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Introduction: The diuretic agent furosemide (FUR, 25 and 50 mg/kg) has been shown in 
a single report to act as an anti-stressor agent in two models of acute stress in mice, viz. electric 
foot–shock stress and immobilization (IMS). The present work aimed to investigate the possible 
anti-stressor action of FUR on two models of acute stress in mice, cold-water stress (CWS) and 
IMS, and tried to determine whether gender has any impact on the effect of FUR.
Methods: FUR (40 mg/kg) was injected intraperitoneally, and after 30 minutes, mice were 
subjected to CWS (4°C for three minutes) or IMS (fixing movement for two and a half hrs using 
adhesive tape). Motor and exploratory activities, neuromuscular coordination, and thermal 
nociception were then tested. Blood was collected from the mice and used to measure the 
concentrations of three stress hormones (corticosterone, epinephrine and prolactin).
Results: Mice subjected to CWS and IMS had significantly reduced motor and exploratory 
activities, neuromuscular coordination, and increased nociception. CWS and IMS also sig
nificantly increased the plasma concentrations of the three hormones. FUR pretreatment 
significantly mitigated these stress-induced hormonal changes. There was no significant sex 
difference when CWS or IMS was applied.
Discussion: IMS and CWS stimuli in male and female mice caused significant elevations in the 
plasma concentrations of corticosterone, epinephrine, and prolactin, accompanied by a significant 
reduction of motor and exploratory activities, neuromuscular coordination, and thermal nocicep
tion. There were no sex differences when IMS was applied. In stressed mice, prior administration 
of FUR (40 mg/kg) significantly decreased the concentrations of stress hormones, and this effect 
significantly mitigated the stress-induced behavioural and motor changes.
Keywords: furosemide, immobilization stress, cold-water stress, corticosterone, prolactin, 
epinephrine

Introduction
Stress is a nonspecific state that can cause behavioural and physiological changes 
that disturbs the homeostasis of the individual organism.1,2 Coping with stress is 
a vital determinant of health, and failure to do so may result in the development of 
various pathophysiological alterations and diseases.3

Stress can be acute or chronic, depending on the frequency and duration of 
exposure to the stressor.4,5 Acute stress denotes a short period (24 hours or less) of 
exposure to a particular stressor, while a long period of exposure leads to chronic 
stress. The former involves activation of the hypothalamic-pituitary-adrenal (HPA) 
axis and the sympathetic adrenomedullary system. The latter leads to dysregulation 
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of the HPA axis, possibly due to HPA sensitization.6 The 
physiological response to stress in rodents depends on the 
activation of both the HPA axis (leading to the release of 
corticosterone) and the sympathetic adrenomedullary sys
tem (causing the release of catecholamines from sympa
thetic nerve terminals and the adrenal medulla). 
Corticosterone is probably the most important hormone 
in the stress response in rodents, and together with epi
nephrine and prolactin, is used as a biological marker for 
assessing the stress response.7 In this work, we focused on 
two models of acute stress only.

Furosemide (FUR) is a high-ceiling loop diuretic that acts 
as a sodium-potassium chloride cotransporter inhibitor.8 The 
potassium chloride cotransporter (KCC) family is present in 
various tissues, including the loop of Henle in the nephron of 
the kidney and hypothalamus, and belongs to the cation- 
dependent chloride cotransporter family. They mainly med
iate the transport of K+ and Cl− ions into the cell. The neuronal 
action of KCCs reverses the inhibitory action of gamma- 
aminobutyric acid neurotransmitter (GABA) in the brain. 
KCC activation is the main mechanism by which mature 
neurons maintain low intracellular Cl− concentrations.9

In a single report, single intraperitoneal (i.p.) doses of 
FUR at 25 and 50 mg/kg have been shown to act as anti- 
stressor agents in two models of acute stress in mice, viz. 
electric footshock stress and immobilization.10 In that 
report, only corticosterone was used as a biomarker of 
stress. In the present work, we used FUR at a different 
dose (40 mg/kg, i.p.) to assess its possible action against 
another stress model, viz. cold-water immersion (CWS), 
which has not been tested before, and to verify its action 
against immobilization stress (IMS) using four behavioural 
paradigms and three stress hormones.

