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Postulations 

1. Enhanced learning of adverse context is an important 

pathophysiological factor of a depressive syndrome (this thesis); 

 

2. Its mechanisms can be mediated by over-expression of GSK3β in the 

prefrontal cortex in susceptible individuals (this thesis); 

 

3. The hippocampus and prefrontal cortex play differential roles in 

GSK3β-mediated contextual conditioning associated with depressive 

state (this thesis); 

 

4. The modified swim test based on delayed testing can serve as a 

paradigm for abnormal acquisition of adverse memories during 

depression (this thesis); 

 

5. Treatment with imipramine or thiamine (vitamin B1) prevents 

enhanced contextual conditioning of adversities and over-expression 

of brain GSK3β (this thesis); 

 

6. Thyroid hormone T2 and thiamine (vitamin B1) can be exploited as 

new supplementary antidepressant therapies (this thesis); 

 

7. “You must acquire the best knowledge first, and without delay; it is 

the height of madness to learn what you will later have to unlearn” 

(Erasmus; 1497); 

 

8.  “Learn the ABC of science before you try to ascend to its summit” 

(Ivan Pavlov; 1936); 

 

9.  “Who reminds of past insults, is to lose an eye” / “Let sleeping dogs 

lie” (Russian proverb); 

 

10.  “To study, to study and once again, to study!” (Vladimir Lenin; 1924). 
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Chapter 1. Introduction 

Enhanced cognitive processing as a pathophysiological mechanism of 
major depressive disorder 
 

Major depression is epidemiologically spread, serious, recurrent disorder 

resulting in diminished quality of life and increased co-morbidities and 

mortality (Kessler & Bromet, 2013). In the Western world, the rate of life 

prevalence of depressive disorder falls within a range of 8–23%, with high 

numbers in the USA and Eastern Europe, including the Russian Federation 

(Garin et al., 2016; Margraf et al., 2016). All over the world, a problem of 

insufficient efficacy of treatment of depressed patients remains a significant 

medical and social challenge (Kessler et al., 2015). 

The biological basis of depression remains to be not well understood that 

greatly complicates the development of new therapies of this medical 

condition. In particular, the augmented cognitive processing of adversities / 

negative experiences and memories for stress events are important in the 

pathophysiology of depression (Chrousos and Gold, 1992; Becker et al., 

2008; Clark et al., 2009). Yet, the mechanisms of these processes and their 

relation to the formation of a depressive-like state are currently poorly 

investigated. Limited number of animal models was designed to address 

these phenomena. However, available data point to the role of enhanced 

acquisition of stress memories and adverse experiences as a highly relevant 

element of the development of depression, which is also involved in the 

mechanisms of other neuropsychiatric conditions, including the post-

traumatic stress disorder (PTSD), generalized anxiety disorder, and phobias 

(Gold & Korol, 2012, Flores et al., 2014). A better understanding of the 

neurobiology of these pathological processes could open new possibilities 

for therapeutical management of neuropsychiatric conditions associated 

with enhanced learning of adversities and particularly help to improve the 

treatment of depressed patients. 

On one hand, an intact ability to acquire new memories, including learning 

of negative experiences, and successful storage / recall of these memories is 
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a basic feature of adaptation and survival of the living organisms. On another 

hand, inappropriate retention of “emotionally negative” memories can be 

harmful and be involved in neuropsychiatric pathologies, including 

depression. Such memories can be intrusive and interfere with normal daily 

functioning, as it is a case with PTSD, where enhanced memorizing of 

adversities can lead to behavioural disruption, helplessness and feelings of 

worthlessness, resulting in symptoms of depression. Uncontrollable 

memories of the traumatic event can be distressing and aggravate 

depressive symptoms, that is also observed during phobias (Fig. 1; McNally 

et al., 1998; Yehuda et al., 2010; Wood et al., 2015). In case of depression 

and generalized anxiety disorder, it is the increase of processing of 

memories for negative / potentially threatening events that is prevalent in 

patients suffering from these conditions (Chrousos & Gold, 1992). While a 

link with traumatizing event is not that obvious in the development of 

depression as it is with PTSD, it is believed that increased processing of 

negative experiences play an important role in the pathophysiology of 

depressive state (Siegmund & Wotjak, 2006).   

Contextual conditioning is believed to be a key mechanism of pathologically 

increased learning of adversities during neuropsychiatric conditions (Yehuda 

et al., 2007a; Yehuda & LeDoux, 2007). A concept of contextual conditioning 

was proposed over a hundred years ago by Ivan Pavlov and upon the first 

publication in 1927 (Pavlov, 1927), has gain a broad acceptance worldwide, 

greatly impacting the fields of neurobiology, physiology, psychology and 

psychiatry. According to the concept of Pavlov, simultaneous activation of 

neuronal centers, which is caused by emotionally meaningful stimuli, e.g. 

pain, fear, nutritional stimulation or other biologically relevant factors, alone 

with a presentation of neutral elements, such as a context, at which 

emotional activation takes place, results in a formation of new functional 

links between the neuronal centers involved. As such, a representation of 

neutral sensory cues activates new networks and centers of emotional 

arousal mimicking the effects of the actual stimuli that caused a biological 

response in the previous pairing.  
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Figure 1. Pathologically enhanced learning of adversities results in the 
symptoms of depression and post-traumatic stress disorder. During 

depression and PTSD, excessive acquisition and retention of memories of adversities, where 
neutral factors such as elements of a context at which negative stimulation was experienced 
can lead to the development of specific symptoms of these disorders (adapted from Yehuda 
et al., 2010). 

Thus, Pavlovian conditioning occurs when a conditioned stimulus (CS) is 

paired with an unconditioned stimulus (US) that is usually, of high biological 

potency and elicits the unconditioned response (UR). After pairing is 

repeated, the organism exhibits a conditioned response (CR) to the CS when 

the conditioned stimulus is presented alone. The CR is usually similar to the 

UR, but unlike the UR it must be acquired through experience and is 

relatively impermanent. The CS is not simply connected to the UR; and may 

differ from the UR. The developments of the concept of Pavlov during the 

subsequent decades have led to the formulation of the term “conditioned 

Depression 
Post-traumatic 
stress disorder 

Enhanced acquisition and retention of 
adversities memories 

Recurrent recall of 
negative events, 

enhanced memory 
for negative 

experiences  and 
conditioning to a 

context associated 
with adversities 

Uncontrollable flash 
back memories, 

nightmares, 
associated with 

physical sensations  
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emotional response”. This term is used to refer to the classic conditioning as 

a basis of emotional responses to contextual cues during such pathologies, 

as phobias and PTSD. The mechanisms of conditioned emotional response 

are thought to underlie not only these disorders but also depression, with 

some overlaps and differences (Fig. 1).   

Although up to 50–60% of individuals experience a traumatic event in their 

life, only a minority develops psychiatric disorders. And still it is not clear 

why many remain resilient, other develop depression, and some suffer from 

PTSD or other diseases. It has been suggested that inter-individual 

differences in stress reaction and in coping behaviour with environmental 

challenges are crucial in determining the outcome after experience of a 

traumatic event (Koolhaas et al., 1999; Olff et al., 2005). Human and animal 

studies suggest distinct neural mechanisms to mediate coping behaviours 

under conditions of stressful events, such as passive strategy, an energy 

conserving mode of interaction, associated with high levels of denial or 

defensive emotion-inhibiting response, versus active coping strategy, that is 

based on the pro-active problem-focused coping style (De Boer et al., 1990; 

Strekalova, 1995; Keay & Bandler, 2001; Olff et al., 2005). Over the recent 

years, a great deal of knowledge was accumulated regarding the 

neurobiology of individual susceptibility to stress and stress-related 

depressive syndrome (Krishnan et al., 2007; Strekalova et al., 2011; Drugan 

et al., 2013). Yet, very little is known about the mechanisms of inter-

individual differences in cognitive processing of traumatic / adverse 

experiences in relation to the development of a depressive-like state.  

Animal models of enhanced memories for adversities 
 

Most of the currently available rodent models of enhanced learning of 

adverse events were developed to study PTSD. They are based on the classic 

principle of Pavlovian conditioning and employ experimental settings in 

which animals learn to associate an aversive unconditioned stimulus, such as 

for example, a brief foot shock, air poof or bitter/aversive taste, with a 

neutral conditioned stimulus, typically a context, a tone, or a particular 

palatable taste (Maren, 2008). Perhaps, the most broadly applied model 

https://en.wikipedia.org/wiki/Phobia
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among this type of paradigms is the contextual fear conditioning paradigm, 

in which small rodents display so called “freezing behaviour”. Freezing 

behaviour, a lack of mobility, is a species-specific form of expression of fear 

in rodents: immediate immobility in a situation of danger increases the 

chances for survival of small rodents in nature helping them to hide from a 

predator. In this paradigm, the duration of freezing behaviour displayed by 

rats and mice is taken as a measure of a vulnerability to the PTSD-like state 

(Anagnostaras et al., 2001; Maren & Holt, 2004).  

Enhanced memory of unpredictable, uncontrollable and inevitable aversive 

events can also result in learned helplessness, an important feature of 

depression, that can also be modelled in rodents (Anisman et al., 1983; 

Chourbaji et al., 2005). This feature implicates altered mechanisms of 

learning as well and, at least partly, is related to an increase of acquisition of 

negative associations by an individual (Pryce et al., 2011; Cryan & Holmes, 

2005). In comparison to other models, such as models of PTSD, the 

paradigms of learned helplessness mimic a deficit in coping with 

environmental challenges and involve instrumental forms of memory 

(Anisman et al., 1983). The models of learned helplessness originates from 

the phenomenon that an animal exposed to inescapable and uncontrollable 

electric shocks or other insults fails to flee the shocks or other adversities 

even when offered a means of escape (Anisman et al., 1983).  

Indeed, the overlapping mechanisms between PTSD and learned 

helplessness are discussed in the current literature (Hammack et al., 2012). 

The fact that learned helplessness is dependent on the hippocampal 

formation, which is generally not considered to be the brain area underlying 

instrumental learning per se, speaks in favour for the existence of 

overlapping mechanisms between PTSD-associated changes in learning and 

generalized helplessness (Sheehan et al., 2003).  

Helplessness in rodents is also considered to be manifested by floating 

behaviour in the forced swim test, a passive drifting in a water (Porsolt et al., 

1977; Cryan & Slattery, 2007; Huston et al., 2009), and immobility behaviour 

in the tail suspension model (Steru et al., 1987). These forms of behaviour 

are also regarded as an expression of emotional despair. With repeated 
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forced swimming procedure, the elements of contextual learning were 

suggested to be involved in the expression of floating behaviour during 

forced swim test (Hawkins et al., 1978). The role of contextual cues of 

testing in induction of floating behaviour was supported in further studies 

(Stone et al., 2008). Evidence suggest that the antidepressant effects of 

imipramine and other compounds can be partly ascribed to their disruptive 

effects on memory formation (Cryan & Holmes, 2005; see also below).  

Yet, animal models that would let specifically investigate the neurobiology of 

contextual learning during the formation of a depressive-like state are not 

described in the literature. In a meantime, currently accumulated data 

summarized above, suggest that the mechanisms of helplessness, contextual 

learning and behavioural manifestation of emotional despair in a form of 

floating behaviour displayed by small rodents, are likely to interplay. This 

suggests a potential for the development of a paradigm of enhanced 

learning during a formation of a depressive-like state which could be based 

on these behavioural features in mice and rats.   

Neuroanatomical circuits of pathologically enhanced learning of adversities 
during depression 
 

Animal studies suggest that rodent behaviours in the paradigms of 

contextual fear conditioning, forced swimming and learned helplessness are 

regulated by the hippocampus, amygdala and the prefrontal cortex (Fig. 2; 

Hitchcock et al., 1989; Cisler et al., 2010; Browne et al., 2014). The overlap 

between the neuroanatomical substrates with these forms of behaviour 

further suggest a link between the mechanisms of plasticity and 

emotionality during enhanced learning of adversities associated with 

depression (Yang et al., 2012; Shishkina et al., 2012). While currently used 

models of fear conditioning, learned helplessness and behavioural despair 

are not designed to address specifically a phenomenon of enhanced 

acquisition of adversities during depression, they can provide useful 

information which is relevant for addressing the pathophysiology of elevated 

acquisition of adverse memories during depression. 
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Figure 2. Neuroanatomical elements of enhanced learning/retention of 
adverse experiences in the fear conditioning, learned helplessness and 
forced swim tests. The overlap between the neuroanatomical substrates of fear 

conditioning, learned helplessness and forced swimming suggests a link between the 
mechanisms of plasticity and emotionality during enhanced learning of adversities 
associated with depression (adapted from Izquierdo et al., 2016). 

Recently, Diamond and colleagues (2007) have proposed a model of 
neuroanatomical circuits of the formation of enhanced memory for 
adversities that are activated in a course of “temporal dynamics” of 
physiological response to stressful events. This concept is based on the view 
that during stressful situations, endogenous mechanisms of plasticity in the 
hippocampal formation and other elements of limbic structures are rapidly 
activated for a relatively short period of time and overlap with strong 
emotional arousal (Fig. 3). Under stress conditions,  adverse events cause a 
release of cortisol and noradrenaline, which then stimulates long-term 
potentiation (LTP) and suppresses long-term depression (LTD), subsequently 
involving the  N-methyl-D-aspartate NMDA receptors and glycogen synthase 
kinase 3β (GSK3β) (Hawkins et al., 2006; Diamond et al., 2007; Peineau et al., 
2007). 

Apart from the hippocampus, another brain structure that is involved in 
memory acquisition, including contextual conditioning, is the prefrontal 

Amygdala 
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Prefrontal cortex 

Association between 

unconditioned and 

conditioned stimuli 

Memory of 
context 

Coping with stress 
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cortex (Gilmartin et al., 2014; Fig. 4). Besides contextual conditioning, the 
prefrontal cortex  was shown to be critical for other forms of memory, which 
can be involved in enhanced cognitive processing during depression,  
including working memory, object recognition, other aspects of cognitive 
processing and decision-making (Diamond et al., 2007; Gold & Korol, 2012). 
Importantly, the prefrontal cortex is regarded as crucial element of brain 
circuitry that regulates coping with the environmental challenges and 
stressors (Bland et al., 2003; Rangel et al., 2003; Amat et al., 2005).  

 

Figure 3. Temporal dynamics of interactions between the elements of 
stress and plasticity during enhanced learning of adverse events: the role 
of hippocampus. During abnormally increased acquisition of adverse / stressful 

memories, endogenous mechanisms of plasticity in the hippocampus and other elements of 
limbic structures are rapidly activated for a relatively short period of time and overlap with 
strong emotional arousal. The initiation of a strong emotional experience activates 
pathways of hippocampal neuroplasticity (phase 1). The initial phase (phase 1A), can 
implicate the secretion of adrenocorticotropic hormone, corticotropin releasing factor, and 
dopamine and be followed within minutes by release of glucocorticoids enhancement over-
expression of GSK3. Within minutes of the initiation of the phase 1A, an enhancement of 
the long-term potentiation (phase 1B) takes place, that is followed by the Phase 2, when the 
hippocampus undergoes a reversal of its plasticity state, which is mediated via a reduction 
in the sensitivity of NMDA receptors so the consolidation of acquired memory occurs 
(adapted from Diamond et al., 2007).  

Different zones of this brain structure were shown to play distinct roles in 

stress response and memory. Ventral part of the prefrontal cortex was found 

to be involved in fear control in the rat, while the dorsal prefrontal cortex 

GSK3β activation 
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was reported to promote the expression of learned fear. Important function 

of the prefrontal cortex in the regulation of emotional control, in particular 

expression of fear, which is associated with previously acquired memories 

was demonstrated in numerous studies (Amat et al., 2005; Gilmartin et al., 

2014).  

 

Figure 4. Pefrontal cortical regulation of the formation of fear memory. The 

dorsal prefrontal cortex integrates the information on adverse stimuli and context and 
regulates brain region activities which control attention, working and long-term memories, 
so complex fear associations are formed (adapted from Gilmartin et al., 2014).  

Other brain structures were shown to be implemented in the mechanisms 

associated with enhanced learning of adversities and abnormal retention of 

negative experiences, such as the amygdala, thalamus and rhinal cortex (Fig 

4). As for instance, the amygdala is known to regulate functions of the 

hippocampus during the acquisition of negative memories (Richardson et al., 
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2004; Steinvorth et al., 2010). Imaging studies in humans revealed significant 

correlation between an activation of the amygdala and the hippocampus 

during learning of emotionally relevant stimuli (Dolcos et al., 2004; 

Kensinger & Corkin, 2004). Electrical stimulation of the amygdala in rodents 

was found to mimic the emotion-induced enhancement of the hippocampal 

long-term potentiation (Frey et al., 2001; Akirav & Richter-Levin, 2002). Also, 

the blockade of amygdala-hippocampal neuronal circuits resulted in a 

blockade of the effects of stress on hippocampal long-term potentiation and 

contextual memory (Korz & Frey, 2005); differential roles of these two brain 

structures in enhanced acquisition of adversities were suggested (Maren, 

2008). The increases in intrinsic excitability in the amygdala during exposure 

to adverse experiences were shown to be related to its critical role in a 

convergence of conditional-unconditional stimulus, while hippocampus was 

found to play a key role in the conditioning and storage of these memories 

(An et al., 2016; Varela et al., 2016). 

Molecular and hormonal mechanisms of increased memory for adversities 
associated with depressive syndrome 
 

Taking into account crucial role of stress in the ethology of depression and 

PTSD, it might be anticipated that neuroendocrine changes underlying stress 

response, such as secretion of glucocorticoids, noradrenaline and over-

activation of the hypothalamic–pituitary–adrenal (HPA) axis can be the key 

regulators of enhanced retention of adverse memories (Fig. 5). Human 

studies support this view. As for instance, a study of Kuhlmann and Wolf  

(2006) have shown that healthy volunteers treated with cortisol display a 

better memory for aversive pictures (Kuhlmann & Wolf, 2006; Oliver & Wolf, 

2009).  

During formation of enhanced memories for negative events, increased 

hormonal and physiological response to stress takes place in parallel with 

molecular changes underlying memory formation. As such, molecular cross-

talk between these processes is thought to underlie the mechanisms of 

increased consolidation and retention of adverse memories (Diamond et al., 

2007; Gazzaniga et al., 2014). Among the four steps of memory formation, 
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the acquisition, consolidation of memory, memory storage and retrieval, the 

first two are involved in the processes of enhanced learning of adversities as 

they occur simultaneously with the stress event (Hawkins et al., 2006; 

Peineau et al., 2007). These two stages of learning are likely to be affected, 

dependently on individual features of stress, which are largely determined 

by the expression of mineralocorticoid and glucocorticoid receptors in the 

CNS (Reul & de Kloet, 1985; Wingenfeld & Wolf, 2014; De Kloet & Molendijk, 

2016).  

 

Figure 5. Hormonal and neurophysiological events and enhanced 
acquisition of adverse memories. Stages of memory formation and hormonal / 

molecular changes associated with stressful experiencing of adversities (adapted from 
Morin et al., 2015).  
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While depression is associated with reduced response to glucocorticoids and 

increased cortisol levels (Lupien et al., 1999; Sapolsky et al., 2000; O’Brien et 

al., 2004), patients with  PTSD display an opposing alternation (Rohleder et 

al., 2004; Yehuda, 2009). Increased responsiveness to glucocorticoids in 

PTSD patients is associated with enhanced sensitivity of glucocorticoid 

receptors, as well as a reduction in cortisol levels  (Yehuda et al., 2007; 

Yehuda & LeDoux, 2007). These hormonal differences in stress-related 

regulation may underlie distinct characters of pathophysiological enhanced 

memory during major depression versus PTSD. While PTSD patients typically 

complain to "flashback memories", the major depression is associated with 

recurrent recalls on negative experiences and avoidance of associated with 

this experience context. 

Other stress hormones can play an important role in the mechanisms of 

enhanced retention of stressful and adverse events during depression. As for 

instance, an interaction between  the secretion of cortisol and noradrenaline 

during the acquisition of negative information was found to be such factor 

(Oliver & Wolf, 2009). A blockade of noradrenaline receptors with 

propranolol have disrupted amygdala activation in subjects with a high 

endogenous cortisol levels and reduced learning of adverse events (Cahill et 

al., 1994). Studies with healthy subjects (Lupien et al., 1999) and PTSD 

patients (Reist et al., 2001) showed that a recall of an aversive event involves 

the activation of central, but not peripheral, β-adrenergic receptors. These 

data further support the hypothesis that high secretion of cortisol at the 

time of acquisition of aversive information, including a context, can interact 

with the noradrenergic activation in the limbic system, and thus, regulate 

learning of adversities (van Stegeren, 2008).  

GSK3β and molecular mechanisms of depression and neuronal plasticity 
 

A body of data has established the role of glycogen synthase kinase 3 (GSK3) 

in depression, stress response and brain plasticity. Given that this molecule, 

on one hand, regulates both stress response and involved in the 

pathophysiology of depression, and on another hand, is critical for the 

mechanisms of brain plasticity, it was suggested to underlie pathologically 
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enhanced learning of adversities (Beurel et al., 2015). GSK3 is a 

multifunctional serine/threonine kinase that was originally identified as a 

highly specific for glycogen synthase regulator of glycogen metabolism (Embi 

et al., 1980). Ubiquitously expressed in eukaryotes (Jope & Roh, 2006), GSK3 

plays a fundamental role in a wide variety of functions, including cell 

division, proliferation, differentiation, and adhesion (Takahashi et al., 1994; 

Peineau et al., 2007; Peineau et al., 2008; Beurel et al., 2015). Among two 

known isoforms of GSK3 in mammals, GSK3α and GSK3β (Kaidanovich-Beilin 

& Woodgett, 2011), GSK3β is highly expressed in numerous structures of the 

brain, particularly in the hippocampus (Graef et al., 1999; Leroy & Brion, 

1999). The inhibition of GSK3β by phosphorylation at serine-9 is considered 

to be the main regulatory mechanism of GSK3β activity (Polter et al., 2010). 

Elevated levels of GSK3β and increased activity of this kinase are well-

established to be associated with depression and distress (Beurel et al., 

2015). Mutant mice over-expressing GSK3β exhibit increased sensitivity to 

stress-induced depression-like behaviours (Beurel et al., 2015). Depressive 

disease is well-known to be sensitive to the therapeutics that inhibit GSK3β. 

Patients with depression respond to therapies with mood stabilizer lithium, 

which directly binds and inhibits GSK3β by competing for a Mg2+ binding site 

(Klein & Melton, 1996; Stambolic et al., 1996). The administration of lithium 

at therapeutically relevant concentrations also increases the 

phosphorylation of GSK3 at serine 9 that inhibits the activity of this kinase 

(Jope & Johnson, 2004; Li et al., 2007). Additionally, in mice displaying 

elevated signs of learned helplessness, diminished levels of the serine-

phosphorylated GSK3β were found (Polter et al., 2010). 

