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ABSTRACT 

We have previously reported that sequential common artery sectioning (SCAS) in mice produces a reproducible pattern 
of mortality, extensive brain damage and a wide range of measurable neurobehavioral alterations that include motor 
incoordination and forelimb flexion. The present study describes a comprehensive method to assess motor functional 
outcome after brain ischemia produced by SCAS using swimming behavior. We found that after the second artery oc- 
clusion the time for completion of the swimming task significantly increased and the swimming pattern alterations ob-
served in the ischemic mice showed no evidence of recovery (up to 96 h). We view the swimming performance strategy 
described here as a sensitive, simple and economic procedure to assess motor performance after brain ischemia. 
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1. Introduction 

Experimental evaluation of motor performance in brain 
ischemic animals has become increasingly important in 
neuroprotective drug research, mainly because drugs that 
have proven effective in reducing infarct volume in ani- 
mal stroke models have failed in human trails of acute 
ischemic stroke [1-4]. This lack of efficacy of putative 
neuroprotective drugs in clinical trails has highlighted the 
problem of translating experimental animal studies to the 
clinical setting, as well as the limitations of a purely his- 
tological approach in evaluating the effects of brain is-
chemia and neuroprotection. These shortcomings have 
questioned the validity of available animal models as 
preclinical tools in the study of neuroprotective agents 
[3-6]. In addition, the strategies employed in humans to 
identify the effects of brain ischemia and the degrees of 
neuroprotection have been rarely used in animal studies. 
While in most experimental studies the measurement of 
infarct size is considered essential for determining the 
effects of brain ischemia and recovery, clinical outcome 
and neuroprotection are almost invariably determined 
functionally and primarily by measures of motor per-
formance. Thus, we consider that reliable measurements 

of motor function outcome in animals can provide 
meaningful data to determine the presence, severity and 
time course of impairments, as well as the consequences 
of neuroprotective drug administration. A major problem 
in functional output assessment is that traditional models 
of experimental stroke display a limited behavioral pro-
file, and spontaneous recovery of motor deficits com-
monly occurs rapidly, especially after global cerebral 
ischemia [7,8]. In addition, in most cases it is necessary 
to use a variety of different tasks to examine the altera-
tions induced by experimental stroke in rodents. Today, 
no single measurement technique has yet proven to be 
universally acceptable [6]. 

Previous studies from our laboratory have shown that 
sequential common carotid artery sectioning (SCAS) in 
mice produces a reproducible pattern of mortality, exten- 
sive brain damage and a wide range of measurable neu- 
robehavioral alterations [9]. Of these, motor incoordina- 
tion and forelimb flexion are the two most consistent 
neurological alterations after SCAS. The present study 
describes a comprehensive method to assess motor func- 
tional outcome after brain ischemia produced by SCAS 
using swimming behavior, a strategy that could be used 
to evaluate pharmacological neuroprotection. 
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2. Methods and Materials 

2.1. Animals 

This study was performed in male CFW, middle-aged 
(37 - 40 weeks), mice weighing 40 - 50 g at the begin- 
ning of the experiments. Animals were obtained from our 
breeding facilities and housed 3 - 5 per cage (same litter) 
in a temperature controlled room (22 ± 2˚C, relative hu- 
midity 55 ± 3%), with an automatically set time cycle of 
12-h light/darkness (lights on 08:00 - 20:00). Food (Pu- 
rina Chow, St. Louis, MO) and water were available ad 
libitum. Mice were allowed to acclimate to these envi- 
ronmental conditions for at least 1 week prior to experi- 
mentation. The experimental protocol was carried out 
under the provisions of the National Health Ministry gui- 
delines for the use of laboratory animals (NOM 062- 
ZOO-1999). 

2.2. Procedure 

Animals were randomly assigned to three different 
groups: experimental mice undergoing anesthesia and 
sectioning of both carotid arteries (SCAS), sham-oper- 
ated mice undergoing anesthesia and full surgical proce- 
dures, except for artery ligation and sectioning, and mice 
not subjected to anesthesia or surgery (control group). 
Brain ischemia was produced as described previously [9]. 
Briefly, light anesthesia was induced with ether delivered 
through a facemask, and the left common artery was ex- 
posed through a midline neck incision and separated 
from the associated vagus and sympathetic nerves. The 
artery was sectioned between ligatures and the incision 
was closed with surgical thread. After surgery, animals 
were kept in a recovery room for about 1 h under heating 
lamps to maintain body temperature. Once animals re- 
gained complete consciousness, they were moved to the 
environmentally controlled room. Thirty-two days later, 
the right common carotid artery was sectioned using the 
procedure described above. Mice showing any degree of 
forelimb motor deficit were excluded from further ex- 
periments. 