Data on gender differences in preclinical neuroscience 
work are scarce and are mostly contradictory.11–13 

Therefore, we thought it of interest to determine whether 
there were sex differences in response to the two acute 
stressful stimuli and the effect of FUR thereon.

Materials and Methods
Animals
The animals used were male and female CD1 mice (9–10 
weeks old and weighing between 28–30 g) obtained from the 
small animal house of Sultan Qaboos University (SQU), 
housed under controlled environmental conditions (24 ± 
2°C and 12 h light-dark cycle), and allowed free access to 
a standard chow diet (Oman Flour Mill, Muscat, Oman) and 

tap water. Ethical approval for conducting the work was 
approved by the Animal Ethical Committee of SQU 
(approval code: SQU/AEC/2017-18/9). Animal care and 
involved procedures were carried out following international 
laws and policies (EEC Council directives 2010/63/EU, 
22 September 2010, and NIH guide for the Care and Use of 
Laboratory Animals, NIH publication no. 85–23, 1985).

Experimental Design
Male mice (n = 72) and female mice (n = 72) were each 
randomly divided into six equal groups (n=12 each). The 
experimental design was as follows:

G1 (vehicle, control): mice were injected once with 
normal saline intraperitoneally; i.p. (40 mg/kg) 30 min 
before conducting the activity tests.

G2 (FUR): mice were administered a single dose of 
FUR (40 mg/kg) i.p. 30 min before conducting the activity 
tests.

G3 (CWS-saline): mice were administered a single 
dose of normal saline (40 mg/kg) i.p. 30 min before 
being subjected to CWS for 3 min, after which the tests 
were performed.

G4 (CWS- FUR): mice were administered a single 
dose of FUR (40 mg/kg) i.p. 30 min before being sub
jected to CWS for 3 min, after which the tests were 
performed.

G5 (IMS-saline): treated similarly to G3 except that the 
CWS was replaced with IMS for two and a half hours.

G6 (IMS-FUR): treated similarly to G4 except that the 
CWS was replaced with IMS for two and a half hours.

All the tests were performed at a similar time of the 12 
h light cycle of the day (8–11 am).

CWS
This acute stress model was applied to mice as described 
previously.14,15 Each mouse was gently dropped into 
a two-litre glass beaker (18 cm in height, 13 cm in dia
meter) filled with water at 4°C up to 11 cm for three 
minutes. The water level was deep enough to cover the 
back of the mouse, while it swam in cold water or kept its 
head above the water level. At the end of each stress 
period (3 minutes), each mouse was immediately removed 
and dried with towel papers to avoid hypothermia.

IMS
This stress model was applied as described previously.16 

IMS was induced by fixing the entire body of each mouse 
using adhesive tape for two and a half hours. Each mouse 
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was kept in the prone position with stretching all its limbs 
to restrict their movement in a quiet room.6

Motor Activity Test
Locomotor activity is a marker of awareness. The open-field 
test was employed to evaluate the spontaneous activity, gen
eral exploration, and ambulation of the rodents. Each mouse 
was placed in the centre of the open field in the activity metre 
(Ugo Basile, Comerio, Italy). Then, the number of line cross
ings was measured to study the effect of stress on the general 
locomotor activity level of stressed mice. The test was con
ducted for 15 min, but the values of the first five minutes were 
excluded from the calculation as described previously.17–19

Exploratory Activity Test (Hole Board)
Each mouse was placed in the centre of the hole board to test 
its exploratory activity. Then, the total number of nose dips 
was measured to evaluate the change related to behavioural 
stress of each mouse. The test was carried out within 15 min, 
but the values of the first five minutes were excluded from the 
calculation as described previously.18