Apart from its role in stress and depressive-like mechanisms, GSK3β is critical 

for hippocampal plasticity. A lack of GSK3β activity prevents a formation of 

hippocampal LTP.  Interestingly, Kimura and colleagues (Kimura et al., 2008) 

have found that the inhibition of GSK3β before the fear conditioning did not 

impair memory consolidation, but inhibition of GSK3β before the re-

exposure to context of stress significantly impaired memory in this 

paradigm. Thus, GSK3β is likely involved in consolidation phase of learning of 

adverse memories, rather than in the acquisition phase.  
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The functions of GSK3β as an important regulator of hippocampal plasticity 

are associated with NMDA receptor- mediated mechanisms (Nader et al., 

2000; Peineau et al., 2007, 2008,  2009). In particular, it was reported 

(Kimura et al., 2008) that the inhibition of GSK3β prevents the induction of 

NMDA-dependent LTD and modulate a balance between LTP and LTD (Fig. 

6).  

 

Figure 6. GSK3β regulates NMDA-dependent synaptic plasticity. The level of 

activity of GSK3β determines whether NMDA receptor activation induces long-term 
potentiation (LTP) or inhibits long-term-depression (LTD) in the hippocampus. During long-
term-depression, activation of protein phosphatase 1 (PP1) leads to dephosphorylation of 
GSK3β at serine-9 to activation of GSK3β and results in LTD to occur. PP1 also inhibits 
Protein kinase B (Akt). During LTP, activation of NMDA receptors leads to stimulation of the 
Phosphoinositide 3-kinase- Protein kinase B (PI3K-Akt) pathway, which phosphorylates 
GSK3β at serine-9, and prevent the induction of LTD (adapted from Kimura et al., 2008). 

Recent data have further suggested the role of GSK3β in the pathways of 

enhanced acquisition of negative experiences during PTSD and depression 

(Chen et al., 2014). As for instance, it was shown that long-term memories 

for contextual fear, a paradigm of PTSD-like state, were associated with 

decreased levels of phosphorylated (inactive) form of GSK3β in the 

hippocampus (Dahlhoff et al., 2010). These and other results (Chew et al., 

2015; Kimura et al., 2008; Shi et al., 2014) suggest the role of GSK3β in 
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pathophysiological enhanced learning of adverse context during 

neuropsychiatric conditions. Yet, no specific experiments that would address 

the role of GSK3β in the mechanisms of increased contextual memory for 

negative events during depression were conducted, according to available 

literature. 

Forced swim and tail suspension tests as paradigms of depressive 
behaviour: implications for modeling of pathologically enhanced cognitive 
processing 
 

The forced swim test (Porsolt, 1977) and the tail suspension test (Steru et al., 

1985) are broadly used animal models of depression (Lucki, 1997; Cryan & 

Mombereau, 2004). These tests are based on the induction and scoring of 

floating or immobility, respectively, which rodents naturally display being 

placed in an inescapable situation. While these paradigms are probably the 

most commonly and frequently used models in basic and applied research 

on depression, there are still debates about their validity and the 

interpretation of floating and immobility behaviours which are displayed by 

the rodents in the tests (McArthur & Borsini, 2006; Harro et al., 2011). These 

two tests for depressive-like behaviour were shown to have limited 

pharmacological sensitivity. A testing of antidepressant compounds with 

their use was reported to result in false positive/negative outcomes. 

Besides, there are differences between these tests in sensitivity to drugs 

reported in previous works, different strains of rodents do not exhibit similar 

changes in floating/immobility. As for instance, Ampuero and colleagues 

(2015) reported that in rats exposed to a restraint stress, a treatment with 

antidepressant reboxetine has reduced the immobility scores in the forced 

swim test, but not in the tail suspension test. It was suggested that 

hypothermia could have a factor that interferes on drug activity and can be a 

reason of discrepant outcomes from two models. Of interest, in one of these 

studies, antidepressant effects of treatment with desipramine were 

detectable only if mice were tested in 30°C water temperature but not at 

25°C (Bogdanova, et al., 2013).  



24 

 

An exposure of experimental animals to the forced swim or tail suspension 

stressor induces a profound response of the sympathetic nervous system, an 

over-activation of the HPA axis, and a release of a variety of 

neurotransmitters including dopamine, serotonin, gamma-aminobutyric acid 

(GABA) in the brain (Cryan & Slattery, 2007; Bogdanova et al., 2013). 

Hormonal response of HPA axis was shown to be interrelated with floating 

behaviour in the forced swim test (Cabib & Puglisi-Allegra, 2012). As it was 

mentioned above, the corticosteroids can mediate coping with stress; their 

release is altered during the forced swim test. With an exposure to the 

forced swimming, the mineralocorticoid receptors in the hippocampus were 

shown to be up-regulated 8 h thereafter at gene level, and 24 h thereafter, 

at the protein level, as shown with the radioligand binding (De Kloet & 

Molendijk, 2016). The administration of spironolactone, mineralocorticoid 

receptors antagonist, has reduced floating behaviour (De Kloet & Molendijk, 

2016). An activation of glucocorticoid receptors by the administration of 

dexamethasone immediately after the first swim session has dose-

dependently increased the duration of previously acquired floating 

behaviour during repeated testing that was carried out 24 h after the initial 

swim session (De Kloet & Molendijk, 2016). 

As it was discussed previously, besides the elements of HPA axis, repeated 

tests for the floating/immobility behaviour involve the activation of 

pathways of learning and memory. For example, it was demonstrated that 

cycloheximide and anisomycin, well-known blockers of protein synthesis and 

molecular cascades of memory, can reduce immobility in the forced swim 

test (De Pablo et al., 1989; Bogdanova et al., 2013). From that, a 

combination of repeated exposures to forced swimming / tail suspension 

could be used in modeling of learning of adverse context that is associated 

with a depressive state. 

In addition, as it was summarized above, individual differences in hormonal 

stress response are regarded to be associated with passive and active coping 

strategies (De Boer et al., 1990), and physiological features of “personality 

traits” are related to a susceptibility to depression (Lesch, 2011; Weber et 

al., 2011). Floating and immobility behaviours are considered by some 
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authors as a sign of passive coping strategy of animals (Steru et al., 1985; 

Warden et al., 2012). Furthermore, a group of Cabib and Puglisi-Allegra 

(2012) showed that enhanced tonic mesoaccumbens dopamine activity 

parallels the expression of active stress-induced coping styles, while 

inhibition of dopamine release is required for passive coping in the forced 

swim tests.  

To sum up, the paradigms of forced swimming and tail suspension, when 

applied in repeated manner, can combine the features of depression 

models, as well as be paradigms of contextual memory. From that, under 

certain conditions, such as repeated use on the same animal, they can be 

validated as potential models of enhanced memory processing associated 

with the formation of a depressive-like state. 

Hypothesis and aim 
 

In our work, first, we studied potential antidepressant-like effects of thyroid 

hormone T2 in mice that were suggested by gene expression studies in the 

model of stress-induced anhedonia (Chapter 2). Antidepressant-like effects 

of T2 were found by us in mice tested in classic version of the tail suspension 

model, but not of the forced swim test (Chapter 2, Chapter 3). This 

discrepancy prompted us to undertake such modifications of the mouse 

forced swim test that would increase its accuracy and sensitivity. We 

hypothesized that an additional swim session occurring on Day 5 following 

the initial exposure in this test could model a phase of “consolidation” of 

neurobiological trace of a depressive-like state, associated, in particular, 

with the mechanisms of enhanced cognitive processing. 

We found that, indeed, additional delayed exposure of mice to swim session 

resulted to a potentiation of floating behaviour, which was observed during 

the first minutes of testing (Chapter 4). This change was abolished by low 

dose of imipramine which was ineffective during classic variants of swim test 

(Chapter 4); this finding was later supported by similar experiment with 

antidepressant treatment (Chapter 5). Our findings suggested physiological 

importance of a pause between repeated testing and prompted us to study 
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molecular mechanisms of this phenomenon. Since GSK3β is a well-

established factor of both depression and memory, we studied the changes 

of expression of this molecule both on gene and protein levels, in the 

hippocampus and prefrontal cortex that are involved in these processes. We 

found that GSK3β is over-expressed specifically during delayed additional 

testing in the forced swim test in hippocampus of all mice and in the 

prefrontal cortex of individuals that display increased depressive-like 

behaviour (Chapter 4). Also, our experiments have demonstrated a key role 

of context and timing in the development of depressive behaviour in our 

model. Separate studies were devoted to the question whether 

antidepressant treatments with compounds of different classes that 

suppress GSK3β can interfere with depressive-like changes in the modified 

swim test. We have shown that thiamine (vitamin B1) and its precursor 

benfotiamine, as well as imipramine, prevent a potentiation of floating and 

brain over-expression of GSK3β in the modified swim test (Chapter 5). These 

results further supported our conclusion as for the role of GSK3β in 

enhanced cognitive processing during depressive state. 
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Abstract 

Central thyroid hormone signaling is important in brain 

function/dysfunction, including affective disorders and depression. In 

contrast to 3,3’,5-triiodo-L-thyronine (T3), the role of 3,5-diiodo-L-thyronine 

(T2), which until recently was considered an inactive metabolite of T3, has 

not been studied in these pathologies. However, both T3 and T2 stimulate 

mitochondrial respiration, a factor counteracting the pathogenesis of 

depressive disorder, but the cellular origins in the CNS, mechanisms, and 

kinetics of the cellular action for these two hormones are distinct and 

independent of each other. Here, Illumina and RT PCR assays showed that 

hippocampal gene expression of deiodinases 2 and 3, enzymes involved in 

thyroid hormone regulation, is increased in resilience to stress-induced 

depressive syndrome and after antidepressant treatment in mice that might 

suggest elevated T2 and T3 turnover in these phenotypes. In a separate 

experiment, bolus administration of T2 at the doses 750 and 1500 mcg/kg 

but not 250 mcg/kg in naive mice reduced immobility in a two-day tail 

suspension test in various settings without changing locomotion or anxiety. 

This demonstrates an antidepressant-like effect of T2 that could be exploited 

clinically. In a wider context, the current study suggests important central 

functions of T2, whose biological role only lately is becoming to be 

elucidated. 

 Introduction 

Despite advances in the pharmacotherapy of depression, many patients fail 

to respond to standard antidepressants. This requires new treatment and 

augmentation approaches to be developed. Further elaboration of a 

potential of the brain thyroid system to be targeted to elicit an 

antidepressant action can be one of the most promising strategies. Central 

thyroid hormone synthesis was demonstrated in the dentate gyrus of the 

hippocampus, the septum, amygdala, and the olfactory bulb [1–5]. The 

action of thyroid hormones in the CNS is considered to be independent of 

peripheral thyroid hormones [5–7]. At very low doses, brain thyroid 

hormones induce profound effects on the CNS. For example, they enhance 

hippocampal neurogenesis [8] and the secretion of neurotrophins, including 
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BDNF, either directly or via monoamine receptors, and they activate PI3 K-

Akt signaling through integrin receptors [9–11]. Deficiency of brain thyroid 

hormone production contributes to reduced central serotonin activity and 

development of depression [6, 12]. 

A number of studies suggest that both 3,3,5-triiodo-L-thyronine (T3) and 

3,5,3’,5’-tetraiodo-L-thyronine (T4) thyroid hormones could be promising 

adjunct therapy in patients refractory to tricyclics and selective serotonin 

reuptake inhibitors (SSRI) [13, 14]. Hitherto, it was not clear whether 3,5-

diiodo-L-thyronine (T2), which has been recently identified as functionally 

active metabolite of T3 in periphery  in vivo and in vitro systems, might have 

similar effects to T3 that might be exploited in a clinic. New evidence does 

suggest that T2may mediate the effects of antidepressant therapy in the 

brain. A two-week intraperitoneal administration of the tricyclic 

antidepressant desipramine in the rat induces the expression of T2 in the 

amygdala [2]. This was paralleled by increased concentrations of T3 in nuclei 

but in contrast to T2 expression not in the mitochondria. These desipramine-

induced changes in T2 were accompanied by an increase in the 

concentrations of succinate dehydrogenase in the mitochondria, suggesting 

their elevated functional activity [2]. Other experiments of the same group 

[1] have shown the presence of metabolites of T2 in several brain areas 

including the hippocampal formation and septum that points to the 

occurrence of T2 itself in the limbic system. Extensive study of Eravci and co-

workers [15] has shown significant changes in the hippocampal formation 

and amygdala in the key enzymes regulating the levels of thyroid hormones, 

deiodinases 2 (DIO2) and 3 (DIO3) of the rats which were dosed with 

antidepressant and antipsychotic agents or subjected to a 24 h sleep 

deprivation, a commonly used non-pharmacological antidepressant 

treatment. Thus changes in the levels of thyroid hormones by their synthesis 

or degradation in the limbic system generally and in the hippocampus in 

particular are implicated in depressive traits and antidepressant response. 

T2 was recently found to increase resting metabolic rate and prevent diet-

induced insulin resistance through the stimulation of the mitochondrial 

respiratory chain; the latter mechanism is in itself an emerging target of new 
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antidepressant therapies [16–21]. These and other studies have revealed 

intriguing cellular effects of T2 that seem to be distinct from that of T3. 

Unlike T3, T2 enhances mitochondrial respiration by a nuclear-independent 

mechanism and neither does act via thyroid hormone receptor beta, nor via 

AMP-activated protein kinase. T2 was demonstrated to activate reactions 

involved in substrate oxidation, affecting both cytochrome c reducers and 

cytochrome c oxidizers [20, 21], and besides it effects on respiratory chain, it 

was suggested to increase the downstream mechanisms that are involved in 

mitochondrial biogenesis [17]; these and other effects of T2onmitochondrial 

pathways were shown to be distinct from the effects of T3 [22]. In contrast 

to the lasting l effects of T3 on metabolic rate and mitochondrial respiration, 

with onset delayed for 48 h, the action of T2 appears within the first few 

hours and does not persist for longer than 48 h and is not sensitive to 

actinomycin D [5, 20, 22]. T2 was found to evoke selective thyromimetic 

activity in vitro and in vivo that is divergent from that of T3 [23]. This and 

other mounting evidence, suggest that the effects of T2 do not merely mimic 

those of T3 but, instead, involve distinct mechanisms that seem likely to be 

related to stimulatory action on mitochondria. 

Intriguingly, there is growing evidence to suggest that antidepressants can 

stimulate the mitochondrial respiratory chain directly and indirectly and 

suggest that these effects are implicated in the stress response and the 

pathogenesis of a depressive-like state. For instance, thiazolidinediones, 

which act as potent sensitizers of the neuronal insulin receptor, enhance 

brain glucose utilization though increased neuronal mitochondrial biogenesis 

[24], decrease neuronal damage [25], induce an antidepressant-like effect in 

the tail suspension and forced swim tests in mice [26], and show clinical 

efficacy in patients with major depression [27, 28]. Our recent studies on 

mice have indicated that dicholine succinate, a molecule that stimulates 

insulin-dependent H2O2 production of the mitochondrial respiratory chain, 

decreased signs of stressed-induced anhedonia in a sucrose test, immobility 

in the forced swim model, and hippocampal gene expression [29]. 

So far, limited efforts have been made to address potential central functions 

of T2 using animal models of depression. The hippocampus, as part of the 
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limbic system, was chosen as a focus of the present study based on the 

striking differences between resilient versus susceptible to stress-induced 

depressive-like state mice in the mitochondrial gene expression of this 

structure [30, 31]. Using the above-mentioned paradigm of stress-induced 

anhedonia in C57BL6J mice, we addressed whether hippocampal expression 

of the key enzymes regulating the levels of thyroid hormones, DIO2 and 

DIO3, is altered in the hippocampus of animals with depressive-like features. 

Separately, we also assessed the effects of a bolus administration of 3,5-

diiodo-L-thyronine (T2) in mice in the tail suspension test, a common test of 

depressive-like behaviour, and in supplementary paradigms for anxiety and 

locomotion, such as dark-light and novel cage tests. The efficacy of the 

treatment with T2 was evaluated on two laboratory strains, C57BL6J and 

CD1 mice. A selection of a two-day tail suspension paradigm as a test for a 

depressive-like behaviour [32] and of single dosing were based on previously 

reported studies, in which T2 induced marked effects in rats within the first 

hours after administration [16, 33] and chronic administration of T2 evoked 

thyromimetic action in rats [23] that we wished to avoid in our study. 

Therefore, T2 was applied to mice intragastrically as a bolus injection 30 min 

prior to or 2 h after the first test session.  

 Materials and Methods 

Animals and Housing 

Male C57BL6J and CD1 mice were 3-month old. Two–five-month-old Wistar 

rats of the same age were used for predator stress. Mice were obtained 

from Charles River (Janvier, l’Arbresle Cedex, France) and rats from the 

Medical Faculty of New University of Lisbon, Lisbon, Portugal. 14 days before 

the behavioural experiments mice were single housed under a reverse 12 h : 

12 h light-dark cycle (lights on: 21:00 h) in standard laboratory conditions (22 

± 1°C, 55% humidity, food, and water ad libitum). All experiments were 

carried out in accordance with the European Committees Council Directives 

and had been approved by the state governmental bodies of animal care 

and welfare. 
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Chronic Stress Experiment 

Experimental Conditions and Study Outline.  

Parameters of social behaviour were determined one week before the 

chronic stress procedure in a social interaction test as described elsewhere 

[30, 34, 35]. Body weight and baseline preference for a 1% sucrose solution 

(see Sucrose Test) were recorded (Figure 1(a)). The experimental and control 

groups were balanced upon these parameters. Together, 40 mice were 

assigned to a stress group and 24 controls constituted a nonstressed control 

group. Among animals from a stress group, twenty mice received no 

treatment and twenty were treated with imipramine. Control mice were 

neither treated (n = 14) nor treated with imipramine (n = 10). In control and 

stress groups, imipramine (7 mg/kg/day) was administrated via drinking 

water starting 7 days prior to the onset of stress and lasting the entire 

duration of the stress procedure. The current antidepressant treatment was 

applied as described elsewhere [29].  

Additionally to baseline measurements, a sucrose consumption test was 

performed on the 10th day of the chronic stress procedure. On the next day, 

mice were tested in the tail suspension test and scored for a coat 

disintegration, and their body weight was evaluated. Five days after the 

termination of the stress procedure, mice were sacrificed for gene 

expression analysis (Figure 1(a)).  

(1) Chronic Stress Procedure.  

This study uses a recently validated variant of a 10-day stress protocol [29, 

34, 35] comprising nighttime rat exposure and day time application of two 

stressors: a social defeat and restraint stress. Between the hours of 10:00 

and 17:00, social defeat for 30 minutes and restraint stress were employed 

for 2 hours with an intersession interval of at least 4 hours.  

Rat Exposure While in a Small Container. Mice were introduced to 

transparent glass cylindrical containers (15 cm × 0.8 cm) and placed into the 

rat cage (15 h exposures were performed between 18.00 and 09.00). 
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Social Defeat Stress. Social defeat procedures took place during the dark 

phase; to enable a visual control over the resident-intruder confrontation, 

the test was carried out under red light. In a preliminary test, aggressive 

individuals of the CD1mouse strain that were able to attack the counter 

partners in less than 60 s without injuring them were selected for this 

procedure; these animals were introduced in the home cages of mice from 

the stress group during social defeat sessions. Social interaction was set up 

in the home cage of stressed animals as it enhances the impact of the stress 

procedure in a lasting manner. In a variant procedure, a defeated animal is 

left in chronic contact with the olfactory cues of the aggressive intruder, 

such that exposure to a psychological stressor is chronic, although the actual 

agonistic experience is intermittent. Average duration of each session was 

30 min in accordance with commonly used protocols. During social defeat 

stress, test mice typically showed flight response, submissive posture, and 

vocalization. Pairs of animals were carefully observed in order to exclude any 

physical harm. In rare cases of its incidence, aggressive individuals were 

immediately removed from the cage of resident mice. 

Restraint Stress. Animals were placed inside plastic tubes (internal diameter 

is app. 26 mm) during the dark phase of the light cycle. Small standard 

pieces of tissue paper were inserted in the tubes to restrict animals’ activity. 

(2) Assessment of Stress Effects  

Sucrose Test. Animals were given 8 h of free choice between two bottles of 

either 1% sucrose or normal drinking water. At the beginning and end of the 

period, the bottles were weighed and consumption was calculated. The 

beginning of the test started with the onset of the dark (active) phase of 

animals’ cycle. To prevent the possible effects of side preference in drinking 

behaviour, the position of the bottles in the cage was switched at 4 h, 

halfway through testing. No previous food or water deprivation was applied 

before the test. Other conditions of the test were applied as described 

elsewhere [24]. The 1% sucrose solution is used in tests performed during 

baseline and chronic stress application. Percentage preference for sucrose is 

calculated using the following formula: 
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A decrease in sucrose preference to a level below 65% measured at the 10th 

day of continuous stress application was taken as a criterion for anhedonia. 

This criterion was based on the fact that none of the control animals 

exhibited <65% preference for sucrose at that time point of the study and, 

accordingly, mice exhibiting a sucrose preference of < 65% were defined as 

susceptible to stress-induced anhedonia. Mice that had undergone stress 

but maintained a sucrose preference of > 65% were defined as resilient to 

this state. In addition, our previous results indicated that mice matching this 

criterion showed a depressive-like syndrome [35]. This procedure induces 

anhedonia in a considerably shorter time than previously validated models 

by increasing the daytime stress load. 

Tail Suspension Test. The protocol used in this study was adapted from a 

previously proposed procedure [36]. Mice were subjected to the modified 

tail suspension by being hung by their tails with adhesive tape to a rod 50 cm 

above the floor for 2 min. Two animals were tested simultaneously in a dark 

room where only the area of the modified tail suspension construction was 

illuminated by a spotlight from the ceiling; the lighting intensity on the 

height of the mouse position was 25 Lux. The trials were recorded by a video 

camera positioned directly in front of the mice, while the experimenter 

observed the session from a distance in a dark area of the experimental 

room. This procedure was carried out twice with a 24 h interval between 

tests, similarly to previously reported protocols [32]. The latency of the first 

episode of immobility and the total duration of this behaviour were scored 

manually according to the protocol that was previously validated with 

automated scoring using CleverSys software [36]. In accordance with the 

commonly accepted criteria of immobility, the immobility behaviour was 

defined as the absence of any movements of the animals’ head and body. 

The latency of immobility was determined as the time between the onset of 

the test and the first bout of immobility.  
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Coat State Scoring. Ac oat state was scored in a blinded fashion to assess a 

stress-related disintegration of fur. Scores from 1 (very poor) to 5 (excellent) 

were assigned to each animal by two independent experimenters; the 

average note was taken. This parameter was earlier shown to correlate with 

a development of stress-induced anhedonia as it reflects selfgrooming 

behaviour that is dependent on hedonic sensitivity [36]. 