2.3. Mortality 

Mortality was scored continuously over the first 6 h after 
the second surgery and then every 6 h during the first 24 
h. Thereafter, mortality was scored every 12 h up to the 
end of the experiments (96 h). 

2.4. Neurobehavioral Testing 

We used the swimming performance test to quantify the 
neurobehavioral alterations produced by SCAS. We also 
identified a swimming pattern occurring in ischemic 
mice, which is consistent and potentially susceptible to 
manipulation by neuroprotective drugs. Neurobehavioral 

evaluations were performed immediately before and 24, 
48, 72 and 96 h after both surgeries. All evaluations were 
performed at room temperature, between 10:00 and 
14:00 h. Mice swimming performance was evaluated in 
dark conditions. 

2.5. Swimming Performance Test 

Swimming performance tests were conducted in a long 
narrow swimming pool made of clear acrylic (plexiglass). 
The pool was 80 × 15 × 25 cm and was filled with water 
(18˚C - 20˚C) to a depth of 10 cm (sufficient to prevent 
the mice form reaching the pool-floor). At one end of the 
pool was a platform (10 cm high, 9 cm diameter) onto 
which the animals could climb. Before the first surgery, 
mice were trained for five consecutive days, and the per- 
formance of each animal at day five was considered the 
baseline time. Regular food was withheld for 3 - 5 h be- 
fore training and testing, but free access to water was 
maintained. A trial consisted of gently placing the animal 
at one end of the pool and allowing it to swim to the 
platform. Testing was made before each surgery (to have 
a baseline for each animal) and 24, 48, 72 and 96 h after 
the corresponding surgery. Each trial was recorded using 
a video recording system (OASPADVid OMNIALVATM) 
and the following measures of swimming performance 
were made: latency (time in seconds used to swim across 
the pool and climb with its four paws on the platform); 
distance (distance swum to reach the platform), velocity 
(swimming speed) and percentage of flotation (time 
spent without moving, still time). 

2.6. Swimming Pattern 

During each trial, a second camera was located to video- 
tape the mice’s swimming behavior from a lateral per- 
spective. Each trial was recorded and played in slow mo- 
tion for analysis. We identified the presence of 5 consis- 
tent behaviors: angle of swimming (horizontal or vertical 
with respect to the water line), straight forward swim- 
ming, pool-wall touching, touching the platform without 
climbing on it, and zigzag swimming. 

2.7. Data Analysis 

Survival curves were calculated with the Kaplan-Meier 
method and compared using the log-rank test. Statistical 
significance was assessed by analyses of variance (AN- 
OVA) followed by Dunnett’s test. For comparisons be- 
tween SCAS and sham-operated animals Student’s t-test 
for unpaired values was used. In all cases, a value of p < 
0.05 was considered statistically significant. 

3. Results 

3.1. Mortality 

No deaths were observed in control animals (no anesthe- 
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sia, no surgery). Two deaths were observed in sham- 
operated mice (2/20). Therefore, sham-operated animals 
showed a 90% survival throughout the study period of 96 
h. In the SCAS group, 23% of animals died within the 
first 15 min after the second surgery, and the number of 
deaths progressively increased to 37% at 24 h, 75% al 48 
h and 80% at 96 h. The results of the log-rank test indi- 
cated a highly statistically significant difference between 
these two curves (p < 0.001; Figure 1). 