Coordination Activity Test (Rota-Rod 
Treadmill)
Mice were gently placed on a rotarod treadmill (Ugo Basile, 
Comerio VA, Italy) to study neuromuscular activity. The 
apparatus used was subdivided into five segments by discs 
with a diameter of 24 cm, and the rod was 30 cm long and 
3 cm in diameter. The rod was rotated at a fixed speed of 25 
revolutions/min, and the time taken by the animal to fall 
from the rotating rod was automatically recorded.20

Thermal Nociception Activity Test (Hot 
Plate)
In this test, the mice were placed in an analgesia metre 
(Ugo Basile, Comerio VA, Italy) having a glass cylinder 
with a hot metal plate set to a temperature of 55 ± 0.2°C 
for measuring analgesia.21 The time taken by the mouse to 
jump off the hot plate or lick its paw was recorded and 
considered the responding time for its reflex. The cut-off 
time was 15 sec to prevent possible tissue damage.

Blood Collection and Biochemical 
Analysis
Animals were anaesthetized using ketamine (75 mg kg−1) 
and xylazine (5 mg kg−1) given i.p., and blood was imme
diately collected in heparinized tubes from the abdominal 

aorta of each animal and centrifuged at 900 g for 15 min at 
5°C to separate plasma. The plasma collected was used for 
the measurement of the stress hormones corticosterone, 
epinephrine and prolactin using ELISA techniques.

Drugs and Chemicals
FUR (Sanofi Winthrop, Paris, France) was purchased from 
the Pharmacy of Sultan Qaboos University Hospital. 
A mouse epinephrine ELISA kit was purchased from 
Cusabio, Houston, TX, USA. Mouse prolactin and corti
costerone ELISA kits were obtained from Thermo 
Scientific (Waltham, CA, USA).

Statistical Analysis
Descriptive statistics were used to describe the data. For cate
gorical variables, frequencies and percentages were reported. 
For continuous variables, the mean and standard deviation 
were used to summarize the data. In Tables 1 (male mice) 
and 2 (female mice), the effect of drug (furosemide/saline) on 
motor and exploratory activities (motor/horizontal, motor/ver
tical, total dips/hole board, rotarod, hot plate) in male and 
female mice subjected to stress (CWS/IMS) was performed 
using three-way analysis of variance (ANOVA) with multiple 
pairwise comparisons conducted utilizing the Bonferroni test. 
In Table 3, the effect of drug (furosemide/saline) on hormone 
(corticosterone, epinephrine, and prolactin) concentrations of 
mice subjected to stress (CWS/IMS) and stratified by sex 
(male/female) was performed using four-way analysis of var
iance (ANOVA) with multiple pairwise comparisons also con
ducted utilizing the Bonferroni test. An a priori two-tailed level 
of significance was set at 0.05. Statistical analyses were per
formed using STATA version 16.1 (STATA Corporation, 
College Station, TX, USA).

Results
Tables 1 and 2 show the results obtained in the various 
tests in male and female mice, respectively.

Motor Activity Test
There were no differences between the FUR and vehicle 
groups in either horizontal or vertical motor activity. The 
results of the CWS-saline, CWS-FUR and IMS-saline groups 
were significantly different from those of the vehicle and 
FUR groups, while the IMS-FUR group was significantly 
different from the FUR group but not the vehicle group. FUR 
did not significantly ameliorate IMS or CWS effects on 
motor activities. There were no significant sex differences 
among the groups in response to motor activity.
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Exploratory Activity Test (Hole Board)
In the hole board test, there were no significant differences in 
the results of the FUR and vehicle groups. The CWS-saline 
and CWS-FUR groups were significantly different from the 
vehicle and FUR groups. The IMS-saline group result was 
lower and significantly different from the FUR but not the 
vehicle group. FUR significantly mitigated the IMS but not the 
CWS effects. There were no significant sex differences among 
the groups in response to exploratory activity.

