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Abstract

Introduction: Acute swimming stress (ASS) exerts a biphasic effect on anxiety-like behavior
(ALB) in mice, inducing an enhancement and a subsequent decrease in ALB 1 h and 24 h after
exposure, respectively. Presumably, this effect may be caused by the activation of
mineralocorticoid and glucocorticoid receptors, both during the immediate response to acute
stress and after its termination at the phase of adaptive changes. Aim of the Research:
Comparative study of the effects of acute swimming stress, corticosterone, dexamethasone, and
fludrocortisone on ALB in mice 1 h and 24 h after stress exposure or administration of the studied
substances.

Materials and Methods: To model ASS in adult male ICR mice, the forced swimming test
(FST) was employed. ALB was assessed in mice in the open field test 1 h and 24 h after FST or
systemic administration of corticosterone (20 mg/kg), dexamethasone (10 mg/kg), and
fludrocortisone (0.04 mg/kg).

Results: Central activity and anxiety index were increased 1 h after exposure to FST, while an
increase in the anxiety index was observed 24 h after exposure to FST in the open field test
compared to the non-stressed mice. Corticosterone, dexamethasone, and fludrocortisone
decreased central activity and anxiety index 1 h after the administration, compared to the control
group. However, fludrocortisone decreased central activity and total locomotor activity 24 h after
administration compared to the control group.

Conclusion: A similar pattern of enhancement of anxiety-like behavior was observed in mice
1 h after FST or the administration of corticosterone (single dose 20 mg/kg, i.p.), dexamethasone
(single dose 10 mg/kg, i.p.), and fludrocortisone (single dose 0.04 mg/kg, i.p.). Nonetheless, 24
h after exposure to stress or administration of the studied substances, FST decreased ALB,
fludrocortisone enhanced ALB, while corticosterone and dexamethasone showed no effect on
ALB in mice 24 h after exposure to stress or administration of the studied substances.


https://doi.org/10.18413/rrpharmacology.11.725
mailto:kudryashov_n_v@staff.sechenov.ru
https://doi.org/10.18413/rrpharmacology.11.725
https://pubchem.ncbi.nlm.nih.gov/compound/Corticosterone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Fludrocortisone
https://pubchem.ncbi.nlm.nih.gov/compound/Corticosterone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Fludrocortisone
https://pubchem.ncbi.nlm.nih.gov/compound/Corticosterone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Fludrocortisone
https://pubchem.ncbi.nlm.nih.gov/compound/Fludrocortisone
https://pubchem.ncbi.nlm.nih.gov/compound/Corticosterone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Fludrocortisone
https://pubchem.ncbi.nlm.nih.gov/compound/Fludrocortisone
https://pubchem.ncbi.nlm.nih.gov/compound/Corticosterone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://orcid.org/0000-0002-1819-1867
https://orcid.org/0000-0002-5773-5177
https://orcid.org/0009-0008-2427-2736
https://orcid.org/0009-0004-6310-973X
https://orcid.org/0000-0002-5915-7999
https://orcid.org/0009-0005-4110-0467
https://orcid.org/0000-0003-1099-9447
https://orcid.org/0009-0001-3785-374X
https://orcid.org/0000-0002-9080-5763

28

Kudryashov NV et al.: The effect of acute swimming stress ...

Graphical abstract

Acute swimming
stress

Corticosterone
(20 mg/kg)

Dexamethasone
(10 mg/kg)

Fludrocortisone
(0.04 mg/kg)

1 Anxiety-like behavior
* Acute swimming stress
: Corticosterone

1h | AWAd | Dexamethasone
— | [—t— * ] * Fludrocortisone

Assessment of anxiety-like
behaviorin the open field test

1 Anxiety-like behavior
— * Fludrocortisone

24h [/ /" | VAnxiety-like behavior
——— |t (*) t || ¢ Acuteswimmingstress

Keywords

acute swimming stress, anxiety, corticosterone, dexamethasone, fludrocortisone, mouse, open field test

Introduction

The forced swimming test (FST) is one of the most frequently employed tests for the evaluation
of antidepressant-like activity of pharmacological substances in preclinical studies. FST was
developed and first described by R.D. Porsolt et al. (1977). Subsequently, numerous
modifications of FST have been reported. In this test, rats or mice are placed into transparent
cylinders filled with water, from which the animals cannot escape. Depressive-like behavior is
manifested by a progressive increase in animal’s immobilization time after the initial attempt to
escape from the cylinder. During repeated testing, the total immobilization time increases, while
the latent period until the first episode of immobility decreases (Kloet de and Molendijk 2016;
Pesarico et al. 2020). The increase in immobilization time is interpreted as a state of despair and
a depression-like behavioral phenotype (Can et al. 2012; Pesarico et al. 2020).