3.2. Swimming Performance Test 

As reported by others, mice quickly learn to reach the 
platform and escape from the water [10-12]. By the end 
of the training period, it would take an animal an average 
of 6 s to reach the platform at the end of the swimming 
pool. After the first surgery, the time to reach the plat- 
form increased only at the 24 h observation in the SCAS 
group (p < 0.05, when compared to the preoperative 
baseline). During the following observations (48, 72 and 
96 h), the time needed to reach the platform of all expe- 
rimental groups was very similar to that of the preopera- 
tive baseline, except for the sham group, in which time 
reached statistical significance at 48 and 96 h when 
compared to the preoperative baseline (p < 0.05, Table 
1). The swim distance increased in all experimental 
groups following the surgery but it only reached statistic- 
cal significance in the SCAS group at 24 h observation (p 
< 0.05 compared to the baseline, Table 1). The swim 
speed of all three groups was very similar during the 
baseline observation, while after surgery it significantly 
decreased in the SCAS group at the 24 and 96 h when 
compared to the preoperative baseline (p < 0.05, Table 
1). During baseline observation all animals showed a 
similar still time, however animals of the control group 
reduced their flotation time at 48 h (p < 0.05, Table 1). 
Ischemic animals (SCAS group) showed a significant in- 
crease in their flotation time 96 h after the first surgery (p 
< 0.05, Table 1). 

After the second surgery, the SCAS groups increased 
the time needed to reach the platform at all times but 
only significantly so at 24, 48 and 72 h (p < 0.005 when 
compared to the baseline and p < 0.01 when compared to 
the sham group, Figure 2(a)). The swim distance in- 
creased in the SCAS group at 24, 48 and 72 h after the 
second surgery (p < 0.05 when compared to the baseline, 
and p<0.01 when compared to the sham group, Figure 
2(b)). The sham group significantly increased the swim 
distance but only at 96 h after second surgery (p < 0.05 
when compared to baseline, Figure 2(b)). Animals from 
all three groups showed a constant and similar swim 
speed throughout the experiment; only animals from the 
sham group showed a significant increase at the 72 h 
observation (p < 0.05, Figure 2(c)). The still time of 
SCAS animals decreased insignificantly after surgery.  
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Figure 1. Survival curve in control □, sham ◊ and mice sub-
jected to SCAS ○. The survival curve was calculated by the 
Kaplan-Meier method and compared using log-rank test (*p 
< 0.001). 
 
Table 1. Effect of first carotid artery sectioning (SCAS) on 
swimming performance. Data show mean results ± SEM of 
the swimming performance scores obtained for each group 
(control, sham and SCAS) before (preoperative baseline) 
and 24, 48, 72 and 96 h after the first surgery. 

  
Control  
(n = 11) 

Sham  
(n = 22 - 27) 

SCAS  
(n = 74 – 9 9)