Brain Dissection, RNA Isolation, and Illumina Microarray Gene Expression 

Profiling. Mice were sacrificed by cervical dislocation. RNA extraction was 

performed from microdissected snap-frozen hippocampus using RNeasy RNA 

extraction kit with DNaseI treatment, as previously described (Qiagen, 

Hilden, Germany; [34]).  

Gene expression profiling was performed using Illumina technology 

(Integragen, Evry, France, and Northwestern Chicago University, USA) with 

the hippocampus of mice from nonstressed control (drug-naive or treated 

with imipramine), stressed resilient, and anhedonic groups and from 

stressed imipramine-treated mice (five animals per each group were 

analyzed). Total RNA samples were hybridized to Illumina BeadChips 

(MouseRef-8 v2 Expression BeadChip; Illumina, Inc. San Diego, CA, USA) 

which were prepared using the Illumina TotalPrep RNA Amplification kit 

(Applied Biosystems/Ambion, Carlsbad, CA, USA); the samples were assigned 

to the chips in random order with the constraint that no two samples from 

the same group were assigned to the same chip to avoid confounding of 

experimental groups with the chips. Microarray data were analyzed using 

standard analysis procedures, which included assessment of the overall 

quality of array data and statistical evaluation of differentially expressed 

genes (IntegraGen, Evry, France). Once the quality of array data was 

confirmed, the Gene Chip Operating System (Illumina, Inc., San Diego, CA, 

USA) was used to calculate signal intensities, detection calls, and their 

associated p values for each transcript on the array. Gene expression was 

normalized to the expression of the housekeeping gene, beta-actin, due to 

its stable expression, and calculated as percent mean of the respective 

control group (pharmacologically naive or treated with imipramine). 
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Differences in gene expression between groups were evaluated using 

unpaired two-tailed t-test. 

Real-Time PCR (RT-PCR). 1 g total RNA was converted into cDNA as described 

elsewhere [34]. RT-PCR was run using SYBR green based technology (Primer 

Design Ltd., Southampton, UK). Standard curves were generated using 

previously generated samples to enable normalization to the housekeeping 

gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH; forward primer 

ACCCCTTCATTGACCTCAACTACATG; reverse primer 

CCTTCTCCATGGTGGTGAAGAC) using the Pfaffl method as described 

elsewhere [37]. Expression of DIO2 was assessed using a forward primer 

GATGCTCCCAATTCCAGTGT and reversed primer TGAACCAAAGTTGACCACCA; 

expression ofDIO3 was assessed using a forward primer 

CCGCATATGGTGCCTATTTT and reversed primer GCCCACCAATTCAGTCACTT. 

All samples were run in duplicate. Cycling was performed at 95°C for 5 min 

followed by a 45 cycle amplification at 95°C for 10 s, then at the annealing 

temperature for 15 s and at the temperature 72°C for 20 s. Results of the 

qPCR measurements were expressed as Ct values, where Ct is defined as the 

threshold cycle of PCR at which amplified product was 0.05 % of normalized 

maximal signal. We used the comparative Ct method and computed the 

difference between the expression of the gene of interest and GAPDH 

expression in each cDNA sample (2-ΔΔ Ct method). Results are expressed as 

relative-fold change compared to control animals. 

Tail Suspension Experiment. On the basis of gene expression data, the 

further aim of our study is to examine the effects of bolus T2 administration 

on the immobilization behaviour in the tail suspension test in C57BL6J and 

CD1 mice. Supplementary tests for anxiety-like behaviour and locomotion 

were carried out on the same mouse strains in order to rule out potential 

confounds with the evaluation of behavioural despair after the treatment 

with T2. 

First, we investigated the effects of a bolus oral gavage of T2 (see drug 

administration below) to C57BL6J mice at the dose of 250 mcg/kg either 30 

min before (n = 7) or 2 h after (n = 8) the first tail suspension session of the 

test (Figures 1(b) and 1(c)), as described previously [26, 32, 36]; control 
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groups constituted 8 mice in each experiment. Second, T2 was used at the 

dose of 750 mcg/kg prior to the tail suspension session (n = 8) or 2 h 

thereafter (n = 8); control groups constituted 8 mice. Finally, a dose of 1500 

mcg/kg was applied 30 min prior to the first tail suspension session in CD1 

mice (n = 10); control group was formed by 10 mice. The same vehicle was 

injected into controls. A selection of doses of T2 and the timing of dosing 

were based on previously reported studies, in which it induced marked 

effects in rats within the first hours after administration [16, 33].  

In an additional study, we addressed the question of whether the 

administration of 750 mcg/kg of T2 in C57Bl6J and 750 mcg/kg of T2 or 1500 

mcg/kg of this drug in CD1 mice interferes with anxiety and locomotion in a 

dark-light and novel cage tasks in previously calibrated protocols [36, 38, 

39]. Dark-light and novel cage tasks were applied with a 5min interval 30 min 

after a dosing (Figure 1(d)). All groups constituted 9 mice.  

Dark-light Box. The dark-light box (TechnoSmArt, Rome, Italy) consisted of 

two plexiglass compartments, one black/dark (15 cm × 20 cm × 25 cm) and 

one lit (30 cm × 20 cm × 25 cm), connected by a tunnel. Anxiety-like 

behaviour was assessed by earlier validated measures. Mice were placed 

into the dark compartment, from where they could visit the lit box (light 

intensity 25 Lux). The latency of the first exit to the light compartment, the 

total duration of time spent in the lit box, and the number of visits to this 

anxiety-related compartment were scored by visual observation over 5min. 

Novel Cage Test. The novel cage test was performed to assess vertical 

activity [35, 36, 39]. Mice were introduced into a standard plastic cage; the 

size of their home cage filled with small amounts of fresh sawdust. The 

number of exploratory rearings was counted under red light during a 5-min 

period. The testing was carried out in a dark quiet room in morning hours. 

Behaviour was videotaped and analyzed by trained observers blind to the 

animals’ treatment. 

Drug Administration. Imipramine (Sigma-Aldrich, St. Louis, MO, US) was 

dissolved in tap water; the solution was freshly prepared every 2-3 days and 

placed in lightproof drinking bottles. The calculation of the concentration of 
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imipramine in drinking water was based on the previously evaluated mean 

volume of daily water consumption in C57BL6 mice that was about 3mL and 

on the dosage of treatment. Dosage for imipramine was set at 7 mg/kg/day 

as previous studies showed that chronic administration of imipramine at 15 

mg/kg/day with drinking water, but not 7 mg/kg/day, significantly affects 

sucrose intake and locomotor behaviour in naive C57BL6N mice [39]. 

Imipramine was delivered with drinking water starting 1 week before the 

onset of stress and then throughout the entire duration of the chronic stress 

procedure.  

3,5-Diiodo-L-thyronine T2 (Sigma-Aldrich, Cambridge, MA, USA) was first 

dissolved in 100% DMSO (Sigma-Aldrich, St. Louis, MO, US), the solution was 

diluted, so the final concentration of DMSO that was 0.2% and administrated 

to mice via a single intragastrical administration. The same treatment 

method was applied to administer a vehicle 0.2% DMSO solution. A separate 

control group of mice was injected with saline; no effects of 0.2% DMSO 

solution were found in protocols applied here of the tail suspension tests 

(Strekalova and Chernopiatko, unpublished results). The volume of T2 and 

vehicle injections was 0.1 mL/10 g of body weight. 

Statistics. Data were analysed with GraphPad Prism version 5.00 for 

Windows, San Diego, CA. One- and two-way ANOVA were used followed by a 

Mann-Whitney t-tests post hoc comparisons. Two-tailed unpaired t-tests 

were applied for two-group, two-tailed comparisons of independent data 

sets with normal distribution. The level of confidence was set at 95% (p < 

0.05) and data are shown as mean± SEM. 

Results 

Assessment of Anhedonia Induction. In the model employed, the induction of 

a depressive-like state by stress exposure was defined by the occurrence of 

behavioural manifestations of anhedonia, as determined by a decrease in 

preference for a 1% sucrose solution to below 65% [35]. Previous studies 

have shown that the occurrence of stress-induced anhedonia is associated 

with a number of behavioural, physiological and molecular features of a 

depressive state [29–31, 34–36].  
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When assigned to experimental groups, but before being subjected to the 

chronic stress procedure, groups did not differ in terms of sucrose 

preference, intake of sucrose solution and water, or body weight (p > 0.05; 

one-way ANOVA; data not shown). Two-way ANOVA revealed a significant 

effect of stress on sucrose preference (F1.59= 7.671; p = 0.0075). A post hoc 

Mann-Whitney test showed a significant difference in sucrose preference 

between control and the non treated stressed group (U = 47.00; p = 0.0012), 

but when treated with imipramine there was no difference from control and 

stressed groups in terms of sucrose preference (U = 135.0; p = 0.8748). This 

suggests that imipramine prevents the reduction in sucrose preference for 

the stressed cohort (Figure 2(a)). 60% of non treated stressed mice (12 out 

of 20) and 25% of imipramine-treated stressed animals (5 out of 20) showed 

a sucrose preference below 65% and were defined as anhedonic 

(susceptible). 

Effects of Treatment on Immobility Behaviour. Previous studies have shown 

that stress-induced anhedonia, measured by the sucrose preference test, is 

frequently associated with increased “behavioural despair” in the Porsolt 

forced swim and tail suspension paradigms [40]. Onset of immobility 

(behavioural despair) in the latter model is defined as the point at which the 

animal stops struggling for longer than 1 s. Latency to immobility was 

significantly altered by stress as revealed by two-way ANOVA (F1.49 = 17.70; p 

= 0.0001). Post hoc Mann-Whitney tests showed a strong trend towards a 

significant reduction in latency to immobility for stressed non treated 

animals compared with control mice (U = 60.50; p = 0.0889); there was no 

significant difference between stressed and control mice that received 

imipramine (U = 76.50; p = 0.2213; Figure 2(b)). Time spent immobile 

showed a significant main effect of stress (F1.49 = 24.79; p < 0.0001); stressed 

mice were immobile for significant longer than controls (Figure 2(c)). Post 

hoc analysis showed significant differences between control and stressed 

non treated groups (u = 27.00; p = 0.0012) but not between control and 

stressed imipramine-treated group (u = 67.50; p = 0.1056) suggesting that 

applied treatment prevents the behavioural despair induced by the chronic 

stress paradigm.  
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Evaluation of Coat Scores. Before the onset of the chronic stress procedure, 

all mice had good coat quality, with no significant difference between the 

groups (data not shown). After completion of the chronic stress procedure, a 

two-way ANOVA comparison showed significant main effects of both stress 

(F1.60 = 125.8; p < 0.0001); and treatment (F1.60 = 8.416; p = 0.0052; Figure 

2(d)). All stressed mice showed significantly lower scores of coat state than 

control-treated animals (p < 0.001). However, imipramine-treated animals 

exhibited higher scores of coat state compared with the non treated group 

(U = 80.00; p = 0.0009).  

Changes in Body Weight. At the end of the chronic stress paradigm, there 

was a significant difference in body weight between control and stressed 

animals (two-way ANOVA; F1.60 = 65.39; p < 0.0001), and stressed drug-naive 

group showed a significant decrease in body weight compared with controls 

(U = 21.5, p < 0.0001 for stressed non treated animals), while imipramine-

treated mice did not show such a change (U = 100.5; p = 0.1718; Figure 2(e)). 

Stressed mice treated with an antidepressant were significantly heavier than 

those that were not treated pharmacologically (U = 111.5; p = 0.0172; Figure 

2(e)). 

Expression of Genes Encoding Deiodinases 2 and 3 in the Hippocampus of 

Stressed Mice. There was a trend towards elevatedDIO2 expression for 

resilient versus susceptible mice as shown by Illumina microarray analysis (p 

= 0.10; t = 1.362, df = 6; unpaired t-test; Figure 3(a)), and RT-PCR revealed an 

increase in DIO2 expression in resilient versus susceptible mice (U = 2.000; p 

= 0.0488; Mann-Whitney test; Figure 3(c)). Both Illumina profiling and RT-

PCR assays have shown that DIO2 was significantly augmented in the 

stressed imipramine-treated group in comparison with stressed drug-naive 

animals (p = 0.04; t = 1.797; df = 16; t-test and U = 3.000; p = 0.0424; Mann-

Whitney test, resp.; Figures 3(b) and 3(d)). There was a trend toward 

elevated DIO3 expression for resilient versus anhedonic mice as shown by 

Illumina assay (p = 0.11; t = 0.9755; df = 7; t-test; Figure 3(e)) and RT-PCR 

analysis (U = 3.000, p = 0.1250; Mann-Whitney; Figure 3(g)). Illumina 

microarray has demonstrated a non-significant  increase in the DIO3 

expression in imipramine-treated animals over this measure in stressed 
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drug-naive group (p = 0.137; t = 1.557; df = 18; t-test; Figure 3(f)). Following 

this trend, RT-PCR revealed significantly elevated level of DIO3 expression in 

the stressed imipramine-treated group in comparison with stressed drug-

naive animals (U = 3.000; p = 0.0420; Mann-Whitney test, resp., Figure 3(h)). 

Of note, in control nonstressed mice, the expression did not differ for either 

gene between drug-naïve and imipramine-treated groups (data not shown).  

3,5-Diiodo-L-Thyronine T2 Reduces Immobility Time in the Tail Suspension 

Test. The parameters of immobility in mice dosed with 250 mcg/kg of T2 in 

either protocol of the tail suspension test were unaltered (Figures 4(a) and 

4(b)). C57BL6J and CD1 mice dosed prior to the first testing with 750 mcg/kg 

or 1500 mcg/kg, respectively, had significantly reduced immobility on Day 1 

(p = 0.008, t = 3.076, df = 14 and p = 0.025, t = 2.089, and df = 18) and Day 2 

(p = 0.0205, t = 3.327, df = 14 and p = 0.0096, t = 2.572, df = 18; Figure 4(e)). 

There was a tendency to longer latency of immobility during these 

measurements; a significant increase was found onDay 2 of testing of mice 

treated with 750 mcg/kg (p = 0.0169, t = 2.352, df = 14). Animals that 

received T2 at the dose 750 mcg/kg of T2 after the first test session showed 

a tendency to decreased immobility (p = 0.0734, t= 1.536, and df = 14) and 

significantly increased latency of immobility (p = 0.006, t = 2.840, df = 14) on 

Day 2; experimental groups have displayed no behavioural differences prior 

to the treatment, on Day 1 (Figure 4(c)). 

Dosing with 750 or 1500 mcg/kg did not alter anxiety-like behaviour of 

C57Bl6J mice (data not shown) and CD1 mice, as shown by unaffected 

latencies of the first exit to the lit compartment (one-way ANOVA, F = 

0.4640, R2 = 0.0662, and p = 0.6388; Figure 5(a)), time spent therein (one-

way ANOVA, F = 2.390, R2 = 0.2688, and p = 0.1307; Figure 5(b)), and number 

of exits (one-way ANOVA, F = 0.07238, R2 = 0.01101, and p = 0.9305; Figure 

5(c)). The number of rearings was unaltered (one-way ANOVA, F = 0.1395, R2 

= 0.02101, and p = 0.8711; Figure 5(d)). 

 Discussion 

The present study highlights hippocampal gene expression of DIO2 and 

DIO3, enzymes involved in the thyroid hormone regulation, as a molecular 
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correlate of antidepressant-like effects in a stress-induced depressive 

syndrome in mice. The present study also identifies increased hippocampal 

gene expression ofDIO2 alone in the stress resilient cohort of mice. While 

these changes in enzyme expression levels may not necessary generate 

elevated levels of central thyroid hormone, the ability of administrated T2 to 

reverse parameters of behavioural despair supports the hypothesis for T2 as 

a contributor to antidepressant activity and suggests that the administration 

or augmentation of T2 production may be of value in the clinic. 

Stress-induced anhedonia in mice [34, 35, 40] resulting in decreased intake 

or preference for palatable solutions (such as a sucrose solution) is 

interpreted as a decreased ability to experience pleasure, a core feature of 

human depression [41]. The stressed mice treated with imipramine in this 

study retained a sucrose preference, which is in agreement with reports 

from our lab and others, that conventional antidepressant treatments are 

able to prevent the stress-induced decrease in sucrose preference [29, 42, 

43]. In addition to the effects on sucrose preference, we showed that 

treatment with imipramine had antidepressant-like effects in the tail 

suspension test, and coat state was also improved by imipramine. Coat 

disintegration in rodents is due to reduced motivation for self-cleaning and is 

used as an important feature of a depressive-like state in preclinical models 

[44]. Improvements in coat state have accordingly been documented for 

antidepressant treatments in rodent models of depression [36, 40, 42]. 

Imipramine diminished stress-induced loss of body weight. It has been 

previously shown that antidepressant treatment results in a restoration of 

body weight [40, 42, 43]. Thus, it can easily be argued that imipramine, at 

the dose employed, has been effective as an antidepressant as a 

consequence of the improvement observed in all of these outcomes. This is 

of note because we used a much lower dose than has been used by 

convention. The use of a lower dose was indicated after we showed that 

higher doses of imipramine are associated with significant side effects in 

naive animals [39]. Such side effects might have been expected to confound 

our experimental outcomes, and thus, it was important to be able to validate 

this lower dose. 
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Illumina microarray data and our RT-PCR assays suggested elevated 

hippocampal gene expression of DIO2, encoding a key enzyme of the 

synthesis of T2 and T3 hormones, in stressed mice that received imipramine 

and in stressed mice that are resilient versus mice susceptible to depressive 

syndrome. RT-PCR also showed a significant increase in DIO3 expression in 

stressed imipramine-treated mice, but no other group differences were 

significant. As DIO2 is an enzyme of thyroid hormone synthesis in the brain, 

DIO3 inactivates thyroid hormones, and simultaneous activation of both 

biosynthesis and degradation of neurochemically active factors often 

accompanies their enhanced turnover. In line with our findings, subchronic 

antidepressant and antipsychotic treatments in a rat induced more 

pronounced brain changes of DIO2 than of DIO3, which have occurred in the 

same direction [15]. In support of our results, exposure of a rat to 24 h sleep 

deprivation, commonly used as non-pharmacological antidepressant 

treatment, has increased the activities of DIO2 in the hippocampus and 

several more brain structures, without affecting DIO3; of note, no such 

changes were found in the amygdala in these experiments [15]. This study 

also has shown that desipramine, an antidepressant that is similar to the one 

used here imipramine, has induced dose-dependent increases of DIO2 in the 

cortex, whereas no changes in the DIO3 were observed [15]. Notably, among 

deiodinases 1, 2, and 3, DIO2 in particular was found to be the highly 

sensitive to many different kinds of influences that are believed to be 

capable of inducing the changes in thyroid hormone concentrations in the 

CNS and neuronal activity [15]. Other studies showed that mice lacking DIO2 

were demonstrated to have deficits in the hippocampus-dependent learning 

[45], obesity with glucose intolerance [46] that is a well-established indicator 

f depressive disorder. Since DIO2 gene expression was increased in our study 

in resilient (nonanhedonic) mice or animals that received imipramine, it can 

be speculated that elevated synthesis of thyroid hormones in the 

hippocampus is associated with resilience to a depressive-like syndrome. To 

the best of our knowledge, no such changes in the DIO2 have been reported 

until now in relation to a susceptibility to experimentally induced 

depressive-like status in animal models of depression.  
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Our molecular biology results are indicative of altered central thyroid 

hormone concentrations, but they are not conclusive, and direct 

measurements of T2 and T3 in the brain are required. However, the RT-PCR 

results prompted us to investigate the effect of a bolus injection on the 

immobilization behaviour in the tail suspension test in C57BL6J and CD1 

mice. All the mice treated with T2 prior to the first test session displayed 

shortened time spent immobile on both days of testing. Our results, 

obtained in two treatment protocols on two mouse strains, suggest an 

antidepressant like effect of used here dosing with T2. Present data with T2 

are in accordance with our previous observations that have shown more 

pronounced antidepressant effects of acutely injected SSRIs and tricyclics, 

which are administrated prior to the first session of the tail suspension 

experiment, than afterwards, both in the C57BL6J and CD1 mice (Strekalova, 

unpublished results). In most of the cases, the antidepressant like action of 

bolus dosing with conventional antidepressants is often detectable in mice 

only on the second testing session. Here, however, a reduction of a 

depressive-like behaviour in T2-treated animals was observed on both Day 1 

and Day 2 of the experiment. 

Next, we found that both C57BL/6J and CD1 mice showed no changes in the 

parameters of anxiety and locomotion when treated with T2 at the doses 

that have elicited a decrease in the immobility time. Namely, in a classical 

mouse paradigm for anxiety-like behaviour [29, 34], the dark-light box, CD1 

mice that were treated with T2 at the dose 750 mcg/kg or 1500 mcg/kg did 

not show any signs of altered parameters of anxiety-like behaviour. In the 

novel cage, a sensitive paradigm for minor changes in mouse activity [38, 

39], CD1 mice that received T2 at the dose 750 mcg/kg or 1500 mcg/kg did 

not display any locomotor alternations; similar results in both tests were 

obtained in C57BL/6J (data not shown). These rules out potential 

impediment in the evaluation of the antidepressant-like activity of the 

treatment with T2 that might interfere with the changes in emotionality and 

general locomotor activity.  

The antidepressant-like effects of T2 in the tail suspension paradigm suggest 

specific brain mechanisms of transport of peripheral T2. Among several 
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thyroid hormone transporters, recent studies have identified 

monocarboxylate transporter 8 (MCT8) molecule as a very active and 

specific transporter of all thyroid hormones, T4, T3, and T2, which transports 

them with comparable uptake rates at various locations [47] and is highly 

expressed in hippocampus, olfactory bulb, cerebral cortex, amygdale, and 

choroid plexus [48]. A hypothesis was derived for the mechanism of the 

transport of thyroid hormones from the bloodstream to the brain involving 

thyroid hormone transporter synthesized in choroid plexus and secreted into 

the cerebrospinal fluid [49]. While several mechanisms of action of T2 can be 

proposed, including above-discussed effects of this hormone on monoamine 

and integrin receptors, PI3 K-Akt signaling and TRH, given accumulated 

evidences concerning eminent effects of T2 on the mitochondrial respiratory 

chain [20, 21], biogenesis [17], and calcium and NO signalling [22], they are 

likely to be due to the enhancement of mitochondrial functions, a validated 

target of antidepressant therapy [19]. 

In conclusion, our data further suggest an importance of central thyroid 

hormone signalling in depressive-like changes that can be targeted to 

improve available therapy of this syndrome. Our data also provide support 

for the translation of T2 enhancing therapy, perhaps in conjunction with 

conventional therapy, especially when a rapid therapeutic effect is relevant 

and/or metabolic parameters of the patients are compromised. 
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Figure legends 

Figure 1: Schematic timeline of the chronic stress (a) and tail suspension 

((b)–(d)) experiments. 

