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Abstract

Swimming is an advantageous exercise modality since it induces limited muscle damage.
Performance is a crucial endpoint measurement of physiological relevance in exercise physiology and
clinical settings alike. To our knowledge, the literature lacks a comprehensive and widely accepted
swimming performance protocol without suffering from high variability in time to exhaustion. Thus,
the present study presents an easily carried out, two-phased swimming performance incremental test
exhibiting low variability in the time to exhaustion among rats. All nine rats managed to complete
the first 12 min-part of the test (phase 1) with gradually increased loads attached at the base of their
tails equal to 2%, 3.5% and 5% (for 4 min each). All rats reached exhaustion at the 10% final load (phase
2). The mean swimming time until exhaustion, as a measure for defining exercise performance,
was 865 + 59 s.
satisfactorily measuring swimming performance in rats characterized by low variability in the time

In conclusion, we have presented in detail a novel protocol for practically and

to exhaustion. This protocol, with the appropriate modifications, can be applied to a wide spectrum

of experimental treatments.
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Introduction

Rodents, especially rats and mice, are the most
commonly used animal models in biomedical exper-
iments. The use of rats probably surpasses mice in
exercise physiology because of the larger blood volume
and the grater tissue size that can be collected allowing
the assessment of a larger number of variables. Indeed,
exercise physiology has been largely profited by
research in rat experimental models, as indicated by
some important studies of the field (1, 18, 32, 36, 37).

Exercise is an intervention usually applied into
different, multifaceted research areas in order to disturb
cell and tissue redox equilibrium (34). Swimming is
an exercise modality that has been extensively utilized
in rat experiments. It is a preferable physiological
stimulus able to disrupt tissue redox homeostasis,
given that rats have the inherent ability to be excellent
swimmers (23). As compared to running exercise
models including treadmill or uphill running, swim-
ming is undoubtedly, on the whole, an advantageous
exercise modality (8). Indeed, swimming is a natural
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ability for rats and, as such, it induces minimal anxiety
and psychological stress on the animals. It is char-
acteristic that the animals do not need electrical or
other kinds of stimulation in order to continue
swimming, which is in contrast to all types of
treadmill running protocols (2, 25). Furthermore, it
has been reported that swimming affords greater
benefits to cortical and trabecular bone than uphill
treadmill (49). Additionally, the muscular forces
applied in swimming produce greater bone adaptations
than running in rats (42). Based on the above, it
becomes apparent that swimming is probably a
slightly better method to measure exercise perfor-
mance but it is not an ideal exercise intervention
since the rats are forced to swim. Still, swimming
provides a more uniform, whole body continuous
exercise as it does not necessarily involve “stop and
go” activity, like running, thus it ensures reaching
exhaustion (23). Therefore, the stress during the
experiments is minimal and does not confound the
effects of the implemented treatments. Additionally,
swimming induces limited muscle damage and does
not cause foot injuries being a much less traumatic
exercise model (23). Thus, the alterations observed
in the measured variables are mostly attributed to
exercise per se and not to muscle damage, as is the
case for eccentric exercise modalities, such as downbhill
walking/running on the treadmill, that cause tissue
trauma. Indeed, eccentric exercise has been associated
with microtrauma, structural abnormalities of myo-
fibrils (45) and disruption of the plasma membrane
(29) that can cause functional deficiencies in skeletal
muscle (3). Furthermore, it has been reported that
horizontal treadmill running can also induce muscle
damage particularly when applied to unaccustomed
subjects (35, 38, 46).

Experiments with rats have been previously used
to address diverse research questions in exercise
biochemistry and physiology including physical
performance (5, 47, 48). Performance is a crucial
endpoint measurement/biomarker of physiological
relevance in exercise physiology that can provide
mechanistic answers. The effects of an exercise
stimulus on intermediate metabolism or a nutritional
supplement on exercise adaptations can be appropriately
monitored by measuring exercise performance (31).
Moreover, exercise performance can reflect patho-
logical conditions and diseases. In this sense, it has
been correlated with disability and prediction of
mortality in the elderly (14) and it is considered as a
predictor of functional capacity after stroke (43),
whereas impaired performance correlates with pul-
monary hyperinflation and dyspnoea (11). Further-
more, reliable assessment of exercise performance
can be a predictor of disability and disease onset in
general both in rats (6) and humans (39, 50).