It was hypothesized that the increase in immobilization time should be considered as an
adaptive response to acute stress (Molendijk and Kloet de 2022) mediated by corticosteroids and
implemented through the stimulation of mineralocorticoid (MR) and glucocorticoid receptors
(GR) (Kloet de and Molendijk 2016; Ruiz-Sanchez et al. 2021). This mechanism ensures the
selection of behavioral strategies in acute stress situations, as well as the consolidation and
retention of information on the stress event (Kloet de and Molendijk 2016; Commons et al.
2017). Consequently, FST can be considered as an acute stress paradigm. Furthermore, it has
been established that acute swimming stress (ASS) differentially affects anxiety-like behavior
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(ALB) in mice in the open field test, depending on the time elapsed after exposure to acute stress.
In particular, ALB increases 1 h after the ASS, followed by paradoxical anxiolysis 24 h after
exposure (Kudryashov et al. 2022). Presumably, the described dynamics of ALB in mice exposed
to ASS are mediated by the balance between MR and GR activation by corticosteroids.

The aim of our research was to conduct a comparative study of the effects of exposure to
ASS and administration of corticosterone, dexamethasone, and fludrocortisone on ALB in mice
using the open field test. Behavioral assessments were performed 1 h and 24 h after acute stress
exposure or administration of the studied substances.

Materials and Methods

Animals

The experiments were conducted on 120 adult male ICR mice weighing 20-22 g (the breeding
station “Andreevka” of the Federal State Budgetary Scientific Institution “Scientific Center for
Biomedical Technologies” of the Federal Medical and Biological Agency of Russia). The
animals were kept in standard conditions with natural day/night light cycles and free access to
water and food. The experiments were performed in accordance with the European Community
Council Directive 2010/63/EEC and the Decision of the EEC Council dated 03.11.2016 No. 81
“On Approval of the Rules of Good Laboratory Practice of the Eurasian Economic Union in the
Field of Circulation of Medicinal Products”. All the procedures with animals were considered
and approved by the Local Ethics Committee (Minutes Ne 24-22 of 12 November 2024).

Substances

In the present research, the following substances were employed: corticosterone (20 mg/kg,
Sigma Aldrich, USA), dexamethasone (10 mg/kg, JSC “Production Pharmaceutical Company
Renewal”, Russia), and fludrocortisone (0.04 mg/kg, Sigma Aldrich, USA). Corticosterone and
fludrocortisone were used as an emulsion with Tween-80 (Sigma Aldrich). The equivalent
volume (0.1 mL per 10 g of animal body weight) of 0.9% sodium chloride solution with the
addition of Tween-80 (Sigma Aldrich) was used as a control. The studied substances were
administered intraperitoneally 1 h and 24 h before the open field test. The doses of the substances
were selected in accordance with the earlier published data (Zhao et al. 2007; Vafaei et al. 2008;
Laviolle et al. 2014).

Acute swimming stress

To model acute stress, mice were placed for 10 min in plastic cylinders for the FST (30 cm height,
10 cm in diameter, OpenScience, Russia), which were filled with water to the height of 20 cm at
a temperature of 22°C. The mice were then gently dried and returned to their boxes (Kudryashov
etal. 2022).

Open field test

To assess ALB, a circular “Open Field” set was used (inner set diameter 63 cm, wall height 32
cm, floor hole diameter 1 cm, OpenScience, Russia). The illumination of the set was 300 lux,
and before being placed in the set, the mice were kept in darkness for 30 minutes in a chamber
with 5 lux illumination. During the test, the following parameters were registered over a 2-min
period: peripheral activity near the walls of the set, central activity, vertical activity, and the
number of floor holes examined. Total locomotor activity was measured by the sum of all the
activity types. The anxiety index was assessed by the ratio of central activity to the sum of central
and peripheral activity multiplied by 100%. An increase in the anxiety index was a correlate of
decreased anxiety reactions (Kudryashov et al. 2022).

Experimental design

The study consisted of two experiments. In Experiment 1, the mice were divided into 5 groups
(12 mice per group): control; ASS 1 h after exposure; ASS 24 h after exposure; corticosterone 1
h after administration; corticosterone 24 h after administration. In Experiment 2, there were 5
groups of the animals, each group consisted of 12 mice: control; dexamethasone 1 hour after
administration; dexamethasone 24 hours after administration; fludrocortisone 1 hour after
administration; fludrocortisone 24 hours after administration.

Statistical analysis

The assessment of the collected data was performed using GraphPad Prism 8.0 software
(GraphPad Software, Inc., USA). The normality of distribution was tested by the Shapiro-Wilk
normality test, after which the data was presented as Me (Q1; Q3). The differences between the
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groups were determined using the Kruskal-Wallis test with Benjamini-Hochberg correction for
multiple comparisons. The results were considered significant at p<0.05.