Figure 2: Chronic stress induces physiological and behavioural changes in a 

subgroup of anhedonic mice, which are not evident in mice resilient to 

stress. (a) A loss of sucrose preference was used to define the susceptible 

group, which was measured after the termination of a 10-day stress 

paradigm. (b) Latency to immobility in the tail suspension test was 

significantly shorter in stressed drug-naive animals than in control and 

stressed imipramine-treated groups. (c)The duration of immobility in the tail 

suspension test was significantly longer in stressed drug-naive than in 

control and stressed imipramine-treated groups. (d) In comparison to 

control mice, the score of coat state was significantly decreased in stressed 

non treated mice and, to lesser extent, in stressed imipramine-treated 

animals. (e) Body weight was significantly reduced in both stressed group; it 

was significantly higher in imipramine-treated than in non treated stressed 

groups. Data are mean ± SEM; *p < 0.05, **p < 0.01, and ***p < 0.001; TST: 

tail suspension test. 

Figure 3: Hippocampal gene expression of deiodinases 2 and 3 in a chronic 

stress depression model. Illumina assay has pointed to (a) a non-significant  

decrease in DIO2 expression in susceptible versus resilient mice and (b) 

significant elevation of DIO2 expression in stressed imipramine-treated 

group in comparison with stressed drug-naive animals. RT-PCR analysis 

showed a significant (c) decrease in DIO2 expression in susceptible versus 

resilient mice and (d) increase in DIO2 expression in stressed imipramine-

treated group in comparison with stressed non treated mice. As for DIO3 
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expression, Illumina assay has revealed no significant differences in its 

expression between (e) susceptible versus resilient mice and (f) stressed 

imipramine-treated stressed drug-naive groups. RT-PCR analysis 

demonstrated a lack of significant differences with the former comparison 

(g), but (h) showed a significant increase in DIO3 expression in stressed 

imipramine treated group in comparison with stressed non treated mice  

*p < 0.05. 

Figure 4: 3,5-diiodo-L-thyronine T2 reduces immobility time in the tail 

suspension test. On Day 1 and 2 of the tail suspension test, mice treated 

with 250 mcg/kg of T2 30 min before (a) or 2 h after (b) the first session of 

testing showed no differences in the latency of immobility and in the 

duration of this behaviour. (c) Mice treated with 750 mcg/kg of T2 30 min 

prior to the first test session had a trend towards longer latency of 

immobility on Day 1 and significant increase in this parameter on Day 2; the 

duration of immobility was significantly reduced. (d) Animals that received 

the dose of 750 mcg/kg of T2 2 h after the first session of testing had 

significant increase in the latency of immobility on Day 2, and the duration of 

immobility had a tendency to a decrease. On Day 1, prior to treatment, mice 

from two groups had similar behavioural scores. (e) Mice dosed with 1500 

mcg/kg of T2 30 min prior to the first test session had a trend towards longer 

latency of immobility on Days 1 and 2; the duration of immobility was 

significantly reduced. * p < 0.05 versus control. 

Figure 5. 3,5-Diiodo-L-thyronine T2-treated mice display unaltered anxiety-

like and locomotor behaviour. In the dark-light box, mice that were treated 

with T2 at the dose 750 mcg/kg or 1500 mcg/kg did not differ from vehicle-

treated mice in (a) the time spent in the lit compartment, (b) latency of exit 

in the lit area, and (c) number of exits to the lit box. (d) In the novel cage, 

mice that received T2 at the dose 750 mcg/kg or 1500 mcg/kg did not differ 

from vehicle-treated mice in number of rearings. All groups constituted 9 

mice.  
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Abstract  

Objectives. Clinical studies of the last decade demonstrated beneficial effects 

of various new adjunctive therapies of depression, including supplementary 

treatments with thyroid hormones. Recent findings further highlighted the 

role of the thyroid system in the pathophysiology of this disorder and 

revealed new physiologically relevant elements of the thyroid system. Our 

previous study showed an antidepressant-like effect of 3,5-diiodo-L-

thyronine (T2), which was earlier considered to be physiologically inactive 

molecule, in the tail suspension test. Here, we aimed to investigate 

antidepressant-like effects of T2 hormone further. Methods. We studied the 

effects of bolus injections of T2 to C57Bl6J mice at the doses of 0.25 and 0.75 

mg/kg that were carried out 30 min prior the experiment, during two-day 

testing protocols of the tail suspension and forced swim depression 

paradigms. Additionally, the effects of the higher dose were investigated in 

CD1 mice in the forced swim test. Also, potential behavioural effects of 

these treatments were studied in the novel cage and dark light box tests. 

Results. A reduction of a depressive-like behaviour, measured by the 

duration of immobility, was found in mice treated with the dose 75 mg/kg of 

T2 in the tail suspension test, but not in the forced swim test. The 

parameters of locomotion or anxiety were unaltered by the treatment with 

T2. We did not find behavioural changes after bolus administration of T2 at 

the dose of 0.25 mg/kg in either test for a depressive-like behaviour. Thus, 

bolus injection of T2 can induce anti-depressant-like effects without 

affecting other behaviours. A discrepant result in the forced swim test may 

be due to its different sensitivity to T2 as compared to the tail suspension 

paradigm. Also, the development of procedural modifications of this model 

can be useful for its application in pre-clinical studies. Conclusions. Given 

rapid cellular response evoked by T2 in comparison with the effects of other 

thyroid hormones, present data suggest clinical benefits from potential 

application of T2 as adjuvant therapy of depression, where early onset of 

therapeutic effect is of particular relevance.    

Keywords: forced swim test, tail suspension test, depression, animal models, 

thyroid hormones. 
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Introduction 

Thyroid hormones are important in brain function and dysfunction, including 

affective disorders and depression. It is well-established that thyroid 

hormones are essential for crucial processes in the brain and implicated in 

neuronal processing, proliferation and integration, CNS myelination and the 

synthesis of key enzymes required for neurotransmitter synthesis, thus, 

playing important roles in the development and adaptive responses of the 

nervous system [1, 2]. By now, it is commonly accepted that thyroid 

hormones are important regulators of the mechanisms, which are relevant 

to the pathogenesis of affective conditions that is particularly supported by 

numerous studies demonstrating the efficacy of adjuvant therapy with 3,3,5-

triiodo-L-thyronine (T3) and 3,5,3’,5’-tetraiodo-L-thyronine (T4) thyroid 

hormones in depressed patients [3-6].  

Both T3 and T4 hormones, however, are known to produce a delayed 

response in a cell [7, 8]. In contrast to T3 and T3 hormones, 3,5-diiodo-L-

thyronine (T2), which has been recently identified as functionally inactive 

metabolite of T3 in periphery in vivo and in vitro systems, exerts rapid 

effects on the mammal cells and, as such, might possess  unique 

antidepressant-like properties to be exploited in a clinic [7]. While T3, whose 

antidepressant-like properties are well documented and known to be more 

pronounced than that of T4, evokes the lasting effects of on metabolic rate 

and mitochondrial respiration, with onset delayed for 48 h. The action of T2 

begins within the first few hours and does not last for longer than 48 h and is 

not sensitive to actinomycin D [7, 9, 10]. Unlike T3, T2 increases 

mitochondrial respiration by a nuclear-independent mechanism, which is not 

realized via thyroid hormone receptor beta, nor via AMP-activated protein 

kinase. Other physiological activities of T2 were shown to be distinct from 

the effects of T3, such as effects on mitochondrial pathways, where T2 was 

demonstrated to stimulate reactions involved in substrate oxidation [9, 11] 

and increase the downstream mechanisms, which are involved in 

mitochondrial biogenesis [12, 13]. Also, T2 was found to evoke selective 

thyromimetic activity in vitro and in vivo that is divergent from that of T3 

[14]. Together, growing evidence suggests that the effects of T2 do not 
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merely mimic those of T3, but, instead, involve discrete mechanisms and 

that seem likely to have a rapid dynamic. 

Antidepressants with fast onset of therapeutic effects are currently on high 

demand in clinical management of a depressive disorder. Ketamine is a 

probably a unique example of effective antidepressants of this kind, whose 

practical use, unfortunately, is largely limited due to serious side effects, 

such as euphoria, confusion, cognitive impairment or transient dissociative 

states [15]. In a light of these challenges, studies of potential application of 

T2 as antidepressant treatment with rapidly developing therapeutic effect 

can be of high interest, due to its high physiological activity that allows low 

therapeutical doses to be used, and endogenous origin of this molecule that 

decreases a risk of occurrence of side effects during a treatment with T2. 

Meanwhile, up to now, the antidepressant-like effects of T2 are poorly 

investigated.  

The latest evidence suggests that T2 may be important for antidepressant 

effects. As for instance, chronic treatment with the tricyclic antidepressant 

desipramine in the rat induces the expression of T2 in the amygdala that is 

paralleled by elevated levels of T2 expression in the mitochondria, while 

concentrations of T3 are increased in nuclei [16]. The group of Pinna [16] has 

also shown the presence of metabolites of T2 in several brain areas, 

including the structures of the limbic system, such as hippocampus and 

septum, that points to the occurrence of T2 itself in these brain areas.  

Recently, we have demonstrated that mice acutely treated with T2, display 

shortened time spent immobile in the two-day tail suspension test, 

suggesting antidepressant-like effects of T2 [17].  

To study the antidepressant-like effects of T2 further, we employed the 

forced swim test, another commonly used paradigm for depressive-like 

behaviour in mice [18-20]. Like the tail suspension model, the forced swim 

test is based on an induction of a helplessness and despair behaviour in 

rodents, which are placed in an inescapable stressful situation for a few 

minutes [18; 21]. In the context of these tests, the posture of 

floating/immobility of tested animals, was originally ascribed by Porsolt to a 

state of “behavioural despair”, that was largely based on the assumption 
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that the animals have “given up hope of escaping”. It is currently regarded 

that behavioural responses of animals in these two paradigms manifest an 

evolutionary preserved coping strategy, where floating/immobility 

behaviour in animals parallels a human state of “entrapment” and 

psychomotor impairments during clinical depression, and is due to 

motivational rather than physical factors [22]. This view is supported by the 

facts that animals can adopt floating/immobility posture rather quickly and 

drugs which may suppress activity, e.g., antidepressants, counteract the 

immobility response [19].  

While both tail suspension and forced swim paradigms are regarded to 

involve similar neurobiological factors and show a substantial overlap in the 

pharmacological sensitivity to various drugs [23, 24], available literature 

suggests the differences between these models in the induction / measuring 

of depressive-like features in tested rodents. These differences were found 

while comparing the effects of gender differences [25], dosing with SSRIs 

[26], genetic manipulations [27] and other factors [19, 20, 29]. 

In the present study, we investigated the antidepressant-like effects of T2 

administrated to C57Bl6J mice at the doses of 0.25 and 0.75 mg/kg in the 

forced swim and tail suspension tests. Additionally, we used the treatment 

at the dose of 0.75 mg/kg of T2 in CD1 mice in the forced swim test. Finally, 

potential effects of T2 of above-indicated doses on general behaviour were 

assessed in the dark-light box anxiety paradigm and a novel cage vertical 

activity task. 

Experimental 

 Animals 

Studies were performed using 3-month-old male C57BL/6J and CD1 mice 

from RAS, Moscow region a provider licensed by Charles River 

(http://www.spf-animals.ru/about/providers/animals). Mice were single 

housed under a reversed 12-hour light–dark cycle (lights on: 20:00 h) 

starting from the day of animals’ transportation in the laboratory with food 

and water provided ad libitum, under controllable laboratory conditions (22 

± 1°C, 55% humidity). All experiments were carried out in accordance with 

http://www.spf/


74 

 

the European Communities Council Directive for the care and use of 

laboratory animals 2010/63/EU. 

Experimental design 

We investigated the effects of a bolus oral gavage of T2 to C57BL6J mice at 

the dose of 0.25 mg/kg and 0.75 mg/kg 30 min before the first session 

testing session as described previously [17] in the two-day tail suspension 

paradigm (Fig. 1 A), and in the two-day forced swim model (Fig. 1 B). 

Additionally, CD1 mice were treated with T2 at the dose of 0.75 mg/kg via 

above-described method and tested in the forced swim model. Control mice 

received a vehicle 30 min before the first session of tail suspension session 

or forced swim tests. A selection of doses of T2 and the timing of dosing 

were based on our previous results, which showed higher efficacy of 

treatment, which was carried out 30 min prior the experiment rather than of 

a treatment performed 2 h after the first testing session [17]. Additionally, 

we addressed the question of whether the administration of T2 in 

investigated doses influences anxiety and locomotion of mice in the dark-

light box and a novel cage tasks. These experiments were aimed to rule out 

potential confounds with the evaluation of behavioural despair in the 

models of depression, after the treatment with T2. Dark-light box and novel 

cage were applied with a 5min interval 30 min after a dosing (Fig. 1 C). 

Except novel cage assay, all behavioural data were normalized to mean 

values of control group and expressed in percent. The number of mice in 

each group is indicated in the figure legends, for each experiment. 

Tail suspension test 

The protocol used in this study was used as described previously [30]. Mice 

were subjected to the tail suspension by being hung by their tails with 

adhesive tape to a rod 50  cm above the floor for 6  min. The latency of the 

first episode of immobility, time spent with immobility at 2-min intervals and 

for entire 6 min period were scored manually using criteria, which were 

previously validated by automated scoring with Noldus EthoVision XT 8.5 

(Noldus Information Technology, Wageningen, The Netherlands) and 

CleverSys (CleverSys, Reston, VA, USA) as described elsewhere [24, 30]. The 
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immobility behaviour was defined as the absence of any movements of the 

animals' head and body. The latency of immobility was determined as the 

time between the onset of the test and the first bout of immobility. This 

procedure was carried out twice with a 24  h interval between tests. The 

trials were recorded by a video camera positioned directly in front of the 

mice while the experimenter observed the session from a distance in a dark 

area of the experimental room. 

Forced swim test 

Mice were subjected to two swimming sessions spaced 24 h apart, as 

previously described [30]. All sessions were 6-min long and were performed 

by placing a mouse in a transparent cylinder (Ø 17 cm) filled with water (+23 

°C, water height 13 cm, height of cylinder 20 cm). The latency of the first 

episode of floating and time spent with floating at 2-min intervals and for 

entire 6 min period was scored manually using criteria, which were 

previously validated by automated scoring with Noldus EthoVision XT 8.5 

(Noldus Information Technology, Wageningen, The Netherlands) and 

CleverSys (CleverSys, Reston, VA, USA) as described elsewhere [24, 30]. The 

floating behaviour was defined as the absence of any movements of the 

animals' head and body. The latency of floating was determined as the time 

between the onset of the test and the first bout of immobility. The trials 

were recorded by a video camera positioned directly in front of the mice 

while the experimenter observed the session from a distance in a dark area 

of the experimental room. 

Dark-light box 

The dark-light box (TechnoSmArt, Rome, Italy) consisted of two plexiglass 

compartments, one black (dark compartment) (15 cm × 20 cm × 25 cm) and 

one white (light compartment) (30 cm × 20 cm × 25 cm), connected by a 

tunnel. Anxiety-like behaviour was assessed by earlier validated measures 

[31]. Mice were placed into the dark compartment, from where they could 

visit the lit box (light intensity 25 Lux). The latency of the first exit to the light 

compartment, the total duration of time spent in the lit compartment, and 
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the number of visits to this light compartment were scored by visual 

observation over 5min. 

Novel cage 

The novel cage test was performed to assess vertical activity [30, 31]. Mice 

were introduced into a standard plastic cage; the size of their home cage 

filled with small amounts of fresh sawdust. The number of exploratory 

rearings was counted per each minute under red light during a 5-min period. 

The testing was carried out in a dark quiet room in morning hours. 

Statistics  

Data were analyzed with GraphPad Prism version 5.00 for Windows (San 

Diego, CA). Mann-Whitney test was applied for two-group data sets, as data 

had no normal distribution. The level of confidence was set at 95% (p < 0.05) 

and data are normalized to control and shown as mean ± SEM. 

 

Results 

Effects of T2 at the dose of 0.25 mg/kg on immobility and floating behaviours  

In the tail suspension test, the latency and total duration of immobility in 

C57Bl/6 mice dosed with 0.25 mg/kg of T2, in comparison to a vehicle-

treated group, were unaltered on Day 1 (p = 0.4175 and p = 0.6425, 

respectively, Mann-Whitney test; Fig. 2 A) and Day 2 (p = 0.7711 and p = 

0.3969, respectively, Mann-Whitney test; Fig. 2 B). As compared with control 

mice, a group of animals subjected to the administration of T2 at the dose 

0.25 mg/kg did not show changes in the duration of immobility on Day 1 (1-2 

min: p = 0.3533, 3-4 min: p = 0.4515, and 5-6 min: p = 0.4515, respectively, 

Mann-Whitney test; Fig. 2 A) and Day 2 (1-2 min: p = 0.3969, 3-4 min: p = 

0.2968, and 5-6 min: p = 0.8619, respectively, Mann-Whitney test; Fig. 2 B). 

In the forced swim test, in comparison to administration of a vehicle, dosing 

with 0.25 mg/kg of T2 did not alter the latency and total duration of floating 

of C57Bl/6 mice on Day 1 (p = 0.8698, and p = 0.9767, respectively, Mann-
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Whitney test; Fig. 2 C) and Day 2 (p = 0.2136 and p = 0.9031, respectively, 

Mann-Whitney test; Fig. 2 D). In comparison to a vehicle-treated mice, there 

was a tendency to a decreased floating at the second two-minute testing 

interval of test on Day 1 (2-3 min: p = 0.0771, Mann-Whitney test; Fig. 2 C). 

No significant differences between the groups were found in the duration of 

floating during other periods of observation on Day 1 either (1-2 min: p = 

0.3132, and 5-6 min: p = 0.3574, respectively, Mann-Whitney test; Fig. 2 C) 

and on Day 2 (1-2 min: p = 0.3643, 3-4 min: p = 0.6846, and 5-6 min: p = 

0.8497, respectively, Mann-Whitney test; Fig. 2 D).  

Effects of 0.75 mg/kg of T2 on immobility and floating behaviours  

In the tail suspension test, bolus administration of T2 at the dose 0.75 mg/kg 

did not alter the latency and total duration of immobility of mice, in 

comparison to injection of a vehicle, on Day 1 (p = 0.9166 and p = 0.6905, 

respectively, Mann-Whitney test; Fig. 3 A) and Day 2 (p = 0.2812 and p = 

0.2222, respectively, Mann-Whitney test; Fig. 3 B). A significant decrease of 

duration of immobility measure in T2-treated versus vehicle-treated animals 

was found at the first two-minute testing interval of test on Day 1 (1-2 min: 

p = 0.008, Mann-Whitney test; Fig. 3 A) and Day 2 (1-2 min: p = 0.0317, 

Mann-Whitney test; Fig. 3 B). Immobility behaviour in T2-treated mice was 

not significantly changed during the remaining periods of scoring, in 

comparison to a control group, on Day 1 (3-4 min: p = 0.4005, and 5-6 min: p 

= 0.2492, respectively, Mann-Whitney test; Fig. 3 A) and Day 2 (3-4 min: p = 

1.000 and 5-6 min: p = 0.6905, respectively, Mann-Whitney test; Fig. 3 B). 

In the forced swim test carried out on C57Bl/6 mice, in comparison to a 

vehicle-treated group, animals treated with T2 at the dose 0.75 mg/kg, 

showed unaltered latency of floating on Day 1 (p = 0.9360 Mann-Whitney 

test, Fig. 3 C) and Day 2 (p = 0.5738, Mann-Whitney test; Fig. 3 D). As 

compared to controls, pharmacologically treated mice exhibited a tendency 

to a decrease of total duration of floating on Day 1 (p = 0.0777, Mann-

Whitney test; Fig. 3 C), but not on Day 2 (p = 0.9372, Mann-Whitney test; 

Fig. 3 D). The administration of T2 at the dose 0.75 mg/kg did not affect the 

duration of floating of mice at any two-minute testing intervals, as compared 

to injection of vehicle, on Day 1 (1-2 min: p = 0.8089, 3-4 min: p = 0.3939, 
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and 5-6 min: p = 0.1087, respectively, Mann-Whitney test; Fig. 3 C). Similarly, 

on Day 2, no significant changes were found in the duration of floating 

between T2- and vehicle-treated groups (1-2 min: p = 0.8182, 3-4 min: p = 

1.000, and 5-6 min: p = 0.6304, respectively, Mann-Whitney test; Fig. 3 D) of 

the test.  

In the forced swim test carried out on CD1 mice, as compared to vehicle-

treated group, mice treated with T2 at the dose 0.75 mg/kg, showed 

unchanged latency and total duration of floating on Day 1 (p = 0.8092 and p 

= 0.4848, respectively, Mann-Whitney test; Fig. 3 E) and Day 2 (p = 0.6858 

and p = 0.2403, respectively, Mann-Whitney test; Fig. 3 F). In comparison to 

controls, no changes of floating was found in T2-treated mice during 

selected time intervals on Day 1 (1-2 min: p = 0.3776, 3-4 min: p = 0.7483, 

and 5-6 min: p = 0.2290, respectively, Mann-Whitney test; Fig. 3 E). CD1 

mice treated with T2, as compared with vehicle-treated animals, had a 

tendency to a decreased floating at the first two-minute testing interval of 

the est on Day 2 (1-2 min: p = 0.0651, Mann-Whitney test; Fig. 3 F), but not 

during the last testing intervals (3-4 min: p = 0.2971 and 5-6 min:  p = 0.2403, 

respectively, Mann-Whitney test; Fig. 3 F). 

T2-treated mice display unaltered anxiety and locomotor behaviour 

Dosing of C57Bl/6 mice with T2 at the dose of 0.75 mg/kg did not alter 

anxiety-like behaviour of mice, as shown by unaffected latencies of the first 

exit to the lit compartment in dosed animals, in comparison to a vehicle-

treated group (p = 0.4059, Mann-Whitney test; Fig. 4 A). No significant 

differences were found between these groups in time spent therein (p = 

0.5830, Mann-Whitney test), and number of exits (p = 0.7112, Mann-

Whitney test; Fig. 4 B, C). In the novel cage, C57Bl/6 mice that received T2 at 

the dose 0.25 mg/kg and CD1 mice treated with T2 at the dose 0.75 mg/kg 

did not differ from vehicle-treated mice in a number of rearings at no time 

point of scoring (0.25 mg/kg: 1 min: p = 0.9095, 2 min: p = 0.6201, 3 min: p = 

0.3423, 4 min: p = 0.5188, 5 min: p = 0.9696 and 0.75 mg/kg: 1 min: p = 

0.9271, 2 min: p = 0.5219, 3 min: p = 0.4286, 4 min: p = 0.3120, 5 min: p = 

0.0948, Mann-Whitney test; Fig. 4 D, E).  
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Discussion 

In line with previous results, the dosing with T2 at the dose 0.75 mg/kg has 

decreased depressive-like behaviour measured by the duration of 

immobility, in the tail suspension test, during the first minutes of testing 

[17]. However, no changes in the parameters of floating behaviour in the 

forced swim test were observed in mice that received the treatment which 

was applied in the tail suspension test. A lack of significant behavioural 

effects of T2 in the forced swim test was evidenced both in C57Bl/6 and CD1 

mouse strains. The administration of T2 did not change the parameters of 

anxiety and vertical locomotor activity, suggesting that general behavioural 

activity of mice was not altered by T2 and reported changes in immobility 

are unlikely to be due to its general effects on locomotion. The 

administration of T2 at the dose of 0.25 mg/kg did not induce any effects in 

either paradigm.  