Coordination Activity Test (Rota-Rod 
Treadmill)
The rotarod test results for all groups were significantly dif
ferent from the vehicle group. All groups’ results were also 
significantly different from those of the FUR group. However, 
FUR did not have a significant impact on the CWS and IMS 
effects in performing this test. There were no significant sex 
differences among the groups in response to rotarod activity.

Table 1 The Effect of Furosemide Treatment on Motor and Exploratory Activities in Male Mice Subjected to Cold Water Stress 
(CWS) and Immobilization Stress (IMS)

Group/Test Motor (Horizontal) Motor (Vertical) Total Dips (Hole Board) Rota-Rod Hot Plate

Vehicle (saline) 1330.4±59.3 178.1±15.7 123.8±10.2 523.6±13.9 8.0±0.2

Furosemide 1362.2±59.7 198.3±11.2 138.9±6.8 604.8±22.1a 7.0±0.3

CWS +Saline 279.3±31.0a,b 4.3±1.5a,b 44.0±6.5a,b 14.6±1.2a,b 24.8±1.0a,b

CWS + Furosemide 442.0±53.9 a,b 5.6±1.5a,b 62.1±5.0a,b 35.7±2.0a,b 15.8±0.9a,b,c

IMS + Saline 925.6±40.6 a,b 120.8±8.9a,b 99.8±5.9b 82.0±5.4a,b 19.4±1.3a,b

IMS + Furosemide 1113.1±42.1b 149.0±12.2b 118.8±0.7 119.7±11.1a,b 11.8±1.1a,b,d

Notes: Values in the table are mean ± SEM (n=12). Furosemide was injected intraperitoneally at dose of 40 mg/Kg, 30 min before application of CWS (three min) or IMS 
(150 min). Thereafter, the motor and exploratory activities were tested immediately. a denotes statistically significant from the vehicle group. b denotes statistically significant 
from the furosemide group. c denotes statistically significant from the CWS + saline group. d denotes statistically significant from the IMS + saline groups.

Table 2 The Effect of Furosemide Treatment on Motor and Exploratory Activities in Female Mice Subjected to Cold Water Stress 
(CWS) and Immobilization Stress (IMS)

Group/Test Motor (Horizontal) Motor (Vertical) Total Dips (Hole Board) Rota-Rod Hot Plate

Vehicle (saline) 1112.4±46.9 160.1±14.6 125.8±11.4 471.5±13.2 7.7±0.4

Furosemide 1210.5±61.5 182.7±11.2 128.4±10.3 582.4±25.2 6.0±0.3
CWS +Saline 417.0±34.3a,b 0.3±0.3a,b 50.1±4.6a,b 13.4±1.3a,b 24.0±1.2a,b

CWS + Furosemide 519.6±48.3a,b 2.6±0.9a,b 68.5±1.5a,b 35.3±2.8a,b 17.1±0.5a,b,c

IMS + Saline 968.0±51.8a,b 121.6±8.8a,b 108.3±6.0b 73.7±5.5a,b 18.1±1.2a,b

IMS + Furosemide 1069.8±44.9b 142.2±8.9b 123.6±8.2 108.4±6.0a,b 13.2±1.18a,b,d

Notes: Values in the table are mean ± SEM (n=12). Furosemide was injected intraperitoneally at dose of 40 mg/Kg, 30 min before application of CWS (three min) or IMS 
(150 min). Thereafter, the motor and exploratory activities were tested immediately. a denotes statistically significant from the vehicle group. b denotes statistically significant 
from the furosemide group. c denotes statistically significant from the CWS + saline group. d denotes statistically significant from the IMS + saline group.