The water temperature and the familiarization
protocol are two of the most crucial parameters to be
met for reliably measuring exercise performance in
rodents. It has been previously reported that the water
temperature implemented in this study (i.e. strictly
between 33.5°C and 34.5°C) is suitable for swimming
as the animals do not experience any cardiovascular or
other side-effects that would compromise their perfor-
mance (9). Interestingly, if the water temperature is
much higher than rat’s body temperature (i.e. above
42°C), performance diminishes as the rat becomes
hyperthermic, whilst when the water temperature
is much lower than the rat’s body temperature (i.e.
below 20°C), hypothermia reduces performance and
may even cause death (9). The swimming protocols
currently used differ from each other regarding water
temperature [28°C (52), 30°C (51) and 30-32°C (30)].
With regard to familiarization protocol, it has been
demonstrated that animals exposed to novel stressors
have intense stress responses, which are successfully
diminished by familiarization (41). Therefore, during
familiarization the rats become accustomed with
water, handling and swimming under loads attached
to their tails (19).

Exercise protocols to evaluate the effects of
diverse treatments on swimming performance have
been widely applied. However, there are substan-
tial differences among these protocols and are
often inadequately described. Indeed, Lamou et al.
(24) and Narkhede ef al. (33) have measured per-
formance using a constant load (i.e. 10% of body
weight) and water temperature in relatively low
levels (i.e. 24-26°C and 23-27°C, respectively)
without applying any familiarization protocol. Ad-
ditionally, Mozorov et al. (30) used swimming with
load equal to 8-9% of body weight added to the
rats’ tails and the total duration of the exercise was
approximately 40 min. In addition, the majority of
the exercise tests suffer from high variability in the
time to exhaustion, which increases the need of using
a large number of animals (16). Tables 1 and 2
present a detailed comparison between our protocol
and other relevant studies regarding the most critical
parameters as well as the variability in time to ex-
haustion.

From all the above it becomes apparent that the
available protocols for measuring swimming perfor-
mance have many discrepancies and lack homogene-
ity. To our knowledge, the relevant literature lacks
of a detailed, reliable and widely accepted swimming
performance protocol. Therefore, the aim of the present
study was to describe in detail a novel and reliable
swimming performance test in rats characterized by
low variability in the time to exhaustion. This spe-
cifically designed for rats swimming protocol has
been successfully applied to our previous studies, as
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Table 1. Comparison of the most critical parameters of the present novel performance test with protocols of
other studies that measured swimming performance in rats. NR: not reported; s: seconds, g: grams.

Wat Rapid and equal Load
T a

Performance Swimming ae Individual intervals Pre-load © Body )

e L temperature . . (% of body ] Strain

protocol familiarization swimming between different  phase . weight (g)
°0) weight)
loads (s)
Present yes 33.5-34.5 yes 15-18 yes 2,3.5,5and 10 350400  Wistar
Goutianos et al. ]
2016 (13) yes 33.5-34.5 yes 15-18 yes 1.5-2.5 353-407  Wistar
Narkhede et al. )
2016 (33) no 23-27 no no no 10 100-120  Wistar
Lamou et al. .
2016 (24) no 24-26 no no no 10 130-132  Albino
Wu et al. Sprague-
no 30 no no no 3 NR

2014 (51) Dawley
Lima et al. .
2013 (25) yes 30-32 yes no no 13 180-250  Wistar
Veskoukis et al. .
2012 (47) yes 33-36 yes no no 4 280-290  Wistar
Swamy et al. .
2011 (44) no NR no no no no 120-130  Albino
Yildiz et al. .
2009 (52) yes 28 no no no no 190250  Albino
Veskoukis et al. .
2008 (48) yes 33-36 yes no no 4 210-230  Wistar
Morozov et al. .
2003 (30) no 30-32 no no no 8-9 200250 Albino
Derevenco et al. .
1986 (10) ne 36 no no no 5 NR Wistar

Table 2. Comparison of the variability in time to exhaustion between the present novel performance test and
protocols of other studies that measured swimming performance in rats. SD: standard deviation; NR:
not reported; s: seconds.