Discrepant effects of compounds with antidepressant activity in the tail 

suspension and forced swim test are not uncommon in the literature. For 

example, administration of tricyclic antidepressant imipramine was shown to 

decrease immobility in the tail suspension test at the dose 4 mg/kg, while in 

the forced swim test, the dose of 30 mg/kg of imipramine was effective  

[32]. Studies with SSRI antidepressant reboxetine revealed a decrease of 

floating behaviour in the forced swim test, but not in the tail suspension test 

[26]. Several other reports evidenced discrepant effects of antidepressant in 

two depression paradigms [23]. 

A difference in the behavioural changes after T2 administration in the 

present study may be due to the factor of hypothermia in the forced swim 

test, which can interfere with metabolic effects of T2. Given rapid effects of 

T2 on the mitochondrial activation, it can be hypothesized that this 

treatment counteracts hypothermic effect of swimming procedure that can 

decrease floating in small rodents [7, 33]. Other drugs, including imipramine, 

are known to produce the opposing to T2 effect, decreasing body 

temperature and potentiating swimming in rodents and thus, 

thermogenesis, that helps a physiological adaptation to a cold. The 

hypothermia is considered as one of the major factor affecting rodent’s 
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behaviour subjected to a forced swimming during Porsolt test [32], where 

pharmacological treatments, particularly, with tricyclic antidepressants, 

might play a role [33]. As for instance, independent studies have shown that 

the effects of amitryptiline and desipramine on floating behaviour can be 

detectable or more pronounced when the water in the tank is warm rather 

than cool [33]. 

Moreover,  floating and immobility behaviours observed in small rodents 

during repeated tail suspension and forced swim tests  can also implicate the 

elements of contextual learning. As such, drugs or other challenges which 

interfere with this form of memory may affect behavioural read-outs in 

these models [34]. Among two paradigms, the impact of contextual learning 

is regarded to be somewhat higher in the forced swim test, because of 

generally more stressful effects of the procedure. However, given the fact 

that generally thyroid hormones are required for normal neuronal plasticity 

and learning, and their exogenous supply can improve cognition, it is unlikely 

that this factor test can explain the difference between the tail suspension 

and forced swim experiments with T2.   

In a broader context, floating and immobility behaviours induced in rodents 

in two employed here depression paradigms can play distinct roles in the 

behavioural repertoire of animals and be affected differentially by various 

challenges. For example, parallels have being made between these 

behaviours and the freezing behaviour following exposure to aversive 

stimuli, such as a predator and a shock, or the environmental context where 

the stressful experience was previously taking place [35]. As such, floating 

and immobility behaviours displayed by animals may depend on immediate 

adverse effects of external stressors. Taking into account rather weak 

antidepressant-like effect of T2 reported in this and previous studies with 

the tail suspension test, one can suggest that a lack of antidepressant-like 

changes in the forced swim test was due to higher stress impact of the latter 

paradigm. A tendency to a significant effect of T2 at the dose 0.75 mg/kg 

suggests a possibility that antidepressant-like action of T2 could likely occur 

under modified conditions of testing in the forced swim model.  
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Present study further suggests that floating and immobility behaviours are 

complex and their accurate analysis requires a detailed assessment. As for 

instance, our results suggest that scoring of depressive-like behaviours in 

these tests by short time intervals can increase the accuracy of the analysis. 

We repeatedly showed that the first 2-min interval of scoring of a 

depressive-like behaviour can be more sensitive in both tests, rather than 

frequently used analysis of entire 6-min observation period. Finally, a 

development of methodological variants of these tests can be of use in their 

pre-clinical application. In particular, given present and other facts of limited 

sensitivity of the forced swim test with the analysis of the antidepressant 

effects in small rodents, one can suggest that a modification of existing 

protocols of this paradigm could be potentially beneficial for the 

neurobiological and translational studies on depression which broadly use 

this model [19, 23, 36]. 

Acknowledgments 

The reported study was partially supported by RFBR, research project No. 

16-34-01165. 

References 

[1]. Porterfield SP, Hendrich CE. The role of thyroid hormones in prenatal 

and neonatal neurological development—current perspectives. Endocr Rev 

1993, 14 (1): 94–106.   

[2]. Bernal J, Nunez J. Thyroid hormones and brain development. EurJ 

Endocrinol 1995, 133 (4): 390–398. 

[3]. Baumgartner A. Thyroxine and the treatment of affective disorder: 

An overview of the results of basic and clinical research. Int J 

Neuropsychopharmacol 2000, 3 (2): 149–165. 

[4]. Moreau X, Jeanningros R, Majjola-Pomietto P. Chronic effects of 

triiodothyronine in combination with imipramine on 5-HT transporter, 5-

HT(1A) and 5-HT (2A) receptors in adult rat brain. 

Neuropsychopharmacology 2001, 24 (6): 652–662. 



82 

 

[5]. Bauer M1, Heinz A, Whybrow PC. Thyroid hormones, serotonin and 

mood: of synergy and significance in the adult brain. Mol Psychiatry 2002, 7 

(2): 140-156. 

[6]. Abraham G, Milev R, Stuart Lawson J. T3 augmentation of SSRI 

resistant depression. J Affect Disord 2006, 91 (2-3): 211–215. 

[7]. Goglia F. Biological effects of 3,5-diiodothyronine (T(2)). Biochemistry 

(Mosc) 2005, 70 (2): 164-172. 

[8]. Schroeder AC, Privalsky ML. Thyroid hormones, T3 and T4, in the 

brain. Front Endocrinol (Lausanne) 2014, 5 (40).  

[9]. Lombardi A, Lanni A, Moreno M, Brand MD, Goglia F. Effect of 3,5-di-

iodo-L-thyronine on the mitochondrial energy-transduction apparatus. 

Biochem J 1998, 330 (1): 521-526. 

[10]. Moreno M, Lombardi A, Beneduce L, Silvestri E, Pinna G, Goglia F, 

Lanni A. Are the effects of T3 on resting metabolic rate in euthyroid rats 

entirely caused by T3 itself? Endocrinology 2002, 143 (2): 504-510. 

[11]. Lanni A, Moreno M, Cioffi M, Goglia F. Effect of 3,3'-di-iodothyronine 

and 3,5-di-iodothyronine on rat liver mitochondria. J Endocrinol 1993, 136 

(1): 59-64.   

[12]. deLange P, Cioffi F, Senese R, Moreno M, Lombardi A, Silvestri E, et 

al. Nonthyrotoxic prevention of diet-induced insulin resistance by 3,5-diiodo-

L-thyronine in rats. Diabetes 2011, 60 (11): 2730-2739. 

[13]. Del Viscovo A, Secondo A, Esposito A, Goglia F, Moreno M, 

Canzoniero LM. Intracellular and plasma membrane-initiated pathways 

involved in the [Ca2+]i elevations induced by iodothyronines (T3 and T2) in 

pituitary GH3 cells. Am J Physiol Endocrinol Metab 2012, 302 (11): 1419-

1430.  

[14]. Ball SG, Sokolov J, Chin WW. 3,5-Diiodo-L-thyronine (T2) has selective 

thyromimetic effects in vivo and in vitro. J MolEndocrinol 1997, 19 (2): 137-

147. 

[15]. Zarate CA Jr, Singh JB, Carlson PJ, Brutsche NE, Ameli R, Luckenbaugh 

DA, Charney DS, Manji HK. A randomized trial of an N-methyl-D-aspartate 

antagonist in treatment-resistant major depression. Arch Gen Psychiatry 

2006, 63 (8): 856-864. 

[16]. Pinna G, Broedel O, Eravci M, Stoltenburg-Didinger G, Plueckhan H, 

Fuxius S, et al. Thyroid hormones in the rat amygdala as common targets for 



83 

 

antidepressant drugs, mood stabilizers, and sleep deprivation. Biol 

Psychiatry 2003, 54 (10): 1049-1059. 

[17]. Markova N, Chernopiatko A, Schroeter CA, Malin D, Kubatiev A, 

Bachurin S, Costa-Nunes J, Steinbusch HM, Strekalova T. Hippocampal gene 

expression of deiodinases 2 and 3 and effects of 3,5-diiodo-L-thyronine T2 in 

mouse depression paradigms. Biomed Res Int 2013, 565218.  

[18]. Porsolt RD, Bertin A, Jalfre M. Behavioural despair in mice: a primary 

screening test for antidepressants. Arch Int Pharmacodyn Ther 1977, 229 (2): 

327-336. 

[19]. Lucki I. The forced swimming test as a model for core and component 

behavioural effects of antidepressant drugs. Behav Pharmacol 1997, 8 (6-7): 

523-532. 

[20]. Cryan JF1, Markou A, Lucki I. Assessing antidepressant activity in 

rodents: recent developments and future needs. Trends Pharmacol Sci 2002, 

23 (5): 238-245. 

[21]. Steru L, Chermat R, Thierry B, Simon P. The tail suspension test: a 

new method for screening antidepressants in mice. Psychopharmacology 

(Berl) 1985, 85 (3): 367-370. 

[22]. Weingartner H, Silberman E. Models of cognitive impairment: 

cognitive changes in depression. Psychopharmacol Bull 1982, 18 (2): 27-42. 

[23]. Cryan JF, Mombereau C, Vassout A. The tail suspension test as a 

model for assessing antidepressant activity: review of pharmacological and 

genetic studies in mice. Neurosc.Biobehav Rev 2005, 29 (4-5): 571-625. 

[24]. Costa-Nunes JP, Cline BH, Araújo-Correia M, Valença A, Markova N, 

Dolgov O, Kubatiev A, Yeritsyan N, Steinbusch HW, Strekalova T. Animal 

Models of Depression and Drug Delivery with Food as an Effective Dosing 

Method: Evidences from Studies with Celecoxib and Dicholine Succinate. 

Biomed Res Int 2015, 596126.  

[25]. Jones MD, Lucki I. Sex differences in the regulation of serotonergic 

transmission and behaviour in 5-HT receptor knockout mice. 

Neuropsychopharmacology 2005, 30 (6): 1039-1047. 

[26]. Ampuero E, Luarte A, Santibañez M, Varas-Godoy M, Toledo J, Diaz-

Veliz G, Cavada G, Rubio FJ, Wyneken U. Two Chronic Stress Models Based 

on Movement Restriction in Rats Respond Selectively to Antidepressant 



84 

 

Drugs: Aldolase C As a Potential Biomarker. Int J Neuropsychopharmacol 

2015, pyv038. 

[27]. Yoshikawa T, Watanabe A, Ishitsuka Y, Nakaya A, Nakatani N. 

Identification of multiple genetic loci linked to the propensity for 

"behavioural despair" in mice. Genome Res 2002, 12 (3): 357-366. 

[28]. Guardiola-Lemaître B, Lenègre A, Porsolt RD. Combined effects of 

diazepam and melatonin in two tests for anxiolytic activity in the mouse. 

Pharmacol Biochem Behav 1992, 41 (2): 405-408. 

[29]. Liu X, Gershenfeld HK. Genetic differences in the tail-suspension test 

and its relationship to imipramine response among 11 inbred strains of mice. 

Biol Psychiatry 2001, 49 (7): 575-581. 

[30]. Malatynska E, Steinbusch HW, Redkozubova O, Bolkunov A, Kubatiev 

A, Yeritsyan NB, et al. Anhedonic-like traits and lack of affective deficits in 

18-month-old C57BL/6 mice: Implications for modeling elderly depression. 

ExpGerontol 2012, 47 (8): 552-564. 

[31]. Strekalova T, Evans M, Costa-Nunes J, Bachurin S, Yeritsyan N, Couch 

Y, Steinbusch HM, Eleonore Köhler S, Lesch KP, Anthony DC. Tlr4 

upregulation in the brain accompanies depression- and anxiety-like 

behaviours induced by a high-cholesterol diet. Brain Behav Immun 2015, 42-

7.  

[32]. Porsolt RD, Deniel M, Jalfre M. Forced swimming in rats: 

hypothermia, immobility and the effects of imipramine. Eur J Pharmacol 

1979, 57 (4): 431–436. 

[33]. Bogdanova OV, Kanekar S, D'Anci KE, Renshaw PF. Factors influencing 

behaviour in the forced swim test. Physiol Behav 2013, 227-39.  

[34]. Naudon L1, Jay TM. Opposite behaviours in the forced swimming test 

are linked to differences in spatial working memory performances in the rat. 

Neuroscience 2005, 130 (2): 285-293. 

[35]. Blanchard RJ, Griebel G, Henrie JA, Blanchard DC. Differentiation of 

anxiolytic and panicolytic drugs by effects on rat and mouse defence test 

batteries. Neurosci Biobehav Rev 1997, 21 (6): 783-789. 

[36]. Perrault G1, Morel E, Zivkovic B, Sanger DJ. Activity of litoxetine and 

other serotonin uptake inhibitors in the tail suspension test in mice. 

Pharmacol Biochem Behav 1992, 42 (1): 45-47. 



85 

 

Figure legends 

Figure 1. Schematic timeline of tail suspension (A) and forced swim (B) 

experiments, and (C) tests for anxiety and locomotion. 

Figure 2. Effects of T2 at the dose 0.25 mg/kg in the tail suspension and the 

forced swim tests. On Day 1 (A) and Day 2 (B) of the tail suspension test, 

mice treated with 0.25 mg/kg of T2 (n = 8) showed no differences in the 

latency of immobility and in the duration of this behaviour compared with 

vehicle-treated control mice (n = 7). On Day 1 (C) and Day 2 (D) of the forced 

swim test, mice treated with 0.25 mg/kg of T2 (n = 20) showed no 

differences in the latency of floating and in the duration of this behaviour as 

compared with vehicle-treated control mice (n = 20). Mann-Whitney test. 

Figure 3. Effects of T2 at dose 0.75 mg/kg in the tail suspension and the 

forced swim tests. (A) In comparison with vehicle-treated control animals (n 

= 5), mice treated with 0.75 mg/kg of T2 (n = 8) showed no differences in the 

latency immobility and in the duration of this behaviour on Day 1 of the tail 

suspension test. (B) The duration of immobility was significantly reduced at 

first two-minute testing interval of the test on Day 2. In the forced swim test, 

mice treated with 0.75 mg/kg of T2 (n = 8) showed no differences in the 

latency of floating and in the duration of this behaviour in comparison to 

control mice (n = 8) on Day 1 (C) and Day 2 (D). In the forced swim test, CD1 

mice treated with T2 (n = 5) showed no differences in the latency of floating 

and in the duration of this behaviour compared with control mice (n = 5) on 

Day 1 (E) and Day 2 (F).  * - p < 0.05 versus control; Mann-Whitney test.  

Figure 5. Effects of T2 on anxiety and locomotor behaviour. In the dark-light 

box, C57Bl/6 mice that were treated with T2 at the dose 0.75 mg/kg (n = 5) 

did not differ from vehicle-treated mice (n = 6) in the latency of first exit (A), 

time spent (B), and number of exits (C) to the light compartment. In the 

novel cage (D), C57Bl/6 mice that received T2 at the dose 0.25 mg/kg (n = 5) 

and CD1 mice treated with T2 at dose 0.75 mg/kg (n = 5) did not differ from 

vehicle-treated control C57Bl/6  mice (n = 10) and vehicle-treated CD1 mice 

(n = 6), respectively, in the number of rearings. Mann-Whitney test.  
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Abstract 

While deficient brain plasticity is a well-established pathophysiologic feature 

of depression, little is known about disorder-associated enhanced cognitive 

processing. Here, we studied a novel mouse paradigm that potentially 

models augmented learning of adverse memories during development of a 

depressive-like state. We used a modification of the classic two-day protocol 

of a mouse Porsolt test with an additional session occurring on Day 5 

following the initial exposure. Unexpectedly, floating behaviour and brain 

glycogen synthase kinase-3 beta (GSK3β) mRNA levels, a factor of synaptic 

plasticity as well as a marker of distress and depression, were increased 

during the additional swimming session that was prevented by imipramine. 

Observed increases of GSK3β mRNA in prefrontal cortex during delayed 

testing session correlated with individual parameters of behavioural despair 

that was not found in the classic Porsolt test. Repeated swim exposure was 

accompanied by a lower pGSK3β/GSK3β ratio. A replacement of the second 

or the final swim sessions with exposure to the context of testing resulted in 

increased GSK3β mRNA level similar to the effects of swimming, while 

exclusion of the second testing prevented these changes. Together, our 

findings implicate the activation of brain GSK3β expression in enhanced 

contextual conditioning of adverse memories, which is associated with an 

individual susceptibility to a depressive syndrome.  

Keywords: Depression, contextual conditioning, glycogen synthase kinase-3 

beta (GSK3β), hippocampus, prefrontal cortex, animal model, Porsolt’s swim 

test, mice. 

 

Introduction 

One of the most critical elements in the pathophysiology of severe clinical 

depression might entail augmented cognitive processing of adverse events 

that can aggravate deleterious effects of primarily negative experiences and 

precipitate the development of stress-related depressive syndromes [1–3]. 

Currently available data show that enhanced acquisition of fear memories 

and adverse experiences can be a relevant pathophysiologic mechanism in 
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the development of neuropsychiatric conditions, such as post-traumatic 

stress disorder, generalized anxiety disorder, phobias, and depression [4, 5]. 

Nevertheless, the mechanisms underlying reinforced learning of adverse 

events associated with experience of a specific context during the 

development of a depressive-like state are poorly understood [6]. The 

identification of the neurobiology linked to enhanced cognitive processing of 

aversive experiences would be highly valuable for finding novel therapeutic 

targets for the treatment of diseases associated with inappropriate retention 

and processing of memories for environmental adversity. 

Animals and humans develop helplessness and fear of environmental 

contexts in which they have repeatedly experienced aversive events. Most of 

currently available rodent models of these conditions employ paradigms in 

which animals learn to associate an aversive unconditioned stimulus, such as 

a brief foot shock, with a neutral conditioned stimulus, typically a context or 

a tone. In these models, slow extinction learning is usually taken as a 

measure of inappropriate retention of fear memories and a posttraumatic 

stress state [7, 8]. While animal models of enhanced learning of adverse 

challenges including the above-mentioned type of paradigms are well-

established for phobias, generalized anxiety, and post-traumatic stress 

disorders, few data are available concerning modeling of cognitive 

processing of adversities in the development of a depressive syndrome. 

Short tests for depressive-like behaviour, such as the Porsolt swim and tail 

suspension tests, are commonly used in translational research on depression 

[9–11]. A classical protocol of Porsolt's test is based on the repeated 

exposure of rodents to an inescapable short swim, an adverse procedure 

that is typically repeated in the same test condition with a 24  h time 

interval, when animals display an increase of floating behaviour, commonly 

referred to as “behavioural despair” [12]. A re-exposure of an animal to the 

originally presented adverse situation is intended to produce a state of 

(learned) helplessness, one of behavioural hallmarks of depression [12, 13]. 

Porsolt's test was shown to implicate elements of contextual learning; 

pharmacologic inhibitors of memory formation were found to attenuate the 

potentiation of floating during repeated swim sessions [14]. The alleviation 



94 

 

of floating in this test by antidepressant drugs was shown to be partly 

mediated by their diminishing effects on contextual learning [14, 15]. 

Evidence suggests that with the recollection of stressful and traumatic 

experiences resulting in the development of depressive-like features, a 

phase of memory consolidation might be of particular relevance [16, 17]. 

Based on this, we tested the hypothesis that modification of the classic two-

session protocol of Porsolt's test in the mouse, with an additional session 

occurring on Day 5 following the initial exposure, may potentially model the 

initiation of consolidation processes that are relevant to the development of 

a depressive-like state and allow to elucidate their neurobiologic 

mechanisms experimentally. The timing of the employed protocol of 

modified swim test was based on available data concerning a time curve of a 

consolidation of contextual fear memories in respective rodent paradigms, 

where the primary neuronal processes of a fear consolidation last about 48 h 

after conditioning and predominantly implicate the hippocampus and 

prefrontal cortex [18, 19]. We hypothesized that a similar time window 

might be critical for a formation of a “depressive-like” neurobiological trace 

related to enhanced cognitive processing of adverse experiences in a 

modified swim test protocol proposed here. While repeated forced 

swimming is often applied to induce more pronounced depressive-like 

phenotypes and helpless behaviour [1, 20, 21], there are no reports available 

that describe the application of this test for modeling enhanced cognitive 

processing of adverse experiences. 

The aim of the current work was to address the question whether a modified 

swim test with additional delayed session on Day 5 may model increased 

contextual consolidation of environmental adversities related to the testing. 

Therefore, we sought to study whether floating behaviour will be further 

increased during the delayed swimming on Day 5. In addition, we 

investigated whether glycogen synthase kinase-3 beta (GSK3β) expression is 

altered in limbic structures during modified swim test protocol. GSK3β is a 

marker of synaptic plasticity in the hippocampus but also of distress and 

depression. The antibipolar drug lithium and selective GSK-3 inhibitors were 

reported to increase of GSK3β phosphorylation at serine 9 position, thus, 
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decreasing its activity that was associated with beneficial neurobiological 

and therapeutic effects of these compounds [22–26]. GSK3β-dependent 

functional changes in the hippocampus and prefrontal cortex may influence 

both anxiety- and depressive-like behaviour, including floating in the forced 

swim test and cognitive processes [25, 27–33]. Both structures are involved 

in the consolidation of contextual fear, long-term memories, and enhanced 

learning during post-traumatic stress disorder [34–37], as well as in the 

mechanisms of depression [30, 38, 39]. 

Since we found an increase in both floating behaviour and mRNA GSK3β and 

correlation between them, in the modified swim test, we further 

investigated the role of exposures of mice to the context of testing versus 

exposure to the swim test and omission of testing, in the development of 

above-mentioned molecular and behavioural effects induced in the modified 

swim paradigm. Also, we addressed the role of timing by carrying out a 

“premature” testing on Day 3 following the initial swimming instead of a 

session on Day 5. In addition, we determined the levels of phosphorylated 

and total GSK3β, as well as their ratio, in the hippocampus and prefrontal 

cortex of mice exposed to the modified swim test. Finally, these behavioural 

and molecular read-outs were investigated after a fourteen-day treatment 

with a low dose of the antidepressant imipramine. 