Table 3 The Effect of Furosemide Treatment on Corticosterone, Epinephrine and Prolactin Concentrations in Male and Female Mice 
Subjected to Motor and Exploratory Activities Subsequent to Cold Water Stress (CWS) and Immobilization Stress (IMS)

Group/Hormone Corticosterone (ng/mL) Epinephrine (ng/mL) Prolactin (ng/mL)

Male Female Male Female Male Female

Vehicle (saline) 26.3±3.1 32.2±4.5 5.1±0.8 8.3±0.7 4.8±0.1 5.1±0.1

Furosemide 20.1±3.5 23.7±5.3 4.6±0.5 8.0±0.9 4.5±0.1 4.8±0.2
CWS +Saline 107.6±9.6a,b 178.2±23.9a,b 34.1±6.1a,b 41.7±3.8a,b 5.6±0.2a,b 8.7±1.2a,b

CWS + Furosemide 55.2±10.0c 80.9±12.6c 14.4±1.7a,b,c 21.1±3.0a,b,c 4.7±0.2c 5.3±0.3c

IMS + Saline 249.3±14a,b 208.3±29.8a,b 29.4±4.7a,b 25.7±2.1a,b 9.6±0.7a,b 9.9±0.6a,b

IMS + Furosemide 140.0±9.9a,b,d 144.2±15.1a,b,d 9.1±0.7d 6.0±1.4d 5.5±0.2d 6.6±0.6d

Notes: Values in the table are mean ± SEM (n=12). Furosemide was injected intraperitoneally at dose of 40 mg/Kg, 30 min before application of CWS (three min) or IMS 
(150 min). Thereafter, the motor and exploratory activities were tested immediately. There were no statistical differences among the male and female groups in the 
measured hormones. a denotes statistically significant from the vehicle group. b denotes statistically significant from the furosemide group. c denotes statistically significant 
from the CWS + saline group. d denotes statistically significant from the IMS + saline group.
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Thermal Nociception Activity Test (Hot 
Plate)
The FUR group results were not significantly different 
from the vehicle group in thermal antinociception results, 
but all other groups were significantly different from both 
the vehicle and FUR groups. FUR significantly reduced 
the CWS and IMS effects on the hot-plate test. There were 
no significant sex differences among the groups in 
response to the hot plate test.

Effects of CWS and IMS on Mice 
Hormones
Table 3 shows the results of the obtained values of the 
measured hormones in various groups. The obtained corti
costerone, epinephrine, and prolactin levels in the FUR 
groups were not significantly different from those in the 
vehicle group. Corticosterone values in the rest of the 
groups were significantly different from the vehicle 
group except for the CWS-FUR group. In contrast, epi
nephrine values in the IMS-FUR group were not signifi
cantly different from those in the vehicle group. Prolactin 
values in the other groups except for the CWS-FUR and 
IMS-FUR groups were significantly different than those in 
the vehicle group. FUR significantly reduced the impact of 
CWS and IMS on the levels of all three hormones. There 
were no significant sex differences among the groups in 
the measured hormones.

Discussion
This work presents experimental evidence that the two 
acute stressful stimuli (CWS and IMS) significantly 
reduced motor, exploratory activities, and neuromuscular 
coordination, and increased nociception in mice. It also 
showed that these two stressful stimuli significantly ele
vated the levels of three hormonal biomarkers of stress. 
Pretreatment with FUR significantly reduced these effects.

IMS is one of the intensive stress models employed 
extensively for studying stress-related biochemical, biolo
gical, and physiological responses in animals.14 It is 
a relatively easy and convenient method to induce both 
physical (eg, muscular struggle, extension, and exertion) 
and psychologically stressful stimuli (eg, restricting the 
animal and limiting its activity).22 In our experiment, 
IMS induced significant alterations in motor and explora
tory activities, neuromuscular coordination, and thermal 
nociception in both sexes to an equal extent. Some of 

these effects have been reported earlier only in one prior 
publication on this subject.10

The adverse actions caused by IMS can cause altera
tions in the actions of peripheral muscles and changes in 
the flow rate of blood that supplies these muscles.23 This 
stressful action activates the HPA system, resulting in at 
least some behavioural, biochemical, and hormonal 
changes .