Results and Discussion

Experiment 1

The peripheral activity in the control group in the open field test was 53.0 (49.5; 61.5), central
activity — 6.0 (4.0; 12.3), vertical activity — 1.5 (0; 3.0); total locomotor activity — 63.0 (55.5;
73.0), the number of examined holes — 2.0 (1.0; 4.0) and anxiety index — 12.1 (6.3; 16.4) (Fig. 1).
According to the results of the Kruskal-Wallis test, significant effects of ASS and corticosterone
on the anxiety index (H(4) = 27.66, p<0.0001) and central activity (H(4) = 22.53, p=0.0002) in
the open field test were revealed. In subsequent multiple comparisons, it was found that 1 h after
ASS the anxiety index (3.9 (0; 6.5), p<0.05) and central activity (2.5 (0; 4.0), p<0.05) decreased,
and after 24 h the anxiety index increased (22.8 (16.0; 30.6), p<0.05), while corticosterone
decreased central activity (1.0 (0; 4.8), p<0.05) and anxiety index (2.1 (0; 7.5)) 1 h after
administration compared to the control group.
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Figure 1. The effect of acute swimming stress and corticosterone on anxiety-like behavior in mice in the
open field test. Note: A — peripheral activity; B — central activity; C — anxiety index’ D — locomotor activity;
Cort — corticosterone 1 h after administration; Cort24 — corticosterone 24 h after administration; Stress —
1 h after acute swimming stress; Stress24 — 24 h after acute swimming stress; black line — median; * —
p<0.05 compared to saline group.

Experiment 2

The peripheral activity of animals in the control group in the open field test was 42.0 (35.5; 55.5),
central activity — 7.5 (3.5; 8.8), vertical activity — 0.5 (0; 4.3), motor activity — 53.0 (39.8; 62.0),
number of investigated holes — 1.0 (0; 2.0), and anxiety index — 13.2 (8.0; 17.4) (Fig. 2). In
accordance with the Kruskal-Wallis test results, significant effects of the studied substances on
central activity (H(4) = 35.2, p <0.0001), anxiety index (H(4) = 30.0, p <0.0001) and total
locomotor activity (H(4) = 18.74, p = 0.0009) of mice in the open field test were revealed. In
subsequent multiple comparisons, it was established that dexamethasone (10 mg/kg, i.p.)
decreased central activity (0.5 (0; 1.8), p <0.01) and anxiety index (0 (0; 0.8), p <0.01) 1 h after
administration compared to animals in the control group. Meanwhile, fludrocortisone
(0.04 mg/kg, i.p.) decreased central activity (0 (0; 2.8), p <0.01) and anxiety index (0 (0; 9.3),
p <0.01) and reduced central activity (0 (0; 0), p <0.01), anxiety index (0 (0; 0), p <0.01) and
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total locomotor activity (31.0 (9; 39.8), p <0.01) 24 h after administration compared to animals
in the control group.

In the present study, we focused on the comparative examination of the effects of ASS,
corticosterone, dexamethasone, and fludrocortisone on ALB in mice. Previously, it was revealed
that ASS is characterized by a biphasic effect on ALB in mice in the open field test: an increase
in ALB is observed in mice 1 h after stress exposure, while a decrease in ALB occurs 24 h after
the stress event compared to intact animals (Kudryashov et al. 2022). ASS leads to an increase
in immobility time during repeated exposure to the stressor, which is interpreted as the
development of a passive coping strategy for inescapable stressful situations. This adaptive
reaction develops as a result of the activation of the hypothalamic-pituitary-adrenal (HPA) axis
and the stimulation of both MR and GR by corticosterone, implying the balance between MR
and GR activation in this process (Kloet de and Molendijk 2016; Commons et al. 2017).

We reproduced the previously obtained results in the present study; however, the pattern of
behavioral disturbances induced by ASS in outbred mice possesses several peculiarities. Twenty-
four hours after ASS exposure, we detected a selective increase in the anxiety index, which more
closely resembles the response to ASS observed in C57BL/6 mice than that of BALB/c mice in
which an increase in all the evaluated parameters was reported. This finding can be explained by
strain differences in adaptive responses to acute stress exposure (Kudryashov et al. 2022).
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Figure 2. The effect of dexamethasone and fludrocortisone on anxiety-like behavior in mice in the open
field test. Note: A — peripheral activity; B — central activity; C — anxiety index; D — locomotor activity;
Dex — dexamethasone 1 h after administration; Flu — fludrocortisone 1 h after administration; Dex24 —
dexamethasone 24 h after administration; Flu24 — fludrocortisone 24 h after administration; red line —
median; ** — p<0.01 compared to saline group.