Our studies demonstrated the role of contextual elements and timing with 

adverse experiences of inescapable swimming, in the induction of 

behavioural and molecular alterations associated with a depressive-like 

state. They also implicate upregulation of GSK3β in the mechanism of 

enhanced floating response in individual mice that are predisposed to 

behaviour despair in this modified swim paradigm. This led us to speculate 

that GSK3β, which is both a critical mediator in processes associated with 

synaptic plasticity and a marker of distress and maladaptation, may play an 

integrative role in mediating pathologically enhanced memory consolidation 

for noxious stimulation and a development of associated depressive 

features. 

 



96 

 

Materials and methods 

Animals 

Studies were performed using 3-month-old male C57BL/6J from RAS, 

Moscow region, a provider licensed by Charles River (http://www.spf-

animals.ru/about/providers/animals/). Mice were single-housed under a 

reversed 12-hour light-dark cycle (lights on: 21:00  h) starting from the day 

of animals' transportation in the laboratory with food and water provided ad 

libitum, under controllable laboratory conditions (22 ± 1°C, 55% humidity). 

All experiments were carried out in accordance with the European 

Communities Council Directive for the care and use of laboratory animals 

2010/63/EU and were approved locally (IPAC NM3401165).  

 

Experimental design 

In the first study we investigated whether in the additional delayed testing in 

the Porsolt swim test mice display an increase or a decrease of behavioural 

despair as compared to the classic swim test. Therefore, mice were 

subjected to the one- and two-session protocols of Porsolt's test, as well as 

to the modified protocol during which, on Day 5 after initial testing on Day 1, 

a delayed session was added to a two-day swim test (Figure 1(a)). Their 

floating behaviour was evaluated in 6-min sessions in 2-min time intervals 

(see below). The testing was carried out in morning hours, during active 

period of animal's cycle, in dark laboratory rooms where the apparatuses 

were lit with subtle lighting (see below). For acclimatization, mice were 

transported to the experimental room from the lab where they were 

housed, at least 1 h prior the start of testing. Behaviour was video-recorded 

and scored offline. 

As an increase of floating behaviour on Day 5 was found in above-described 

experiment, we predicted that this augmentation in behavioural despair is 

due to cognitive processes taking place during the delay between swim 

sessions. In the next series of experiments (Figures 1(b)–1(f)) we therefore 

addressed the individual role of context, swimming, and timing of testing in 
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this phenomenon. Therefore, a replacement of a swim session with an 

exposure to the context of testing or complete omission of any behavioural 

manipulation was performed on Day 2 (Figures 1(b) and 1(c)) and on Day 5 

(Figures 1(d) and 1(e)). Data were calculated in percent from mean values of 

floating on Day 1 for each group. Additionally, a group of mice was tested 

“prematurely” in a three-session swim test where the last test was carried 

out on Day 3 instead of Day 5 (Figure 1(f)) and compared with a group 

subjected to the regular protocol of the modified swim test (Figure 1(a)). A 

study design for this and described below series of experiments is 

additionally summarized in a Supplementary Tables in Supplementary 

Material available online at http://dx.doi.org/10.1155/2016/5098591. 

In all above-described schemes of testing, mice were sacrificed 10  min after 

the last behavioural procedure and two brain regions, hippocampus and 

prefrontal cortex, were dissected for subsequent analyses of GSK3β activities 

using qRT-PCR and ELISA of total and phosphorylated forms of GSK3β (see 

below). While defining a time frame of analysis of GSK3β activities, the 

changes in brain GSK3β mRNA at Day 5, the primary experimental setting of 

interest, were found at the time point 10  min, but not 24  h after testing. 

Based on these data, and in sake of conformity in the assessments of gene 

expression and protein changes of GSK3β, we compared their measures 

between all applied experimental schemes of swim test at time point 10 min 

after the last swim session, unless specified. A group of intact control mice 

that were naïve for swim experience was used in these assays; each study 

employed a separate control group. Spearman correlation was performed to 

link changes in GSK3β mRNA concentration to the duration of floating. 

Additionally, mice were assigned to subgroups designated “high-” and “low-

floaters” according to a criterion of “mean of total duration of floating of the 

group” as that was measured in the swim session preceding a sacrifice of the 

animal, and the expression of GSK3β was compared. Mice which displayed a 

total duration of floating exceeding the mean of the group at the last testing 

session were assigned to a subgroup of “high-floaters.” Remaining animals 

were considered as “low-floaters”; their values of total floating duration 

measured at the last swim session were below the mean of the group. 



98 

 

Also, in the regular protocol of modified swim test (Figure 1(a)), a subgroup 

of mice was sacrificed 24 h after the last swimming and compared for GSK3β 

expression with a group sacrificed 10 min thereafter. In addition, in the 

regular protocol of modified swim test, qRT-PCR of GSK-3alpha was carried 

out to control for the specificity of changes in GSK3β expression. 

In the final study, we compared floating behaviour and GSK3β 

mRNA/protein levels in naïve mice and mice pretreated for fourteen days 

with a low dose of 7.5 mg/kg/day of the antidepressant imipramine (Figure 

1(g); see below). The selection of the imipramine dosage was based on 

previous findings showing absence of confounding effects of this dose on 

locomotion and weak antidepressant effects in the classic Porsolt swim test 

in C57BL6 mice [40]. 

Classic and modified swim tests with additional delayed testing 

Mice were subjected to one or two swimming sessions with an interval of 24 

h (classic protocols of swim test), or three swim sessions, where the third 

test was added to a two-day “classic protocol” and carried out on Day 5 

following the initial test on Day 1 (modified swim test; Fig. 1A). All sessions 

were 6-min long and were performed by placing a mouse in a transparent 

cylinder (Ø 17 cm) filled with water (+23 °C, water height 13 cm, height of 

cylinder 20 cm). The duration of floating behaviour that was defined by the 

absence of any directed movements of the animals’ head and body, was 

scored manually using criteria, which were previously validated by 

automated scoring with Noldus EthoVision XT 8.5 (Noldus Information 

Technology, Wageningen, The Netherlands) and CleverSys (CleverSys, 

Reston, VA, USA) as described elsewhere [41, 42]. Time spent with floating 

was evaluated at 2-min intervals as well as summarized for the entire 

duration of the test. In the experiments with various combinations of swim 

test protocols, exposures to a context of testing and timing of sacrifice, as 

well as imipramine dosing, the total duration of floating was evaluated for 

the entire 6-min periods. In all studies, except one, which addressed the 

GSK3β expression 24 h post-swimming in the modified swim test, mice were 

sacrificed ten minutes after swimming (see below). 
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Exposure to context of swimming 

To address the role of context in behavioural and molecular changes found 

in the modified swim test, a series of experiments in which mice were 

subjected to the context of a swimming test at various time points of testing. 

Therefore, in the same environment where they were previously subjected 

to swimming sessions, mice were taken out from the cage by an 

experimenter and exposed to the swimming pool being hung by their tails 

and kept above a water surface for 1 s. Thereafter, they were placed back to 

their home cages. We chose to apply short-lasting reminding procedure of 

above-described protocol in order to prevent potential behavioural and 

molecular aberrations associated with a prolonged suspension of mice by 

their tails. Based on our previous findings that handling, as an element of 

this procedure, might be a powerful contextual cue for mice, a sufficient 

efficacy of selected protocol of reminding procedure was anticipated [43]. 

Brain dissection, RNA extraction and qRT-PCR 

Mice were sacrificed by cervical dislocation as described elsewhere [42] in 

the experimental area where swim test was performed, except that specific 

studies were mice supposed to be not exposed to the context of testing 

prior to sacrifice. The brain of each mouse was dissected and the prefrontal 

cortex and hippocampus were isolated as previously reported [44–46] and 

stored at −80°C until use. mRNA was extracted by using TRI Reagent (MRC, 

Cincinnati, OH, USA). First-strand cDNA synthesis was performed using 

random primers and Superscript III transcriptase (Invitrogen, Darmstadt, 

Germany); 1 mcg total RNA was converted into cDNA. Quantitative RT-PCR 

(qRT-PCR) of the GSK3β gene and the housekeeping gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was performed using the SYBR Green 

master mix (Bio-Rad Labouratories, Philadelphia, PA, USA) and the CFX96 

Real-time System (Bio-Rad Labouratories, Philadelphia, PA, USA). The 

reference gene was selected in preliminary experiments that demonstrated 

relatively low variability in GAPDH expression in the limbic structures of the 

rodents exposed to various stressors, including forced swimming, as 

compared to the expression of several other housekeeping genes that is in 

line with other reports [47–49]. Sequences of primers used are listed in 
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Supplementary Material (Supplementary Table 1). Data were normalized to 

GAPDH mRNA expression and calculated as relative-fold changes compared 

to control mice as described elsewhere [44]. 

Results of qRT-PCR measurement were expressed as Ct values, where Ct is 

defined as the threshold cycle of PCR at which amplified product was 0.05% 

of normalized maximal signal. We used the comparative Ct method and 

computed the difference between the expression of the gene of interest and 

GAPDH expression in each cDNA sample (2−ΔΔCt method). Data are given as 

expression-fold compared to the mean expression values in nonstressed 

control mice [44]. 

ELISA assays of total and phosphorylated forms of GSK3β 

Mice were sacrificed by cervical dislocation as described elsewhere [42] in 

the experimental area where swim test was performed, except that specific 

studies were mice supposed to be not exposed to the context of testing 

prior to sacrifice. The brain of each mouse was dissected and the prefrontal 

cortex and hippocampus were isolated as previously reported [44–46] and 

stored at −80°C until use. mRNA was extracted by using TRI Reagent (MRC, 

Cincinnati, OH, USA). First-strand cDNA synthesis was performed using 

random primers and Superscript III transcriptase (Invitrogen, Darmstadt, 

Germany); 1 mcg total RNA was converted into cDNA. Quantitative RT-PCR 

(qRT-PCR) of the GSK3β gene and the housekeeping gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was performed using the SYBR Green 

master mix (Bio-Rad Labouratories, Philadelphia, PA, USA) and the CFX96 

Real-time System (Bio-Rad Labouratories, Philadelphia, PA, USA). The 

reference gene was selected in preliminary experiments that demonstrated 

relatively low variability in GAPDH expression in the limbic structures of the 

rodents exposed to various stressors, including forced swimming, as 

compared to the expression of several other housekeeping genes that is in 

line with other reports [47–49]. Sequences of primers used are listed in 

Supplementary Material (Supplementary Table 1). Data were normalized to 

GAPDH mRNA expression and calculated as relative-fold changes compared 

to control mice as described elsewhere [44]. 
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Results of qRT-PCR measurement were expressed as Ct values, where Ct is 

defined as the threshold cycle of PCR at which amplified product was 0.05% 

of normalized maximal signal. We used the comparative Ct method and 

computed the difference between the expression of the gene of interest and 

GAPDH expression in each cDNA sample (2−ΔΔCt method). Data are given as 

expression-fold compared to the mean expression values in nonstressed 

control mice [44]. 

Drug administration 

Imipramine (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in tap water; 

the dose of drug was 7.5 mg/kg and provided for mice to drink ad libitum in 

water bottles for fourteen days prior the beginning of behavioural testing 

and throughout the entire experiment as described elsewhere [45, 51]. The 

method of dosing was selected in order to exclude a factor of handling that 

could be a significant confound of daily intraperitoneal injections or 

administration of a drug via a gavage with the current model. 

Statistical analysis 

Data were analyzed with GraphPad Prism version 5.0 for Windows (San 

Diego, CA, USA). Paired two-tailed test was used to compare repeated 

measurements. One-way ANOVA was used to compare three or more groups 

and two-way ANOVA was applied to analyze “high-” and “low-floaters”; 

Tukey's post hoc multiple comparison test was employed as a post hoc test. 

The trend of the effects of a number of swim sessions on ELISA parameters 

was analyzed using univariate ANOVA for three groups and post hoc test for 

linear trend. Spearman correlation was used to perform correlational 

analysis. The level of confidence was set at 95% (p < 0.05) and data are 

shown as mean ± SEM. 

Results 

Potentiated behavioural despair in the modified swim paradigm 

Repeated measures ANOVA showed significant differences between sessions 

on Day 1 and Day 2 and Day 2 and Day 5 (F = 25.16; p < 0.0001, Repeated 
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measures ANOVA summary; Figure 2(a)). While during delayed testing in the 

modified swim protocol mice could potentially display decreased duration of 

floating due, for instance, fading away of adverse effect of previous 

inescapable swimming, repeated pairwise comparison revealed a significant 

increase of the total duration of floating from Day 2 to Day 3 (q = 4.85; p = 

0.012, Tukey's test; Figure 2(a)). There was a significant increase of this 

parameter from Day 1 to Day 2 as well (q = 5.01; p = 0.009, Tukey's test), 

confirming generally reported data [31]. The increase of despair behaviour 

at the delayed testing session on Day 5 occurred at the expense of the first 

two minutes of the test where the duration of floating was sharply elevated 

as compared to this observation period of the session on Day 2 (q = 5.01; p = 

0.009, Tukey's test; Figures 2(b) and 2(c)). No further enhancement of 

floating behaviour was found during the second two-minute testing interval 

and the last two minutes of the swim session as compared to these 

observation periods on Day 2 (q = 3.26; p = 0.091 and q = 3.32; p = 0.085, 

resp., Tukey's test; Figure 2(d)). An instantaneous increase of floating during 

testing at the postponed session instead of a gradual increase throughout 

the testing procedure suggests that the animals were likely to be in a state 

predisposing to potentiated floating behaviour and displayed this 

immediately at placement in a pool. 

The role of context, swimming and timing of testing in the potentiation of 

floating behaviour during the modified swim test 

Next, in a series of experiments, we addressed the impact of context, 

swimming, and timing of testing, in the potentiation of floating behaviour 

during the modified swim test (see Supplementary Table 2). A comparison of 

groups that were subjected to modified swim test (Figure 1(a)) or similar 

protocols where the swimming session on Day 2 was replaced with exposure 

to a context of testing (Figure 1(d)) or omitted (Figure 1(c)) revealed 

significant differences in the floating duration on Day 5 (F = 4.79; p = 0.017, 

ANOVA; Figure 2(e)). Mice from the latter group, but not mice exposed to 

the context of testing on Day 2, showed a significant decrease in this 

parameter, as compared with mice exposed to the modified swim test (q = 

4.31; p = 0.014 and q = 1.56; p = 0.521, resp., Tukey's test; Figure 2(e)). This 
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suggests that exposure to a swim at on Day 2 or a context of testing are 

crucial for the potentiation of floating on Day 5 and that both have similar 

impact in this potentiation. 

In the next experiment that studied whether enhancement of floating 

duration during additional session may occur already on Day 3 (Figure 1(f)), 

repeated measures ANOVA showed significant differences between the days 

of testing (F = 15.52; p = 0.0005, repeated measures ANOVA; Figure 2(f)). 

Pairwise comparison showed that, in comparison to the session on Day 1, 

the duration of floating in these mice was significantly higher on Day 2 and 

Day 3, but no difference was found between two latter sessions (q = 7.06; p 

= 0.002, q = 6.23; p = 0.004, and q = 2.20; p = 0.312, resp., Tukey's test; 

Figure 2(f)). This suggests that time interval between repeated sessions is a 

factor of potentiation of floating behaviour in the modified swim test. 

The role of context, swimming and timing of testing in the altered GSK3β 

brain expression during the modified swim test 

A comparison of GSK3β mRNA levels in the hippocampus of intact mice and 

groups of mice sacrificed on Day 1, Day 2, or on Day 5 (Figure 1(a); see Suppl. 

Table 3) revealed significant group differences (F = 9.77; p < 0.0001, ANOVA; 

Figure 3(a)). In comparison to intact control group, this measure was 

significantly elevated only on Day 5 of testing (q = 3.977; p = 0.0355, Tukey's 

test; Figure 3(a)), but not on Day 1 and on Day 2 (q = 2.465; p = 0.3154 and q 

= 2.238; p = 0.3988, resp.; Figure 3(a)). Mice subjected to modified swim test 

had significantly higher hippocampal expression of GSK3β than two latter 

groups (q = 0.1753; p = 0.0001 and q = 6.3464; p = 0.0003, resp.; Figure 3(a)). 

ANOVA revealed no significant group differences in GSK3β mRNA levels in 

the prefrontal cortex (F = 0.7102; p = 0.5523, ANOVA; Figure 3(b)). In 

comparison to the intact control group, this parameter was not significantly 

altered on Day 1, Day 2, and Day 5 (q = 0.9227; p = 0.9140, q = 0.5839; p = 

0.9758, and q = 0.9656; p = 0.9030, resp., Tukey's test; Figure 3(b)). Mice 

subjected to modified swim test had no differences in the expression of 

GSK3β in this brain structure as compared to the two latter groups (q = 

1.881; p = 0.5505 and q = 1.657; p = 0.6484, resp.). 



104 

 

In a separate experiment, we compared GSK3β mRNA levels in the brain of 

mice from the modified forced swim test experiment that were sacrificed 

either 10 min or 24 h after the last swimming session. ANOVA revealed 

group differences in this measure in hippocampus but not in prefrontal 

cortex (F = 6.170; p = 0.0103 and F = 0.8936; p = 0.4276, resp., ANOVA; 

Figures 3(c) and 3(d)). Post hoc Tukey's test showed a significant increase in 

GSK3β mRNA levels in the hippocampus of mice sacrificed 10  min but not 

24 h after test, as compared to intact group (q = 4.459; p = 0.0160 and q = 

0.1155; p = 0.9963, resp.; Figure 3(c)). No group differences in GSK3β mRNA 

levels in the prefrontal cortex was found, post hoc analysis showed a lack of 

changes for either group tested in the swim test, in comparison with intact 

group (q = 1.821; p = 0.4209 and q = 0.4293; p = 0.9506, resp., Tukey test; 

Figure 3(d)). These data independently replicate the findings with changes of 

GSK3β expression during modified forced swim test presented herein and 

define selected time point +10  min after testing as the likely optimal time 

period for assessment of this measure in behavioural protocols. 

A comparison of GSK3β mRNA levels of intact mice and of mice subjected to 

the context of testing instead of testing itself on Day 5 (Figure 1(d)), animals 

that were not exposed to either swimming or context and sacrificed on Day 

5 (Figure 1(e)) and mice tested in “premature” last swim on Day 3 (Figure 

1(f)), did not reveal significant group differences for the hippocampus (F = 

0.2499; p = 0.8605, ANOVA; Figure 3(e)), but for the prefrontal cortex (F = 

3.907; p = 0.0231, ANOVA; Figure 3(d)). As compared to the intact control, 

GSK3β mRNA was significantly elevated in prefrontal cortex of mice 

subjected to the modified swim test in which swimming Day 5 was replaced 

with their exposure to a context of testing (q = 3.945; p = 0.0497, Tukey's 

test; Figure 3(f)); no other group differences were found in this measure. 

There were no significant changes in the hippocampal GSK3β mRNA 

between these groups (q = 0.7750; p = 0.9461; Figure 3(e)). These data 

provide evidence for a role of timing and exposure to the context of testing 

in increased GSK3β expression during repeated exposure to a swim test. 

To control for the specificity of changes in GSK3β expression in mice 

subjected to the modified swim test, the expression of brain GSK-3alpha 
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mRNA was assessed on Day 5 in the same experiment (Figure 1(a)). We 

found no differences in this measure in both hippocampus and the 

prefrontal cortex between intact mice and mice subjected to the modified 

swim test (p = 0.7833 and p = 0.1852, resp., t-test; Figures 3(g) and 3(h)), 

suggesting a specificity of the above-described alternations of GSK3β mRNA 

levels in these brain structures. 

Changes of brain total and phosphorylated GSK3β during modified swim test 

ANOVA showed that there were no significant differences in brain total 

GSK3β in mice on Day 1, Day 2, and Day 5 of swim testing in the 

hippocampus, but in the prefrontal cortex (F = 1.958; p = 0.1363 and F = 

3.016; p = 0.0420, ANOVA; Figures 4(a) and 4(b); see Supplementary Table 

3). In the prefrontal cortex, brain total GSK3β was significantly higher on Day 

1, but not on Day 2 and Day 5 of the swim test, where a non-significant  

increase of this measure was found in comparison with intact control (q = 

4.144; p = 0.0283, q = 2.089; p = 0.4611, and q = 2.999; p = 0.1655, Tukey's 

test; Figures 4(a) and 4(b)). 

There were significant group differences in the levels of pS9-GSK3β on Day 1, 

Day 2, and Day 5 of swim testing in the hippocampus and in the prefrontal 

cortex (F = 13.04; p < 0.0001 and F = 12.11; p < 0.0001, resp., ANOVA; 

Figures 4(c) and 4(d)). Post hoc analysis revealed a significant decrease of 

this measure in both of these brain areas only on Day 2 of swim test (q = 

6.917; p = 0.0019 and q = 2.950; p < 0.0001, resp., Tukey's test; Figures 4(c) 

and 4(d)) and Day 5 (q = 6.618; p = 0.0002 and q = 6.868; p = 0.0001, resp.; 

Figures 4(c) and 4(d)), suggesting that repeated but not a single testing 

reduces the levels of inactive form of GSK3β. 

Similarly, there were significant group differences in the ratio of levels of 

pGSK3β/total GSK3β between groups of mice sacrificed on Day 1, Day 2, and 

Day 5 of swim testing, both in the hippocampus and in the prefrontal cortex 

(F = 11.74; p < 0.0001 and F = 8.156; p = 0.0003, ANOVA; Figures 4(e) and 

4(f)). Post hoc analysis revealed a significant decrease of this ratio in both of 

these brain areas on Day 2 (q = 5.111; p = 0.0048 and q = 4.449; p = 0.0172, 

Tukey's test; Figures 4(e) and 4(f)) and Day 5 (q = 7.410; p < 0.0001 and q = 
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5.662; p = 0.0017; Figures 4(e) and 4(f)). Moreover, the trend of the effects 

of a number of swim sessions on this parameter was found using univariate 

ANOVA for three groups and post hoc test for linear trend (hippocampus: 

slope −0.3301, R2 = 0.5180; p < 0.0001 and prefrontal cortex: slope −0.2277, 

R2 = 0.4006; p < 0.0001, Posttest for linear trend; Figures 4(e) and 4(f)). 