Latency Baseline 6.80 ± 1.10 5.66 ± 0.51 5.21 ± 0.35

(sec) 24 h 6.38 ± 0.88 5.50 ± 0.40 8.38 ± 0.56*

 48 h 6.28 ± 1.79 4.27 ± 0.29* 5.91 ± 0.50

 72 h 4.77 ± 0.36 4.81 ± 0.22 6.29 ± 0.62

 96 h 3.68 ± 0.26 4.36 ± 0.23* 5.75 ± 0.73

Distance Baseline 0.87 ± 0.10 0.80 ± 0.05 0.78 ± 0.07

(m) 24 h 0.97 ± 0.09* 0.87 ± 0.04 0.96 ± 0.10

 48 h 1.13 ± 0.33 0.69 ± 0.04 0.83 ± 0.09

 72 h 0.76 ± 0.08 0.72 ± 0.04 0.91 ± 0.10

 96 h 0.68 ± 0.09 0.77 ± 0.06 0.68 ± 0.07

Velocity Baseline 0.14 ± 0.005 0.15 ± 0.005 0.15 ± 0.003

(m/s) 24 h 0.14 ± 0.01 0.16 ± 0.005 0.13 ± 0.006*

 48 h 0.18 ± 0.006 0.16 ± 0.007 0.15 ± 0.005

 72 h 0.15 ± 0.012 0.15 ± 0.011 0.16 ± 0.005

 96 h 0.18 ± 0.02 0.17 ± 0.011 0.13 ± 0.008*

% Flotation Baseline 24.97 ± 3.18 21.92 ± 2.14 22.33 ± 1.09

 24 h 17.78 ± 2.08 16.17 ± 1.25 22.86 ± 2.28

 48 h 11.31 ± 1.91* 19.59 ± 1.89 21.89 ± 1.84

 72 h 15.70 ± 2.43 22.25 ± 3.51 19.56 ± 1.20

 96 h 22.06 ± 5.44 19.96 ± 2.62 32.76 ± 2.75*
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Figure 2. Effect of second artery sectioning in mice on swimming performance test. The top panel shows the effect of surgery 
in the latency to reach the platform (a) and the distance swam (b). The bottom panel shows the effect of the second surgery on 
swimming velocity (c) and on the percentage of flotation time (d). Each graph shows the mean values before (preoperative 
baseline) and 24, 48, 72 and 96 h after the second surgery. Data are derived from a variable number of surviving animals. 
White bars, non-operated animals (control = 11); dotted bars, sham operated mice (n = 27 - 20, beginning and end of experi-
ments) striped bars, animals subjected to common artery sectioning (SCAS, n = 99 - 20, beginning and end of experiments). 
*p < 0.05, compared with the corresponding preoperative value. #p< 0.05, compared with the corresponding value of the con-
trol group. 
 
Animals from the sham group showed a constant flota- 
tion time throughout the experiment (Figure 2(d)). Ani- 
mals from the control group spent between 20 and 50% 
of the swimming time without moving (Figure 2(d)). 

3.3. Swimming Pattern 

As noted by others [13-15] during the training phase 
mice swim at an almost vertical angle to the water sur- 
face and use their forelimbs to stroke, but as they become 
familiar with the water environment and learn to reach 
the platform their swimming abilities improve and are 
able to reach the platform swimming at an horizontal 
angle in a completely forward direction with few fore- 
limb strokes. After both surgeries, animals from the sham 
group showed a transient decrease in their swimming 
abilities: at 48 h post surgery they changed from a strai- 
ght forward direction to a zig-zag line and increased the 
use of their forelimbs to stroke and touch the side walls 
of the pool, but by the end of the experiment (96 h) they 
showed a swimming pattern very similar to that of base- 
line (Figure 3(b)). At 72 h, some animals displayed a 
vertical angle with respect to the water surface, but at 96 

h their swimming pattern was similar to that of control 
animals. After the first surgery, animals from the expe- 
rimental group swam in a zig-zag line using their fore- 
limbs for stroking and touching the walls of the pool. 

Also, some animals lost their ability to swim horizon- 
tally but swan at a vertical angle during the four days of 
evaluation (data not shown). After the second surgery, 
animals from the experimental group showed an impor- 
tant modification of their swimming pattern: between 25 
and 30% of them lost their ability to swim in a straight 
line and did so in a zig-zag line, with an important in- 
crease in the frequency (30% - 40%) of touching the side 
walls of the pool. At the 24 h post-surgery evaluation, 
50% of the mice in this group used the forelimbs to stro- 
ke during swimming, and at the end of the experiment 
(72 and 96 h post-surgery evaluations) almost 100% 
were using their forelimbs to stroke. At these intervals 
only a few animals (15% - 20%) swam at a vertical angle 
to the water surface (Figure 3(c)). 

4. Discussion 

The procedure herein reported was developed to com-  
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Figure 3. Frequency of the neurobehavioral alterations in 
swimming behavior detected throughout the 96 h period of 
observation in mice subjected to sequential carotid artery 
sectioning: 1) Swimming at a horizontal angle to the water 
surface; 2) Straight forward swimming, 3) Zig-zag swim- 
ming, 4) Pool-wall touching; 5) Touching the platform 
without climbing on it; 6) Hindlimb movement; and 7) 
Swimming at a vertical angle to the water surface. Animals 
were examined before (preoperative baseline) and 24, 48, 72 
and 96 h after sthe econd surgery. Panel (a): Control ani- 
mals (n = 11); panel (b): Sham operated mice (n = 27 - 20, 
beginning and end of experiments); panel (c): animals sub- 
jected to common artery sectioning (n = 99 - 20, beginning 
and end of experiments). 
 
prehensively assess the functional state of each mouse 
before and after severe forebrain ischemia. For its de- 
velopment we considered: 1) That SCAS in mice typi- 
cally results in severe tissue damage of a large portion of 
the brain, a consistent pattern of mortality and a wide 
variety of measurable neurobehavioral alterations [4]; 2) 

The need for a full characterization of the motor func- 
tional deficits in ischemic mice; 3) The recognition that 
the effectiveness of pharmacological manipulations can 
be reliably determined only if severity of neurobehav- 
ioral deficits can be identified and quantified accurately 
at two or more points in time; and 4). The need for thera- 
peutically relevant measures of neuroprotection 

Our strategy to evaluate motor functional deficits after 
brain ischemia takes into account the following comple- 
mentary features: A. Identification of the motor func- 
tional deficits in swimming performance induced by 
SCAS; B. Selection of the most frequent and relevant 
motor alterations produced by SCAS; and, C. The char- 
acterization of a swimming pattern induced by SCAS. 