Performance protocol Swimming time to exhaustion (s) Variability (SD) Variability (%)
Present 865 59 7
Goutianos et al. 2016 (13) 1740 270 16
Narkhede ez al. 2016 (33) 660 300 45
Lamou e al. 2016 (24) 89 68 76
Wu et al. 2014 (51) 2800 632 23
Lima et al. 2013 (25) 100 37 37
Veskoukis et al. 2012 (47) 2766 360 13
Swamy et al. 2011 (44) 720 140 19
Yildiz et al. 2009 (52) 720 60 8
Veskoukis ef al. 2008 (48) 3360 480 14
Morozov et al. 2003 (30) 2440 NR -

Derevenco et al. 1986 (10) 132 54 41
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Familiarization Protocol

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

0% 1% 2% 3% 4% 5%
Day 7 Day 8 Day 9 Day 10 Day 11 Day 12

6% 6% 6% 7% 7% 7%
Day 13 Day 14 Day 15 Day 16 Day 17

8% 8% 8% Rest Rest

*Swimming Performance Test
2% 3.5% 5% 10% [
_________________ >
0 min 4 min 8 min 12 min Exhaustion

Fig. 1. The familiarization protocol and the performance test.

a performance assessment tool.

Materials and Methods
Rats

Nine, 4 months old male Wistar rats (Rattus
norvegicus) weighing 350-400 g were used in the
present study. The rats were group-housed in cages
of three under a 12 h light:12 h dark cycle, controlled
temperature (21-23°C) and controlled humidity (50-
70%). Commercial rat chow and tap water were
provided ad libitum. All rats were acclimatized in
the animal facility room by remaining there for five
days before the experiment was started and famil-
iarized to swimming, using the familiarization pro-
tocol presented below. The animal facility room,
where the rats were housed at their cages was right
next to the room of the experiment. During fa-
miliarization protocol, one rat at a time was trans-
ported to the experimental room using a transport
cage, familiarized and then returned back to its cage.
That was the case during the exercise performance
protocol, as well. All procedures were in accordance
with the European Union guidelines for the care and
use of laboratory animals (Directive 2010/63/EU of
the European Parliament and of the Council of 22
September 2010 on the protection of animals used
for scientific purposes), as well as the “Principles
of laboratory animal care” (National Institutes of
Health, NIH publication No. 86-23, revised 1985).
The project was reviewed and approved by the in-

stitutional review board and the appropriate state
authority.

The Water Tanks

Rats individually swam in deep water tanks of
the same dimensions (i.e. diameter: 1.2 m, height: 1.1
m). The tanks were constructed of non-transparent
plastic material to avoid the distraction of the rats’
attention by the ambient conditions. The depth of
the water was settled at 0.7 m to prevent rats from
jumping outside and from touching the bottom of the
tanks with their tails. A shallower tank would not
be appropriate, as it would affect time of exhaustion
and reduce the reproducibility of the experiment. The
water tanks were marked with permanent pen to ensure
that the water level was consistent for every rat across
experiment. We used two identical water tanks in
order each rat to swim into clean water.

The Water Temperature

The temperature of the water in both familiar-
ization protocol and performance test was strictly set
between 33.5°C and 34.5°C. Thus, the water tank was
placed on a plastic insulating surface for restraining the
temperature changes. After each rat completed the
test, the water temperature fell approximately 0.5°C-
1°C, therefore, it was settled before the next animal
started swimming. The maintenance of the water
temperature slightly lower than rat’s body temperature
(i.e. between 33°C and 36°C) allows the animal to
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maintain its core temperature throughout the test (4).
The Familiarization Protocol

The familiarization protocol and the perfor-
mance test are depicted in Fig. 1. The rats were
familiarized according to an appropriately modified
protocol that was previously presented by our group (47,
48). The familiarization protocol lasted 15 consecutive
days and the daily swimming time was 5 min. In day
1, the rats swam free of load in order to avoid ex-
acerbation of the anticipated stress caused by their
first contact with water. In day 2, load equal to 1%
of the rats’ body weight was adjusted at the base of
their tails and it was gradually incremented by 1%
each day until day 6. In days 7 to 9, a constant 6%
load was adjusted. It was increased to 7% in days
10 to 12 and finally to 8% the last three days of the
familiarization protocol. Then, the rats rested at
their cages for two days before the performance test
took place. It is important that every rat must swim
individually in the tank, otherwise, the proposed
test produces false performance data.