Similar to IMS, CWS is commonly used to induce 
acute stress in animals. In this acute stress model, there 
are both physical and psychological stressful stimuli.13 In 
this work, CWS significantly caused behavioural actions 
similar to those induced by IMS. CWS subjects the animal 
to a sudden decrease in core body temperature, resulting in 
alterations in the metabolic state and deleterious effects on 
the behaviour of the mice.24 CWS has also been reported 
to induce the release of catecholamines (mainly epinephr
ine) and other stress hormones.14

The behavioural changes induced by stress are strongly 
associated with the release of stress hormones.25 Certain 
areas of the brain are responsible for vehicle animals’ 
behaviour during a stressful stimulus (viz. cingulate 
gyrus, fornix, hippocampus, amygdala, hypothalamus, 
and anterior pituitary). These areas are highly susceptible 
to stress due to high expression of corticosterone 
receptors.26 Furthermore, the release of corticosterone dur
ing stress affects these brain regions, leading to alterations 
in behaviour.27

IMS significantly increased the plasma concentrations 
of stress hormones in both sexes. Elevated concentrations 
of plasma stress hormones were also observed in mice 
subjected to CWS. These changes could be explained by 
the slower activation effect of stress in the HPA axis that 
leads to activation of the adrenal cortex. Hyperactivation 
of the HPA axis increases the release of corticosterone 
from the adrenal cortex. In contrast, the rapid activation 
effect of stress affects the sympatho-adrenomedullary sys
tem, leading to the release of epinephrine by activating the 
adrenal medulla.14

Stressful stimuli can also induce the release of prolac
tin, which acts on the adrenal gland to increase the secre
tion of corticosterone hormone and increases the 
sensitivity of the adrenal gland to corticosterone.28 Both 
types of stress stimuli decreased the motor and exploratory 
activities of both male and female mice in this study. There 
were no significant sex differences in the responses to 
CWS and IMS in the release of the three hormones, 
although female values trended slightly higher than male 
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values. It has been previously reported that male and 
female rodents acquire place- and response learning to 
acute stress at the same rate.29

FUR is clinically used as a loop diuretic in patients 
with mild to severe congestive heart failure and portal 
hypertension. Molecularly, it acts as an inhibitor of the 
KCC that is present in various tissues.30 Administration of 
FUR (40 mg/kg) significantly mitigated the stress-induced 
hormonal changes associated with IMS and CWS, 
although not all the values returned to the levels of the 
vehicle group. However, the hormonal effects associated 
with the use of FUR were not significantly translated into 
enough responses to restore the motor and behavioural 
changes that were induced by IMS and CWS, with the 
exception of the hot plate test. This latency in the transla
tion of the response is not clear but can be attributed to 
two possible reasons. First, a possible explanation might 
lie in the mechanism of action of the studied hormones, ie, 
corticosterone and prolactin, as it involves gene expres
sion. Such actions require several minutes and hours to be 
observed, and a return to near-normal levels requires 
a longer time than what was implemented in our study. 
Second, KCCs are distributed in the hypothalamus, pitui
tary gland, hippocampus, amygdala, and fornix. However, 
there is a lack of evidence for the functional relationship to 
the behavioural and biochemical effects of KCCs, and 
therefore a lack of direct impact of FUR on the motor 
and behavioural effects.10

It should be mentioned that different drugs may induce 
different hormonal and behavioural responses in animals 
and humans subjected to stressful stimuli. For example, 
the antidepressant drug amitriptyline has been reported to 
cause differential hormonal and behavioural actions in rats 
subjected to chronic stress.31

Further studies are warranted to study the neurochem
ical basis of these effects in specific regions of the brain 
and to compare the effects of FUR reported here with 
other sodium potassium chloride cotransporter inhibitors.

The possible clinical implications of the anti-stressor 
action of FUR warrant further studies. It is of interest to 
note that FUR is illegally used by competing human ath
letes and in racing animals.32,33 Whether this is related to 
the purported anti-stressor action is unknown.
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