As reported by others, when mice are forced to swim 
for the first time, they display a wide variety of behaviors 
that reflect their anxiety and the need to escape from the 
water [16]. The swimming starts with uncoordinated 
movements of all four limbs and with their body in a 
vertical position with respect to the water line [13,16]. 
With successive trails mice modify their posture until 
they swim in a horizontal position with respect to the 
water line; they swim in a straight forward line and pro- 
gressively stop using their forelimbs, regarding in their 
hindlimbs to propel their movement [12-14,16-18]. In 
our experiment, mice quickly learn to reach the platform 
and escape from the water, by the end of the training 
period, it would take an animal an average of 6 s to reach 
the platform at the end of the swimming pool (Table 1). 
After first surgery, ischemic mice showed a transient 
increase in latency to escape at the 24 h trail, but by the 
end of the test (96 h) they reached the platform as fast as 
they did during the baseline trail (Table 1). However, we 
found that the second artery occlusion significantly and 
consistently increased the time to reach the platform with 
no evidence of recovery (96 h, Figure 1). The inability to 
successfully reach the platform was apparently due to 
motor impairments in both their limbs: in their hindlimbs 
during swimming; and in their forelimbs during climbing 
of the platform. These observations, together with the 
results of previous studies showing that SCAS produces 
forelimb flexion with decreased resistance to lateral push 
and circling behavior, support the idea that in mice, 
SCAS produces a neurological deficit with hemiparesis 
or hemiplegia [11,19]. It is clear, however, that other 
factors, such as fatigue and/or decreased motivation to 
fulfill the task, that were not explored in this study, could 
also be involved in the increased time to reach the plat- 
form. In this study, with the use of a single procedure, we 
detected several neurobehavioral alterations in swimming 
behavior after SCAS. The swimming pattern consists of 
6 well-defined and consistent behaviors: angle of swim- 
ming (horizontal or vertical to the water surface), straight 
forward swimming, forelimb flexion, pool-wall touching, 
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touching the platform without climbing on it, and zigzag 
swimming. The total neurologic scores showed no evi- 
dence of recovery from these deficits but indicate some 
worsening over time. It is remarkable that except for a 
transient and slight increase in pool-wall touching ob- 
served in the sham animals, the surgical procedure did 
not induce significant neurobehavioral changes in this 
experimental group. 

In most experimental studies, simple neurological sca- 
les modified from the original description of Bederson 
and colleagues [20] have been used to evaluate motor 
outcome after ischemic stroke. Other behavioral tests 
assessing motor deficits, including lack of coordination 
and partial paralysis after stoke do exist, but these have 
been primarily applied to rats [10,21]. In addition, one 
major problem of motor functional assessment is that 
traditional models of experimental stroke, such as middle 
cerebral artery occlusion (MCAO), display a somewhat 
limited behavioral profile, and spontaneous recovery of 
motor deficits commonly occur rapidly, so that it is gen- 
erally necessary to employ a variety of different tasks to 
examine neurological alterations that occur in rodents 
after experimental stroke. 

The swimming pattern described in this article deline- 
ates six major deficits that can be attributed to brain is- 
chemia. Our proposal provides a quantitative measure- 
ment of the degree of neurological deficit after brain is-
chemia, and at the same time, allows for periodic com- 
parisons within or among groups of animals. The rela- 
tively high level of neurobehavioral dysfunction and the 
remarkable difference between sham-operated and SCAS 
animals offer the possibility to test treatment effects and 
to monitor progress of deficits over time in groups of ani- 
mals. 

5. Conclusion 

In conclusion, this study describes a simple, consistent 
and efficient strategy to evaluate motor deficits induced 
in mice by acute ischemia using swimming behavior as 
an indicator. We believe that this procedure can be useful 
for neuroprotection studies and allows monitoring the 
progress of deficits over time in groups of animals. 
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