Differential activities of GSK3β in mice with low and high floating in the 

modified swim test 

Mice were assigned to groups of “high-” and “low-floaters” based on the 

mean value of total duration of floating in the swim session preceding a 

sacrifice and compared for brain GSK3β activities (see Supplementary Table 

4). Two-way ANOVA revealed no significant differences between these 

subgroups studied for GSK3β mRNA levels on Day 1, Day 2, and Day 5 both in 

the hippocampus and prefrontal cortex (F = 0.1973; p = 0.6588 and F = 

0.3826; p = 0.5395, resp., two-way ANOVA; Figures 5(a) and 5(b)). Both high-

floaters and low-floaters displayed significant increase of this measure in the 

hippocampus after swim session on Day 5 as compared to the session on 

Day 2 (q = 3.787; p = 0.0478 and q = 4.690; p = 0.0090, resp., Figure 5(a)); no 

significant differences between subgroups at this time point were found (q = 

0.5363, p > 0.999). 

As for the prefrontal cortex, “high-floaters” but not “low-floaters” showed 

significant increase of brain GSK3β mRNA on Day 5, as compared to session 

on Day 2 (“high-floaters”: q = 3.793; p = 0.0489; “low-floaters” q = 0.3287; p 

= 0.9955, resp., Tukey's test, Figure 5(b)). No significant differences between 

the subgroups were revealed in this measure (q = 0.4696; p > 0.9999, q = 

0.4881; p > 0.9999, and q = 2.856; p = 0.1695; Figure 5(b)). No other 

significant group differences were found. 

No significant correlation was found between GSK3β mRNA levels in the 

hippocampus and the duration of floating behaviour on Day 1, Day 2, or Day 

3 (r = −0.06993; p = 0.8346, r = −0.2545; p = 0.4511, and r = 0.008801; p = 

0.9790, resp., Spearman; Figure 5(c)). Spearman correlation analysis showed 

a significant correlation between mRNA levels of GSK3β in the prefrontal 

cortex and the duration of floating on Day 5 (r = 0.5944; p = 0.0457, 
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Spearman) but not on Day 1 nor on Day 2 (r = −0.9524; p = 0.8401 and r = 

0.1405; p = 0.6449, Spearman; Figure 5(d)). 

Two-way ANOVA showed no significant differences in ratio pS9-GSK3β/total 

GSK-3 in the hippocampus on Day 1, Day 2, and Day 5 (F = 0.04540; p = 

0.8324, two-way ANOVA; Figure 5(e)). At testing session on Day 5, as 

compared to session on Day 1, this measure was significantly decreased in 

the hippocampus (q = 4.209; p = 0.0247 and q = 5.136; p = 0.0043, resp., 

Tukey's test; ANOVA; Figure 5(e)) and in the prefrontal cortex (q = 4.389; p = 

0.0184 and q = 2.990; p = 0.1675; Figure 5(f)) of both “high-” and “low-

floaters.” No significant differences between subgroups of “high-” and “low-

floaters” were revealed at all time points in the hippocampus (q = 0.1931; p 

> 0.9999, q = 0.4485; p > 0.9999, and q = 0.05110; p > 0.9999, resp.; Figure 

5(e)) nor in the prefrontal cortex (q = 2.194; p = 0.7747, q = 0.6684; p = 

0.9997, and q = 0.9733; p = 0.9968, resp.; Figure 5(f)). No other significant 

group differences were found. 

The effects of imipramine on floating behaviour and GSK3β function in the 

modified swim test 

ANOVA repeated measurements test showed that while non treated control 

groups displayed a significant increase in floating behaviour from Day 2 to 

Day 5, no such increase was found in mice dosed with a low dose of 

antidepressant imipramine (q = 5.386; p = 0.0038 and q = 2.058; p = 0.3412, 

resp., Tukey's test; Figure 6(a)) (see Supplementary Table 5). Of note, there 

was no difference between control and imipramine-treated mice on Day 1 (q 

= 1.017e − 006; p > 0.9999; Figure 6(a)) and on Day 2 (q = 1.163; p > 0.9999; 

Figure 6(a)), suggesting that applied dose was too low to be effective in the 

classic protocols of Porsolt's test. GSK3β mRNA levels were significantly 

altered in the hippocampus and were not changed in the prefrontal cortex 

and between the groups (F = 20.05; p < 0.0001 and F = 6.164; p = 0.0053, 

resp., ANOVA: Figures 6(b) and 6(c)). Tukey's post hoc test showed a 

significant decrease of this parameter in the hippocampus of imipramine-

treated mice, as compared with pharmacologically naïve group, on Day 5 (q 

= 8.952; p < 0.0001; Figure 6(b)). There was no such difference found for the 

prefrontal cortex (q = 2.584; p = 0.1765; Figure 6(c)). A ratio pS9-GSK3β/total 
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GSK3β among the groups was significantly altered in the hippocampus and in 

the prefrontal cortex (F = 10.65; p = 0.0005 and F = 13.73; p = 0.0001, resp., 

ANOVA; Figures 6(d) and 6(e)). Post hoc analysis showed a significant 

reduction of this measure in non treated mice as compared to intact animals 

(q = 5.989; p = 0.0008, Tukey's test; Figure 6(d)), while no such difference 

was found between intact mice and imipramine-treated group (q = 1.425, p 

= 0.5792; Figure 6(d)), suggesting that antidepressant treatment preserved 

normal levels of ratio pS9-GSK3β/total GSK3β in this brain structure. In the 

prefrontal cortex, a ratio pS9-GSK3β/total GSK3β was decreased in both 

groups subjected to modified forced swim test, as compared to intact 

control (q = 5.779; p = 0.0013 and q = 7.108; p = 0.0001; Figure 6(e)); there 

was no difference between the latter groups (q = 1.904; p = 0.3849; Figure 

6(e)). 

Discussion 

While repeated exposure to adversities including swimming under 

inescapable conditions has previously been used to achieve more robust 

depressive phenotypes by increasing the intensity of stress [1, 20, 21], the 

protocol of repeated swimming proposed here was designed on a different 

basis. We have hypothesized that floating behaviour in additional swimming 

session of Porsolt's test in the mouse that is postponed from the initial 

noxious experience of swimming might be a better predictor of individual 

depressive-like behavioural and molecular changes than when measured in 

the original commonly used protocols of this model, as it likely implements a 

component of cognitive processing of adverse experiences. Present results 

support this assumption showing that similar factors to those that are crucial 

for acquisition of contextual memories in experimental models of learning, 

such as re-exposure to the context of testing, timing between challenge, and 

development of behavioural response [52, 53], are also important for the 

depressive-like behavioural and molecular effects in the repeated swim test 

with delayed testing. Moreover, modification of the swim test applied here 

has enabled us to differentiate the individual animal's susceptibility to a 

depressive-like state that so far was not achieved with the original Porsolt 

test. Together, our data provide evidence for a higher accuracy of the 
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modified swim test in modeling depressive states and further support the 

hypothesis that enhanced contextual learning and consolidation of 

contextual memories impact the development of a depressive-like response. 

Despite consideration that during delayed swim session, stress-related recall 

of an initial adverse experience may be extinguished and consequently 

animals display decreased floating behaviour, we found an opposite effect. 

Floating behaviour was further increased during the postponed swimming 

session and was prevented by antidepressant treatment of mice with a low 

dose of imipramine. Importantly, this potentiation of floating behaviour was 

evident in the very first minutes of testing and did not develop during the 

additional stressful swimming experience, suggesting that the animals were 

prone to floating already by the initial exposure to the additional swim test. 

The data reported here are in line with previously obtained findings, which 

showed that memory attenuation by various compounds, including NMDA-

receptor and protein synthesis blockers, as wells as acetylcholinesterase 

inhibitors, may reduce floating behaviour, thus suggesting a role of 

contextual conditioning during repeated forced swimming [13, 54, 55]. 

Floating in the Porsolt test might therefore be called “learned immobility” 

and considered as an adaptive process that has been discussed in the 

literature since the introduction of this paradigm [56]. In this light, changes 

in GSK3β activities in the hippocampus and prefrontal cortex during forced 

swimming could provide further input in the interpretation of a physiological 

significance of floating behaviour in the mouse during this procedure. 

The potentiation of behavioural despair on Day 5 was accompanied by an 

upregulation of GSK3β, both a mediator of synaptic plasticity processes and 

a marker of a distress and depressive state in the brain [21, 25, 28, 30]. The 

lack of changes in GSK-3alpha mRNA suggests specificity of the observed 

enhanced expression of GSK3β. While analysis across experimental groups 

revealed elevated expression of GSK3β in the hippocampus, but not in the 

prefrontal cortex, a differentiation of mice by floating behaviour into 

subgroups according to their scores of depressive-like behaviour showed 

that animals defined as “high-floaters” displayed upregulated GSK3β in the 

prefrontal cortex as compared to “low-floaters” with a correlation between 
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the duration of floating at Day 5 and GSK3β expression. Interestingly, there 

was no difference in GSK3β expression in the hippocampus between “high-

floaters” and “low-floaters” as well as no correlation between hippocampal 

GSK3β mRNA and floating behaviour. Our results suggest that both 

hippocampus and prefrontal cortex are implicated in the formation of a 

depressive-like state in mice exposed to the modified swim test, but 

circuitry's function or/and dynamics of involvement in these processes are 

likely to be different. This is in line with other studies that suggest 

differential roles of these limbic structures in the mechanisms of behavioural 

despair, fear memories, and learned helplessness. Studies in recent years 

dissected the roles of particular regions of prefrontal cortex in the control of 

activity of amygdala during fear learning and its dependence on input from 

the hippocampus at early stages of consolidation, while distinct areas of the 

hippocampal formation were shown to be involved in long-term storage of 

contextual memory and stress response [35, 57–62]. Based on this evidence, 

similar GSK3β expression of “high-floaters” and “low-floaters” in the 

hippocampus may be interpreted as a molecular signature of a similar 

context recall in two groups that is not related to the development of a 

“depressive-like state.” In contrary, given above-discussed role of the 

prefrontal cortex and GSK3β in the mechanism of stress and depression, 

elevated expression of this gene in the prefrontal cortex exclusively in a 

“high-floaters” group might be regarded as a molecular correlate of a 

depressive-like state in mice which are predisposed to this condition. 

Reported behavioural and molecular changes were found on Day 5, but not 

in the testing protocols of the original Porsolt paradigm. Furthermore, they 

were largely prevented by a low dose of imipramine, which did not alter 

floating behaviour in the classic variants of the swim test, but in our 

modified protocol with a delayed session. Our finding suggests specific 

sensitivity of the neurobiological processes preceding the delayed swim test 

and their relevance for the pathophysiological mechanism of depressive-like 

states. Moreover, this pharmacologically validates our modified swim test as 

a model of a depressive-like state in rodents and suggests its improved 

sensitivity to antidepressant effectiveness of novel compound compared to 

commonly employed protocols of Porsolt's test. 
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Finally, administration of imipramine precluded changes in the GSK3β both 

at the gene and protein level in the hippocampus, but not in the prefrontal 

cortex, further underscoring a differential role of these brain structures in 

the pathophysiology of depressive-like behaviour of helplessness and 

despair associated with this paradigm. Evidence suggests differential 

dynamics of gene and protein expression of GSK3β as well as compensatory 

changes in interrelated structures of the limbic system, under various 

conditions related to stress and learning of adverse memories [25, 26, 63] 

which are likely to explain distinct changes in brain GSK3β of imipramine-

treated mice. 

Increased GSK3β mRNA expression in the hippocampus and prefrontal 

cortex of mice subjected to repeated swimming was accompanied by a 

substantial reduction of an inactive form of GSK3β, its phosphorylated form, 

and the pGSK3β/GSK3β ratio, as well-established molecular correlates of 

distress and depressive conditions [64, 65]. The profound decrease of this 

ratio in both the hippocampus and prefrontal cortex further emphasizes the 

role of repeated swimming in the development of depressive-like 

behavioural and molecular changes observed in current study. Besides, while 

phosphorylation of GSK3β at 9-serine is considered to be the main 

regulatory mechanism of GSK3β function, based on the recent literature [66, 

67], it might be hypothesized that an increase of GSK3β activities via 

phosphorylation at Tyr216 may occur under current experimental conditions 

and interfere with changes of this kinase at the gene and protein level 

reported here. This could be addressed in the next experiments with the 

modified swim test. 

The pGSK3β/GSK3β ratio was similar on Day 2 and Day 5 of testing and no 

differences in these measures were found between “high-” and “low-” 

floaters, possibly reflecting limited sensitivity of this approach. As discussed 

above, the discrepancy between gene and protein parameters of GSK3β 

function on Day 2 and in the effects of imipramine on the prefrontal cortex 

might also be due to distinct dynamics of changes of gene expression and 

GSK3β phosphorylation and compensatory effects. We recently showed that 

while mice sacrificed 24  h after swim in the modified swimming test display 
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no changes in GSK3β at the gene expression level, they have elevated GSK3β 

protein levels, suggesting that gene and protein changes in GSK3β may not 

always occur in parallel (Shevtsova and Markova, unpublished data). 

Generally, these results demonstrate that repeated but not single exposures 

to a swim test may result in an increase of activity of brain GSK3β at the 

protein level. Rapid changes of GSK3β activities on the gene and protein 

levels were previously reported; they were found as early as less than 

10  min after challenge, while frequently fading away 24  h thereafter [26, 

63, 66]. 

A series of experiments that addressed the role of re-exposure of mice to a 

context of testing and timing in our modified swim test revealed their pivotal 

importance for the occurrence of behavioural and molecular changes 

observed in this paradigm. Study with a replacement of a swim session with 

an exposure to the context of testing on Day 2 and Day 5 has shown similar 

increases in floating and GSK3β gene expression to those observed in a 

conventional protocol of this model. These data, together with the finding 

that the omission of intermediate swimming or context exposure on Day 2 

prevented an increase in floating, demonstrate crucial role of contextual 

components in both behavioural and molecular depressive-like features, 

which are induced in our swim model. A “premature” exposure to swimming 

and analysis of GSK3β changes on Day 3 showed a lack of changes that were 

typical for a conventional swim testing with a sacrifice on Day 5, thus 

pointing to the critical role of timing in the development of depressive-like 

behavioural and molecular features. These findings indicate that analogous 

to the processes of consolidation of learning experiences in mouse models 

of contextual memory [52, 53], the formation of a depressive-like phenotype 

requires a “consolidation phase.” However, this hypothesis remains to be 

further explored assessing additional markers of molecular, structural, and 

functional plasticity. Such studies are in progress. 

In summary, given the well-known role of GSK3β in neuronal and synaptic 

plasticity related to learning and memory on one hand and its importance as 

a factor of distress and maladaptation on the other hand, it may be 

speculated that GSK3β mediate pathologically enhanced consolidation of 
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memories associated with adverse experience resulting in a depressive-like 

phenotype. Further studies are required to elucidate the role and the 

mechanism of enhanced learning in the context of adversity as the 

neurobiological basis of individual predisposition to depressive illness. 

Conclusions 

Taken together, the modified paradigm we propose offers a practical 

approach to study the role of enhanced cognitive processing in the 

pathophysiological mechanisms of depression and allows dissect 

interindividual differences in the susceptibility to this condition in mice. 

While classical versions of Porsolt's test, commonly regarded as tests for a 

depressive-like behaviour, do not per se mimic this condition, modified swim 

procedure does evoke the neurobiological changes that are relevant to a 

depressive-like state as proposed here. Hence, the modified swim test can 

be comparable to chronic depression paradigms, for example, chronic stress, 

learned helplessness, and similar models, which possess substantial 

construct validity and etiological relevance that cannot be attributed to 

short behavioural tests for a depressive-like behaviour, like “classic” 

Porsolt's and tail suspension tests. Importantly, proposed model, for the first 

time, may enable a tracking of an exact temporal relationship between an 

event that induces a depressive-like state and a development its 

molecular/neurobiological trace in dynamics that in such sense is virtually 

impossible with chronic models of depression. Given this and also minimal 

experimental work requirement of the new model proposed here, we 

believe that the modified swim test may provide a methodological solution 

for combining the advantages of chronic models of depression, while 

overcoming their disadvantages of highly demanding resources they typically 

require, as well as improving laboratory animal welfare. 
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Figure legends 

Figure 1. Schematic timeline of experiments. (a) Investigation of 

behavioural and molecular changes in the modified versus classical 

swimming paradigms. (b–f) Studies to address the impact of context, 

swimming, and timing of testing in behavioural and molecular changes 

induced in the modified swim test. (g) Investigation of behavioural and 

molecular effects of imipramine in the modified swim test. D1: Day 1; D2: 

Day 2; D3: Day 3; D5: Day 5. 

Figure 2. Behavioural changes induced in the modified swim test and the 

role of context, swimming and timing of testing. (a) Mice exposed to the 

modified swim test (n = 14) showed an increase of total duration of floating. 

(b–d) An increase of duration of floating at the delayed testing session on 

Day 5 in comparison to the session on Day 2 was the pronounced during the 

first two-minute periods. (e) In comparison to the session on Day 2, mice 

subjected to the modified swim test have displayed significantly increased 

total duration of floating when the testing on Day 2 was replaced with 

exposure to a context of testing (n = 10) that was similar to the changes in 

regular modified swim test, but not when the testing on Day 2 was omitted 

(n = 9). Data are expressed in percent from mean values of floating on Day 1 

for each group. (f) Mice displayed a significant increase in the total duration 

of floating on Day 3 as compared to Day 1, but not Day 2 (n = 10). ∗p < 0.05, 

ANOVA and Tukey's multiple comparisons test; see the text; Context D2: 

mice were exposed to a context of testing instead of swim session on Day 2; 

no testing D2: testing on Day 2 was omitted. D1: Day 1; D2: Day 2; D3: Day 3; 

D5: Day 5. Data are mean ± SEM.  

Figure 3. Brain expression of GSK3β in the modified swim test and the role 

of context, swimming and timing of testing. (a) In comparison to intact 

controls (n = 11), hippocampal GSK3β mRNA levels were significantly 

elevated only on Day 5 (n = 14), but not on Day 1 (n = 12) or Day 2 (n = 11). 

(b) In the prefrontal cortex, the GSK3β mRNA levels were not changed on 

Day 1, Day 2, or Day 5; group sizes as indicated above. As compared with 

intact mice (n = 6), there was no change in GSK3β mRNA in mice sacrificed 

24  h after swim session on Day 5 in the hippocampus (c), nor in the 
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prefrontal cortex (d); n = 14 in each experimental group. (e) In comparison 

to intact controls (n = 10), hippocampal GSK3β mRNA levels were not 

significantly altered in mice tested and sacrificed on Day 3 (n = 6) nor in mice 

sacrificed on Day 5 without any behavioural manipulations (n = 6) or 

exposed to a context at testing on Day 5 (n = 6). (f) In comparison to intact 

controls, GSK3β mRNA levels were not changed in the prefrontal cortex of 

mice exposed to testing on Day 3, nor in mice sacrificed on Day 5 without 

any behavioural manipulations, and significantly elevated in animals exposed 

to a context of testing on Day 5; group sizes as indicated above. As 

compared with intact mice (n = 9), in mice exposed to the modified swim 

test (n = 13), there was no change in GSK-3alpha mRNA levels nor (g) in the 

hippocampus, nor (h) in the prefrontal cortex. ∗p < 0.05, ANOVA and Tukey's 

multiple comparisons test; see the text; +10  min: mice sacrificed 10  min 

after swim session; +24  h: mice sacrificed 24  h after swim session; D3: mice 

exposed to the swim session on Day 3 instead of a swim on Day 5; Cont D5: 

mice exposed to a context of testing instead of a swim session on Day 5; no 

swim D5: mice were not exposed to a swim nor a context of swimming test 

prior a sacrifice. D1: Day 1; D2: Day 2; D5: Day 5. Data are mean ± SEM. 

Figure 4. Brain levels of total and phosphorylated forms of GSK3β in the 

modified swim test. (a) In comparison to intact controls (n = 7), hippocampal 

level of total GSK3β was not significantly changed on Day 1 (n = 14), nor on 

Day 2 (n = 10) or on Day 5 (n = 12) of swim test. (b) In comparison to intact 

group, total level of GSK3β in the prefrontal cortex was significantly 

increased on Day 1 of swim test but not on Day 2 and Day 5; group sizes as 

indicated above. (c) In comparison to intact animals, hippocampal level of 

phosphorylated form of GSK3β was significantly decreased on Day 2 and Day 

5, but not on Day 1 of the test; group sizes as indicated above. (d) In 

comparison to intact mice, the levels of pS9- GSK3β in prefrontal cortex 

were not altered on Day 2 and Day 5 of swim test; group sizes as indicated 

above. In comparison to intact controls, ratio of total/pS9 GSK3β (e) in the 

hippocampus and (f) in the prefrontal cortex was significantly decreased on 

Day 2 and Day 5, but not on Day 1; group sizes as indicated above. ∗p < 0.05, 

ANOVA and Tukey's multiple comparisons test; see the text. D1: Day 1; D2: 

Day 2; D5: Day 5. Data are mean ± SEM. 
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Figure 5. Brain activities of GSK3β in “High”- and “Low-floaters” in the 

modified swim test. Mice were assigned to subgroups with “high-” (n = 7) or 

“low-” floaters (n = 7) using a mean of the groups as a criterion of a group 

formation. In comparison to intact controls, GSK3β mRNA (a) in the 

hippocampus and (b) in the prefrontal cortex was not significantly changed 

in either subgroup of mice on Day 1, Day 2, and Day 5 of swim test. (c) 

Hippocampal levels of GSK3β mRNA (n = 14) did not correlate with total 

duration of floating on Day 5 of swim test. (d) The levels of GSK3β mRNA in 

prefrontal cortex (n = 14) significantly correlated with the total duration of 

floating on Day 5 of a swim test. (e) In comparison to intact controls, 

hippocampal ratio of pS9 GSK3β /total GSK3β was significantly decreased 

both in “low” and “high” floating mice on Day 5, but not on Day 1 and Day 2. 

(f) In comparison to intact mice, the ratio of pS9 GSK3β /total GSK3β in 

prefrontal cortex was not significantly changed on Day 5 of swim test; size of 

groups as indicated above. ∗p < 0.05, ANOVA and Tukey's multiple 

comparisons test; see the text; LowF: subgroup of mice classified as “low-

floaters”; HighF: subgroup of mice classified as “high-floaters.” D1: Day 1; 

D2: Day 2; D5: Day 5. Data are mean ± SEM. 

