postnatal mice of both sexes (n = 107) were 
anesthetized with 2% isoflurane. The right common carotid 
artery was occluded with an aneurysm clip (Mizuho, Japan). The 
pups were placed in a hypoxia chamber held at 8% O2 for 120 
min. Reperfusion was achieved by unclamping the artery and 
exposing the pups to normoxic conditions. After the operation, 
they were returned to their dams.

Behavioral tests

The mice were evaluated behaviorally with an accelerating 
rotarod (Muromachi Kikai, Kyoto, Japan) and a hanging wire 
grip test (O’HARA & CO., LTD., Tokyo, Japan). Both the tests were 
performed at 3 weeks after the brain injury. The automated 
rotarod system was set to 4–40 rpm acceleration. The maximum 
time on the rod was 300 s. The latency to fall from the rod was 
recorded. Mice clinging to the rod and rotating were scored as 
a fall. In the hanging wire grip test, the latency to fall from the 
grip was recorded in each trial. Each mouse was pre-trained for 2 
days before the tests. The analysis of each measure was based on 
the mean score of 3 trials.

Evaluation of CS

The evaluation of CS was started at 2 weeks post-injury using 
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a motor-driven treadmill with an electric stimulus at the rear of 
the belt (Figure 1A, MK-680S; Muromachi Kikai, Kyoto, Japan). 
The protocol was performed according to previous studies 
[9,13,14]. Briefly, a single trial per day consisted of a run at a 
constant speed (5–35 m/min). The time spent for running was 
recorded and limited to 45 min or exhaustion, as defined by a 
total number of 50 electric stimuli. The total running distance at 
a given speed and the time to cover the distance were used to 
calculate CS.

Incremental exercise test

The incremental exercise test was performed to determine 
vLT according to a previous study [9]. Three days after the 
evaluation of CS, the incremental test was performed that 
included a starting speed of 70% of their CS for 3 minutes. Then 
a 10% increased speed was applied every 3 min to reach the final 
speed of 130% of CS for 3 min. Blood lactate concentration was 
measured using a lactate pro-LT device (Arkray, Kyoto, Japan) 
from the tip of the tail. The vLT was defined as the speed at which 
an increase of >1 mM occurred.

Statistical analysis

Data are presented as means ± SD. Statistical significance was 
set at P< 0.05. Both the groups were compared using the one-way 
analysis of variance.

RESULTS AND DISCUSSION
In the rotarod test and hanging wire grip test, the brain-

injured NOD/SCID mice performed significantly worse (INJURY: 
150 ± 4.5s, 39 ± 2.1s, *p<0.05) compared to the uninjured NOD/
SCID mice (NORMAL: 246 ± 3.7s, 97 ± 12.1s, *p<0.05) at 3 weeks 
after injury. The difference between normal group and injury 
group was larger in hanging wire grip test than the rotarod test 

(Figure 1). As shown in Figure (2), the CS was calculated from 
the slope of the regression line, while plotting the distance 
vs. the time to exhaustion for the three tests. In the mice, the 
blood lactate concentration of resting state was higher than 
that of humans (2.2–5.5 mM) (Figure 3).In the mouse strains, 
significant lower CS and vLT were observed in the brain-injured 
mice. Although the vLT was not significantly different between 
the strains, CS was much higher in NOD/SCID mouse than in B6 
mouse for several conditions. There was no significant difference 
between CS and vLT (Table 1).

In the mouse model of neonatal hypoxic-ischemic brain injury, 
tissue damage was observed in the cerebral cortex, hippocampus, 
and striatum [4]. These areas are involved in motor control. The 
motor function of brain-injured mice was significantly worse 
compared to the uninjured mice. The B6 mice are widely used for 
animal studies, and the NOD/SCID mice are characterized by the 
absence of functional T cells and B cells and reduced macrophage 
and natural killer (NK) cell function. These mice are used for the 
investigation of human cell transplantation, cancer, graft-versus-
host disease, and human immune system [15]. The exercise 
capacity of NOD/SCID mice has not been reported. Interestingly, 
in our study, CS was higher in NOD/SCID mice than in B6 mice 
for several conditions. The vLT was significantly lower in the 
brain-injured mice compared to the uninjured mice. A recent 
study showed that neural stem/progenitor cell transplantation 
combined with treadmill exercise exerted functional recovery in 
mice with chronic spinal cord injury [16]. The possible neuro-
protective mechanisms of physical activity include the activation 
of neurogenesis, angiogenesis, and synaptic plasticity [17]. 
Although these parameters varied according to the conditions 
of the mice, the CS and vLT might be applied in rehabilitation 
research for brain-injured mice. 

Figure 1 (A) Mice and treadmill apparatus used in this study.
(B) Behavioral tests for model mice. The brain-injured mice performed significantly worse at 3 weeks after injury compared to the uninjured mice.
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Table 1: vLT and CS of B6 and NOD/SCID mice.

B6 (Normal) B6 (Injury)

3w old 4w old 5w old 3w old 4w old 5w old

CS (m/min.) 5.5 ± 1.2 16.1 ± 3.6 18.2 ± 2.33 5.1 ± 1.0 13.4 ± 1.3 15 ± 1.7

vLT (m/min.) 4.5 ± 0.7 14.0 ± 6.4 17.0 ± 1.73 3.8 ± 1.2 9.8 ± 4.7 14.0 ± 2.7

B6 (Normal) B6 (Injury)

3w old 4w old 5w old 3w old 4w old 5w old

CS (m/min.) 7.7 ± 1.1 16.5 ± 0.36 28.5 ± 3.0 4.1 ± 1.9 7.6 ± 3.1 14.0 ± 2.6

LT (m/min.) 6.7 ± 4.6 15.3 ± 9.4 20.5 ± 6.3 5.0 ± 6.0 11.5 ± 4.5 16.3 ± 8.4

Figure 2 Determination of critical speed in B6 and NOD/SCID mice on the treadmill.

Figure 3 Determination of vLT in a 4-weeks-old B6 mouse on the treadmill.

CONCLUSION
In the present study, we examined CS and vLT in a mouse 

model of neonatal hypoxic-ischemic brain injury. CS and vLT were 
significantly lower in brain-injured mice compared to uninjured 
mice. Our findings could be of assistance to various studies for 
physical rehabilitation in brain-injured young mice.
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