The enhancement of ALB in mice 1 h after ASS exposure appears to be caused by the
immediate response to acute stress. The underlying mechanism involves activation of the HPA
axis, increased corticosterone secretion, as well as changes in the activity of monoaminergic
systems in the brain structures responsible for anxiety regulation — the prefrontal cortex and
amygdala (Christianson et al. 2013; Browne et al. 2014; Atrooz et al. 2021; Pesarico et al. 2020).
The anxiolytic effect observed 24 h after ASS may be associated with the activation of adaptive
neurobiological mechanisms, which include decreased HPA axis activity, reduced corticosterone
levels (Fediuc et al. 2006; Hoeijmakers et al. 2014) and, possibly, the desensitization of 5-HT»c
receptors in the hypothalamus activated by serotonin during the immediate response to acute
stress (Christianson et al. 2013), as well as the elevated activity of the endogenous neuroactive
steroid system due to the increased density of the mitochondrial translocator protein 18 kDa
(TSPO) (Avital et al. 2001).
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Since the stimulation of GR and MR by endogenous corticosteroids plays one of the principal
roles in the mechanisms of the immediate response to acute stress and the phase of adaptive
changes (Kloet de et al. 2016; Hartmann et al. 2021; Kloet de 2022; Oakley et al. 2023), we
additionally studied the effects of various ligands of the above-mentioned receptors during the
same time periods (1 h and 24 h after administration) as ASS. Particularly, we examined the
effects of the GR and MR ligand corticosterone, the GR ligand dexamethasone, and the MR
ligand fludrocortisone on ALB in mice in the open field test 1 h and 24 h after administration.

One hour after administration of corticosterone, which is frequently employed in animal
models of stress (Dieterich et al. 2019; Bertholomey et al. 2022), an increase in ALB was
detected in mice, characterized by the same behavioral pattern seen 1 hour after FST —a decrease
in central activity and anxiety indexes (Fig. 1).

Nonetheless, 24 h after corticosterone administration, no behavioral changes were observed
compared to the control group. Similar results were obtained in relation to dexamethasone, which
is consistent with the earlier published data regarding the effect of dexamethasone at a dose of
10 mg/kg on anxiety reactions in mice (Vafaei et al. 2008). On the one hand, these effects may
result from the stimulation of central GR. Firstly, this is confirmed by a similar behavioral pattern
observed after the administration of both corticosterone and dexamethasone, and, secondly, by
the role of GR in the formation of an anxious phenotype in transgenic mice with the
overexpression of GR in the forebrain (Wei et al., 2004).

On the other hand, there is evidence of the involvement of amygdala MR in enhancing ALB
in rodents when aldosterone is directly injected into the amygdala of rats (Myers et al. 2010).

Simultaneously, different data was collected regarding the effects of fludrocortisone. In
particular, 1 h after fludrocortisone administration, an increase in anxiety reactions was observed
similar to that after FST exposure and administration of corticosterone and dexamethasone.
Twenty-four hour after fludrocortisone administration, the observed effect persisted, but it was
accompanied by a decrease in total locomotor activity compared to the intact control. To our
knowledge, this is the first study of the effect of systemically administered fludrocortisone on
ALB in mice. The obtained results are consistent with the earlier published data on the
enhancement of ALB in rats after the administration of aldosterone to the amygdala (Myers et
al. 2010). Interestingly, this effect was not only present 24 h after administration, but also
accompanied by a decrease in total locomotor activity. Presumably, in the present case we deal
with a biphasic action of fludrocortisone. The effects observed 1 h after fludrocortisone
administration may be primarily linked to non-genomic mechanisms, while the effects, which
occurred 24 h after administration, can be explained by genomic mechanisms. Given the
determining role of MR in selecting the behavioral strategy for overcoming a stressful situation
(Kloet de et al. 2016), it can be assumed that the administration of fludrocortisone, which has a
high affinity for MR, leads to the formation of a behavioral phenotype characterized by a passive
strategy for coping with stress, which is manifested not only by a decrease in central, but also
total locomotor activity in the open field test. In any case, the effect of fludrocortisone on anxiety-
like behavior in rodents and the underlying neurobiological mechanisms require further study.

Conclusion

FST is characterized by opposite effects on ALB in mice in the open field test, which depends on the
time elapsed after the stress exposure — increased anxiety reactions 1 h after exposure and decreased
anxiety reactions 24 h after exposure. Corticosterone (single dose 20 mg/kg, i.p.), dexamethasone
(single dose 10 mg/kg, i.p.), and fludrocortisone (single dose 0.04 mg/kg, i.p.), which possess different
affinities for GR and MR, only partially replicated the behavioral pattern observed after FST exposure.
Corticosterone and dexamethasone increased ALB in mice only 1 h after administration, while the
effect of fludrocortisone persisted even 24 h after administration, but it was accompanied by a
decrease in total locomotor activity. Consequently, the effect of FST on anxiety-like behavior in mice
is based not only on a certain balance between MR and GR activation, but also on other mechanisms
dependent on the nature, intensity, and duration of the stressor.
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