The Swimming Performance Test

The swimming performance test presented
herein is a graded exercise protocol with incremental
loads adjusted at the base of the rats’ tails in order to
achieve continuous exercise. A load equal to 2% of
the rats’ body weight was initially adjusted and, fol-
lowing, it was gradually increased to 3.5% and then
to 5%. The swimming time after the adjustment of
each load was 4 min. After the first 12 min of exer-
cise elapsed, the load was increased to 10% and the
rats left to swim until exhaustion. The necessary
time intervals required for the removal of the rats
from the water tank and the changes of the loads were
lasted from 15 s to 18 s. During the test, trained
research personnel of our group observed animals
performing the exercise performance protocol. The
personnel were experienced and familiar to the normal
behavior of the swimming rats and, thus, were able to
immediately detect motor control impairments due to
exhaustion. An animal was considered to have reached
exhaustion when it exhibited loss of coordinated
movements and failure to return to the surface within
10 s for three consecutive times (47, 48).

Results

The mean swimming time until exhaustion for
the nine rats was 865 + 59 s (mean + SD). All rats
managed to complete the first 12 min-part of the test
(phase 1) with gradually increased loads attached at
the base of their tails equal to 2%, 3.5% and 5% (for

Phase 2 —

Total

0 200 400 600 800 1000
Swimming Time (s)

Fig. 2. The swimming time of the rats (mean + SD) following
phase 2 and the completion of the performance test.

4 min each). All nine rats reached exhaustion at the
10% final load (phase 2), after 145 + 59 s (mean + SD)
(Fig. 2).

Discussion

In the present study, we present a novel swimming
performance test in rats that can reliably assess exercise
performance. The prominent advantage of this protocol
is the low variability in time to exhaustion among the
rats. Noteworthy, small differences in variability of time
to exhaustion characterize a reliable exercise perfor-
mance test (17). Indeed, all nine rats successfully
accomplished the first 12-min exercise part of the test
with loads equal to 2%, 3.5% and 5% (phase 1) and
then reached exhaustion at the final 10% stage of the
protocol (phase 2). The low variability is of utmost
importance because it enables to make direct nu-
merical and statistical comparisons among differen-
tially treated animals, as it has been demonstrated in
a recent study of our research group (21).

The present swimming performance test has the
following advantages on five critical issues:

i) Familiarization. It is probably the major
criterion for a successful performance protocol. The
familiarization protocol diminishes the stressful
effects of water on rats’ behavior. The animals become
accustomed to both water and swimming with adjusted
load at the base of their tails. Therefore, they swim
normally without feeling any danger or stress al-
lowing researchers to reliably measure time to
exhaustion. In the present investigation, the famil-
iarization protocol could probably be considered as
a training protocol, which might be the main reason
why the present novel performance test is charac-
terized by low variability. However, according to
the relevant literature, the duration of exercise training
protocols must be equal or exceed 6 weeks in order to
induce adaptations at the physiological or molecular
level in rats. Specifically, it has been demonstrated that
6 weeks of swimming for 60 min per day induce ad-
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aptations to oxidative stress and insulin sensitivity
(53) and mitochondrial composition (25), as well as
14 weeks of treadmill running for 90 min per day
enhance tissue antioxidant capacity (40). Based on
the above, the familiarization protocol adopted in the
present investigation could not be considered as
training protocol since it lasted for only 15 days
while the duration of each session lasted 5 min.
Therefore, we believe that the well designed famil-
iarization protocol of the present investigation is
the main reason for the low variability reported in
time to exhaustion.

ii) Water temperature. The strict maintenance
of water temperature between 33.5°C and 34.5°C
averts the appearance of cardiovascular or other
health problems that potentially affect swimming
performance. Maintaining a water temperature
slightly lower than rat’s body temperature allows
the animal to maintain its core temperature through-
out the test eliminating a crucial factor that can
compromise animal’s health and protocol reliability.

ii1) Individual swimming. According to per-
sonal observations, the presence of more than one
rat in the tank causes distraction and abnormalities
in swimming behavior, finally, producing a falsified
measurement of performance.

iv) Rapid and equal intervals between dif-
ferent loads. The test managed to convert an
otherwise interval-scaled exercise into an almost
continuous-scaled exercise protocol due to the op-
timization of the loading procedure. The time that
the rats remained outside the water before changing
each load was almost identical and negligible. Thus,
the low variation in time to exhaustion is ensured. This
short time interval, which was almost identical for
each animal did not permit the rats to rest and regain
some of their lost energy assuring the accurate and
reliable performance measurement.

v) The pre-load 12-min phase. The low vari-
ability in time to exhaustion is basically the result of
the fact that the rats followed the same pre-load
swimming phase. They all managed to successfully
swim the first 12 min of the test with the relatively
low loads adjusted to their tails (i.e. 2%, 3.5% and
5%) and reached exhaustion at the final phase of
the protocol, when the high load (i.e. 10%) was ad-
justed to their tails. According to our findings, the
variability in time to exhaustion (i.e. the SD, which
is the output measure showing how our performance
test probably improves the relevant published pro-
tocols) equals to 6.8%, which is a much lower vari-
ability compared to previous studies of our group.
Specifically, variability was equal to 14% in Veskoukis
et al. (48) and 16% in Goutianos et al. (13). This
fact indicates a substantial improvement in the mea-
surement of swimming performance. Furthermore,

the SD of the time to exhaustion presented here is
lower compared to other studies, where it approxi-
mately equals to 50% in Narkhede et al. (33), 41%
in Derevenco et al. (10), 40% in Lamou et al. (24),
19% in Swamy et al. (44) and 9 % in Chang ef al. (7).

In Table 1, a more thorough comparison is
presented between the present protocol and the tests
used by other investigators regarding the afore-
mentioned five critical issues. Table 2 provides
detailed comparison of time to exhaustion vari-
ability between the present novel performance test
and the protocols of relevant studies. According to
the data presented in the Tables, we believe that the
increased variability in time to exhaustion observed
in several other studies is mainly attributed to the
differences in the above mentioned five method-
ological parameters. Specifically, most of the tests
did not use a swimming familiarization protocol,
they applied different water temperature and they
did not force the animals to individual swimming.
Moreover, in these studies neither applied rapid and
equal intervals between different loads nor adopted
a pre-load phase.

One of the major limitations of tests measuring
time to exhaustion is the comparison of groups with
differences in body weight and muscle/fat composition
due to diverse buoyancy levels. It is known that the
load adjusted at the rats’ tails is negatively correlated
with the time to exhaustion (28). In this sense, there
is experimental evidence indicating that the ability
of an animal to swim is not maintained as its size
increases, thus hampering its buoyancy (28), while
this finding has also been demonstrated in humans
(20). In support of these data, swimming endurance
has been negatively correlated with body mass and,
hence, with the load at the animal’s tail (8, 12, 15,
22, 26, 27). These results imply that the reliability
of a swimming protocol is compromised if the variability
in time to exhaustion is increased. This, however, is
not the case in the present performance protocol
where the variability in time to exhaustion is relatively
low. Nevertheless, it should be mentioned that the
performance test we present in this study is directly
applicable only to rats of the particular exercise ca-
pacity, body weight and body composition. There-
fore, it could not be readily applied without the
necessary adjustments, to aged, obese or diseased rats,
conditions that affect both swimming capacity and
buoyancy. In these cases, pilot experiments are
needed in order to specify the stages, the durations and
the loads of the modified performance tests. For
example, if a group of rats exhibits a 50% decrease
in exercise capacity compared to the rats used in the
present study, then the 2%, 3.5%, 5% and 10% loads
could be decreased by 50% and substituted by 1%,
1.75%, 2.5% and 5%, respectively.
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In conclusion, we have presented an easily carried
swimming performance test characterized by low

variability in the time to exhaustion among rats.
This novel exercise test has been repeatedly used

by

our research group for assessing swimming

performance in rats reliably and accurately, thus
enabling to obtain precise measurements without

the

need of using a large number of animals. The

performance test can be appropriately modified by
other researchers so that it can be applied to a wider
spectrum of experimental treatments.
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