Figure 6. The effects of imipramine on floating behaviour and brain GSK3β 

activities in the modified swim test. (a) Imipramine-treated mice (n = 14) 

showed no significant increase of floating behaviour as compared with 

control group (n = 14), from Day 2 to Day 5. As compared to intact controls 

(n = 13), on Day 5, GSK3β mRNA of imipramine-treated mice was (b) 

decreased in the hippocampus and (с) not changed in the prefrontal cortex; 

group sizes as indicated above. (d) As compared to intact mice, imipramine-

treated group had significantly increased ratio of total/pS9 of GSK3β in the 

hippocampus on Day 5; group sizes as indicated above. (e) As compared with 

intact mice, there were no significant changes the in ratio of pS9 GSK3β 

/total GSK3β in the prefrontal cortex of imipramine-treated mice on Day 5 of 

swim test; group sizes as indicated above. *p < 0.05, ANOVA and Tukey's 

multiple comparisons test; see the text; Imi: imipramine-treated group; D1: 

Day 1; D2: Day 2; D5: Day 5. Data are mean ± SEM. 
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Supplementary data 

Table 1. SEQUENCES OF PRIMERS USED  

 

RNA isolation and RT PCR 

The qRT-PCR was performed in a 25 mcl reaction volume containing a 

10хPCR Buffer (2.5 l), 25 mM MgCl2 (4 l), 10 mM dNTPs (2 l), specific 

forward and reverse primers at 20 pmol/ l concentration (1 l), cDNA (2 l), 

5 u/ l Taq DNA polymerase (1 l) (Beagle, st. Petersburg, Russia), and 

ddH2O (10 l). All samples were run in duplicate. Cycling was performed at 

95 C° for 5 min followed by a 45-cycle amplification at 95°C for 10s, then at 

the annealing temperature defined previously for 15 s and at the 

temperature 72°C for 20 s.  

Results of the qPCR measurements were expressed as Ct values, where Ct is 

defined as the threshold cycle of PCR at which amplified product was 0.05 % 

of normalized maximal signal. We used the comparative Ct method and 

computed the difference between the expression of the gene of interest and 

GAPDH expression in each cDNA sample (2−ΔΔ Ct method). Results are 

expressed as folds of expression compared to the mean values of expression 

in non-stressed control animals (Couch et al., adapted from Livak and 

Schmittgen 2001). 

 

 

Gene Forward primer 5’–3′ Reverse primer 5’–3′ 

GAPDH TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTC 

GSK-3 alpha AATCTTGGCCAGTCTGAGCT TCAGTCCTGGTGAACTGTCC 

GSK-3 beta TCCATTCCTTTGGAATCTGC CAATTCAGCCAACACACAGC 
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Table 2.  FLOATING IN THE MODIFIED SWIM TEST: ROLES OF SWIMMING, 

CONTEXT AND TIMING (Fig. 2)  

                        
FACTOR 

 
 
EXPERIMENT 

Swimming  
vs 
context 

Role of context Role of timing 

Protocol 

Fig. 1 B 
swimming is 
replaced by a 
context 
exposure on 
Day 2 

Fig. 1 C 
no swimming,  
no context exposure on 
Day 2 

Fig. 1 F 
swimming is on 
Day 3  
instead of Day 5 

Outcome: 
floating on Day 5 

↑ = = 

Table 2.  Floating in the modified swim test: roles of swimming, context and 

timing. In series of experiments, the roles of swimming experience vs. 

context exposure, a reminder of a context of swimming, and a factor of 

timing of testing, in an increase of floating behaviour on Day 5 of the 

modified swim test, were dissected. Mice were exposed to the modified 

swim test with additional delayed testing on Day 5 or several variants of this 

protocol presented on Fig. 1. In comparison to the preceding session, the 

duration of floating behaviour on Day 5 was augmented (↑) or not altered 

(=) in applied protocols of testing.  
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Table 3. BRAIN mRNA GSK3Β IN MODIFIED SWIM TEST: ROLES OF 

SWIMMING, CONTEXT AND TIMING (Fig. 3)  

                        
FACTOR  

 
 
EXPERIMENT 

Swimming 
vs 
context 

Role of context Role of timing 

Protocol 

Fig. 1 D; 
Swimming is 
replaced by context 
exposure  
on Day 5 

Fig. 1 E; 
no swimming,  
no context 
exposure  
on Day 5 

Fig. 1 F; 
swimming on Day 3  
instead Day 5 

Outcome: 
mRNA GSK3β 

Hip = 
PFC ↑ 

= = 

Table 3.  mRNA GSK3β in the modified swim test: roles of swimming, context 

and timing. In series of experiments, the roles of swimming experience vs. 

context exposure, a reminder of a context of swimming, and a factor of 

timing of testing, in an increase of mRNA GSK3β on Day 5 of the modified 

swim test, were addressed. Mice were exposed to the modified swim test 

with additional delayed testing on Day 5 or several variants of this protocol 

presented on Fig. 1. In comparison to the preceding session, the mRNA 

GSK3β level in the hippocampus (Hip) and prefrontal cortex (PFC) on Day 5 

was augmented (↑) or not altered (=) in applied protocols of testing.  

 

  



135 

 

Table 4.  A COMPARISON OF FLOATING AND GSK3Β BRAIN ACTIVITES 

BETWEEN DAY 1-, DAY 2- AND DAY 5- (MODIFIED) SWIM TEST PROTOCOLS   

PARAMETER 
 
 
 
TEST 
SESSION 

FLOATING 

mRNA GSK3β pGSK3β / Total GSK3β 

Hip PFC Hip PFC 

Day 1  vs Int = vs Int = vs Int = vs Int = 

Day 2 vs Day 1 ↑ 
vs Int = 
vs Day 1 = 

vs Int = 
vs Day 1 = 

vs Int ↓ 
vs Day 1 ↓ 

vs Int ↓ 
vs Day 1 
↓ 

Day 5 
vs Day 1 ↑ 
vs Day 2 ↑ 

vs Int LF ↑, 
          HF ↑ 

 
vs Day 1 LF ↑, 

             HF ↑ 

vs Int LF =,  
          HF ↑ 

 
vs Day 1 LF =                     
            HF ↑ 

vs Int LF ↓, 
         HF ↓ 

 
vsDay 1 F↓,  
             HF ↓ 

Vs Int 
LF↓ 

 
 

vs Day1 
HF ↓ 

Table 4.  A comparison of floating and GSK3β brain activities between Day 1-, 

Day 2- and Day 5- (modified) swim test protocols. Total duration of floating, 

brain GSK3β gene expression and protein levels were compared between 

the groups of mice sacrificed 10 min after testing at Day 1, Day 2 or delayed 

session on Day 5, in the swim test. mRNA GSK3β and a ratio pGSK3β / Total 

GSK3β were evaluated in the hippocampus (Hip) and prefrontal cortex (PFC) 

of subgroups of mice defined as Low Floaters (LF, see manuscript text) and 

High Floaters (HF, see manuscript text) post-testing on Day 2 and Day 5, and 

were compared to the values determined in intact mice (Int, see manuscript 

text) and in mice sacrificed at Day 1 of testing. A scheme of testing / sacrifice 

for each protocol is presented on Fig. 1A. Evaluated behavioural and 

molecular measures were augmented (↑), decreased (↓) or not altered (=) 

in above-described comparisons.  
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Table 5. EFFECTS OF IMIPRAMINE ON FLOATING AND GSK3Β ACTIVITIES IN 

THE MODIFIED FORCED SWIM TEST 

PARAMETER 

 

 

 

TREATMENT 

FLOATING 

mRNA GSK3β pGSK3β / Total GSK3β 

Hip PFC Hip PFC 

Day 5 

No Drug 

vs Day 1 ↑ 

vs Day 2 ↑ 

vs Int ↑ 

vs Day 1 ↑ 

vs Day 2 ↑ 

vs Int = vs Int ↓ vs Int ↓ 

Day 5 

Imi 

vs Day 1 ↑ 

vs Day 2 = 
vs Int ↓ vs Int ↑ vs Int = vs Int ↓ 

Table 5.  Effects of imipramine on floating and GSK3β activities in the 

modified forced swim test. Total duration of floating, brain GSK3β gene 

expression and protein levels were compared between the groups of mice 

sacrificed 10 min after testing at delayed session on Day 5 of the swim test, 

which either received no drug or were treated with a low dose of 

imipramine. mRNA GSK3β and a ratio pGSK3β / Total GSK3β were evaluated 

in the hippocampus (Hip) and prefrontal cortex (PFC) of  these groups and 

were compared to the values determined in intact mice (Int, see manuscript 

text) and in animals sacrificed at Day 1 and Day 2 of testing. A scheme of 

testing / sacrifice for each protocol is presented on Fig. 1G. Evaluated 

behavioural and molecular measures were augmented (↑), decreased (↓) 

or not altered (=) in above-described comparisons.  
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Abstract 

Brain thiamine deficiency has been implicated in the development of 

dementia and pathogenesis of depression. Among many reported functions, 

thiamine is suggested to control the phosphorylation of glycogen synthase 

kinase (GSK)-3β, which regulates neuronal plasticity and is a marker of 

distress/depressive state. Here, we administered thiamine or, the more 

bioavailable precursor, benfotiamine at 200 mg/kg/day for 2 weeks, to study 

whether treatment might affect depressive-like behaviour/stress response 

and contextual learning in mouse paradigms that are sensitive to GSK3β-

dependent mechanisms. C57BL/6J mice were tested in models of contextual 

conditioning and extinction, a 5-day rat exposure stress test, and a modified 

swim test with repeated testing. Imipramine (7.5 mg/kg/day) was 

administered as a positive control in the two latter experiments. Like 

imipramine, both compounds inhibited upregulation of GSK3β induced by 

stress or repeated swimming, and ameliorated floating scores and stress-

induced behavioural changes in anxiety and exploration. Thiamine and 

benfotiamine improved learning and extinction of contextual fear and the 

acquisition of the step-down avoidance task. Together, our data indicate 

that thiamine and benfotiamine have pro-cognitive and antidepressant/anti-

stress effects, which may be attributable to the differential modulation of 

GSK3β activity during adaptive versus maladaptive processes. 

Keywords: thiamine, benfotiamine, Glycogene-Synthase-Kinase-3-beta 

(GSK3β), plasticity, anxiety, exploration, predation stress, swim test 

 Introduction 

Thiamine (vitamin B1) is a pivotal regulator of mitochondrial function and 

metabolism. Thiamine is the precursor of thiamine diphosphate, and acts as 

a cofactor for several rate limiting enzymes in the Krebs cycle and the 

pentose phosphate pathway (Bettendorff et al., 2014). Compromised 

thiamine-dependent processes result in mitochondrial dysfunction and 

downstream oxidative stress, excitotoxicity, inflammatory changes, 
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decreased neurogenesis and blood-brain barrier disruption (Abdou and 

Hazell, 2015). In addition, thiamine plays a role in the structural stabilization 

of neuronal membranes via non-enzymatic mechanisms (Mkrtchyan et al., 

2015). Deficiencies in thiamine metabolism accompany chronic alcohol 

exposure and diabetes, and lead to neurodegenerative and depressive 

symptoms (Benton and Donohoe, 1999; Abdou and Hazell, 2015). Strikingly, 

the addition of a daily dose of 300 mg thiamine compared to 6 weeks of 

standard fluoxetine treatment was shown to improve Hamilton Depression 

Rating Scores in patients with major depression in a recent randomized 

double-blind placebo-controlled clinical trial (Ghaleiha et al., 2016). 

A number of thiamine precursors that exhibit improved bioavailability have 

been described, including benfotiamine, which has been investigated in 

animal models of Alzheimer's disease and other conditions to explore its 

efficacy (Balakumar et al., 2010; Portari et al., 2013). Both thiamine and 

benfotiamine suppress oxidative stress, inflammation and apoptosis (Abdou 

and Hazell, 2015). An 8-week treatment of benfotiamine reduced learning 

deficiencies (measured in the Morris Water maze), and decreased cortical 

amyloid plaque formation and phosphorylated tau levels in amyloid 

precursor protein/presenelin-1 overexpressing mice in a dose-dependent 

manner (Pan et al., 2010). Studies using supplementary thiamine in patients 

with Alzheimer’s disease failed to reveal any clinical efficacy, but this was 

ascribed to limited intestinal absorption in these patients (Rodriguez-Martin 

et al., 2001). 

The mode of action of thiamine in depressive illness and neurodegenerative 

disease is unclear. The anti-thiamine compound pyrithiamine and diet-

induced thiamine deficiency decrease the phosphorylation rates of Glycogen 

Synthase Kinase-3β (GSK3β) and raise its enzymatic activity (Zhao et al., 

2014). GSK3β activation has become a well-recognised marker of distress 

and depression (Beurel, 2015). Benfotiamine decreases GSK3β activity in 

vitro by increasing the phosphorylation of GSK3β at serine 9 (p9SGSK3β), 

which renders the enzyme inactive (Sun et al., 2012). Oral dosing of mice 

with thiamine or benfotiamine for 2 weeks increased brain thiamine levels 

and, for benfotiamine, an 8-week-dosing regimen reduced GSK3β activities 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Balakumar%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20188835
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via increasing the proportion of p9SGSK3β in amyloid precursor 

protein/presenelin-1 overexpressing mice (Pan et al., 2010). Thus while 

downregulation of GSK3β has been implicated as the mediator of thiamine-

dependent mechanisms in the CNS, to date, there has been no direct in vivo 

evidence for its role under normal conditions. 

Inactivation of GSK3β results in learning and long-term potentiation 

deficiencies (Sintoni et al., 2013; Jurado-Arjona et al., 2016), while thiamine-

mediated functions are important for brain plasticity (Bettendorff, 2014). 

Low GSK3β activity has been linked to anti-depressant changes (Kaidanovich-

Beilin and Woodgett, 2011; Li et al., 2014), which, as mentioned above, were 

recently reported to result from chronic thiamine administration (Ghaleiha 

et al., 2016). Given these seemingly opposing effects of GSK3β inactivation 

on cognition and depression/stress-related mechanisms, we studied 

whether administration of thiamine or benfotiamine (200 mg/kg/day, p.o.) 

could alter GSK3β-dependent tasks such as the acquisition of memory, 

depressive-like behaviour and the stress response. Thiamine- or 

benfotiamine-treated C57BL/6J mice were studied in the modified swim test, 

where depressive-like behaviour has previously been shown to correlate 

with over-expression of brain GSK3β in the brain (Strekalova et al., 2016) and 

a 5-day rat exposure stress paradigm, which suppresses hippocampal 

neurogenesis and increases anxiety scores in mice (Strekalova et al., 2015b). 

Finally, contextual fear learning and its extinction, in which GSK3β 

mechanisms are well-known to have a pivotal role (Chew et al., 2015), are 

also investigated here (Vignisse et al., 2011, 2014).  

 Methods 

Animals  

3.5-month-old male C57BL/6J mice used in the study were obtained from 

the Gulbenkian Institute of Science, Oeiras, Portugal. 14 days before the 

start of the behavioural tests, mice were housed individually for 

acclimatization to a new facility, under a reversed 12-h light–dark cycle 

(lights on: 21:00 h) with food and water ad libitum, under constant 

controlled laboratory conditions (22 ± 1°C, 55% humidity). All experiments 
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were carried out in accordance with the European Committees Council 

Directives with the European Union’s Directive 86/609/EEC and Council 

Directive 93/119/EC, and had been approved by the ethic committee for 

animal research of Maastricht University CPV and by General Directory of 

Ethical Committee of the New Lisbon University. 

Study design 

Mice were administered with thiamine, benfotiamine or imipramine via 

drinking water for two weeks and subjected to the modified swim test, 

predation stress, or a set of memory tests (Fig. 1A-C; group sizes are given in 

Figs.2-4) (see below for details). For the modified swim test, sessions of 6 

minutes in duration were performed on Days 1 and 2 and 5, and animals 

were culled 10 minutes post-test, and simultaneously with naïve mice that 

were not exposed to the swim test or administration of substances. The 

hippocampus and prefrontal cortex were dissected and prepared for GSK3β 

RT-PCR analysis and an ELISA assay was used to determine total and 

proportion of 9-Ser-phosphorylation in the hippocampus (Fig. 1A). All 

procedures were carried out after at least 1-hour acclimatization time to 

experimental room. 

Behaviour 

Swim test. In the modified swim test model, mice were exposed to a two-day 

swimming protocol (day 1 and day 2); they were then tested on again on day 

5 (Markova et al., 2013, 2014; Strekalova et al., 2016). In each immersion, 

naïve mice or those dosed with imipramine, thiamine or benfotiamine were 

placed for 6 min in a transparent cylinder (Ø 17 cm) filled with water (+23◦C, 

water height 13 cm, height of cylinder 20 cm, under subdued lighting). 

Floating behaviour, defined by the absence of any directed movement of the 

head or body, was manually scored using previously established criteria 

using Noldus EthoVision XT 8.5 (Noldus Information Technology, 

Wageningen, The Netherlands) and CleverSys (CleverSys, Reston, VA, USA) 

as described elsewhere (Malatynska et al., 2012). The total time spent 

floating was calculated for the entire duration of the test. 
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Elevated O-maze. The apparatus (Technosmart, Rome, Italy) consisted of a 

circular path (runway width 5.5 cm, diameter 46 cm) that was placed 45 cm 

above the floor. The two opposing arms were protected by walls (closed 

area, height 10 cm), and the illumination strength was 25 Lux. The apparatus 

was placed on a dark surface in order to maintain control over lighting 

conditions during testing. At the start, mice were placed in one of the 

closed-arm area of the apparatus, behaviour was video recorded and 

assessed for a 5-minute observation period as described elsewhere (Vignisse 

et al., 2011, Strekalova et al., 2015a). The latency to the first exit into the 

open compartments of the maze and the number of exits to the open arms 

were recorded.  

Novel cage test. The novel cage test was performed to assess vertical 

exploratory activity in a new environment (Strekalova and Steinbusch, 2010; 

Couch et al., 2013). Mice were introduced into a standard plastic cage 

(21×21×15 cm) filled with fresh sawdust. The number of exploratory rears 

each minute was counted under red light for a 5-min period. 

Step-down passive avoidance test. The step-down apparatus (Technosmart, 

Rome, Italy) consisted of a transparent plastic cubicle (25 cm × 25 cm × 50 

cm) with a stainless-steel grid floor (33 rods 2 mm in diameter) onto which a 

square wooden platform (7 cm × 7 cm × 1.5 cm) was placed. A shocker was 

used to deliver an alternating electric current (AC, 50 Hz, Evolocus, 

Terrytown, NY, USA). In this paradigm, animals were trained not to step 

down from a platform onto a grid floor to avoid an electric shock. During the 

training session, mice were placed onto the platform inside a transparent 

cylinder for 30 s to prevent them from immediately stepping down. After 

removal of the cylinder, the time until the animal left the platform with all 

four paws was measured as baseline latency of step down. Immediately 

after step down, mice received a single electric foot-shock (0.5 mA, 2 s) and 

returned to their home cages. During the recall trial session, animals faced 

the same context as in the training session. The latency to the animal 

stepping-down was recorded 1h and 24h post-training, latency of step down 

with all four paws was measured until 180s elapsed. According to previously 

validated criteria for the acquisition of the step down avoidance task, an 
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increase of latencies measured in animals during a recall session are taken as 

a sign of long-term learning (Strekalova et al., 2002, Vignisse et al., 2011, 

2014). A percentage of “good learners”, i.e., mice in whom this measure was 

>30s at 24h post-training, was calculated (Vignisse et al., 2011) (Fig. 1C). 

Fear conditioning learning and extinction. In a separate study, mice were 

trained with a 2 s foot-shock of “weak” (0.5 mA, 50 Hz) or “strong” (0.7 mA, 

50 Hz) intensity in the fear conditioning paradigm, which was delivered after 

a 2-min acclimatization period using a shocker (Evolocus, Terrytown, NY, 

USA). The apparatus (Open Science, Russia and Technosmart, Rome, Italy) 

consisted of a transparent plastic cubicle (25 × 25 × 50 cm) with a stainless-

steel grid floor (33 rods/2 mm in diameter). After delivery of the current, the 

mouse was immediately placed back into the home cage. Twenty-four hours 

later, freezing behaviour was scored in a 180-s recall of extinction session. 

The occurrence of freezing behaviour was assessed every 10s, and each 10-s 

period was assigned to a freezing or non-freezing period, and the percentage 

of time spent freezing was calculated. Animals subjected to “strong” shocks 

were exposed to a memory extinguishing procedure immediately after a 

recall session (Strekalova et al., 2003, Vignisse et al., 2014).  Therefore, mice 

were left for another seven minutes in the apparatus, so the total procedure 

of memory extinction was 10-min long. During this period, no foot shock was 

applied, and animals were free to explore the apparatus. Twenty-four hours 

later, freezing behaviour was scored again in a 180-s recall of extinction 

session as in the previous trial and percentage of time spent in freezing was 

calculated. 

Predator stress. A previously established protocol was used (Strekalova et 

al., 2015a). Mice were introduced into cylindrical containers, which were 

placed into a rat home cage for 15h (over-night, from 18h00 to 9h00) for 5 

nights. The containers were made from customized transparent plastic, size 

15cm x Ø 8 cm, with holes in covers (Ø < 0.5cm), which ensured protection 

of the mouse from the rat, but allowed visual and odour contact. 

Afterwards, animals were scored for exploratory rears in the novel cage test, 

latency and number of exit(s) to the open arms of the O-maze (Vignisse et 

al., 2011; see also below for details); they were killed 5h post-stress and the 
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hippocampus and prefrontal cortex were dissected for GSK3β RT-PCR assay 

(see below), simultaneously with naïve controls that were not exposed to 

any manipulations (Fig. 1B). 

Brain dissection, RNA extraction and RT-PCR.  

Mice were killed by cervical dislocation as it was described elsewhere (Costa-

Nunes et al., 2014). The brain of each mouse was dissected and the 

prefrontal cortex and the hippocampus were isolated as previously reported 

(Couch et al., 2013; Strekalova et al., 2016) and stored at 80�C until later 

use. mRNA was extracted by using TRI Reagent (MRC, USA). First strand 

cDNA synthesis was performed using random primers and Superscript III 

transcriptase (Invitrogen, Darmstadt, Germany); 1 mcg total RNA was 

converted into cDNA. Quantitative RT-PCR (qRT-PCR) for glycogen synthase 

kinase 3 beta (GSK3β) gene and the housekeeping gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was performed using the SYBR Green 

master mix (Bio-Rad Labouratories, Philadelphia, USA) and the CFX96 Real-

time System (Bio-Rad Labouratories, Philadelphia, USA). The sequences of 

the primers used are indicated in Supplementary Table 1 (see below). Data 

were normalized to GAPDH mRNA expression and calculated as relative-fold 

changes compared to control mice as described elsewhere (Couch et al., 

2013; Strekalova et al., 2016). Results of qRT-PCR measurement were 

expressed as Ct values, where Ct is defined as the threshold cycle of PCR at 

which amplified product was 0.05% of a normalized maximal signal. We used 

the comparative Ct method and computed the difference between the 

expression of the gene of interest and GAPDH expression in each cDNA 

sample (2-ΔΔ Ct method). Data are given as expression-folds compared to 

the mean expression values in non-stressed control mice (Couch et al., 

2013).  

ELISA assays of total and phosphorylated forms of GSK3β 

Total GSK3β and p9SGSK3β were measured by ELISA, and their ratio was 

calculated as described elsewhere (Strekalova et al., 2016). The 

hippocampus were homogenized in buffer containing 10 mM Tris (pH 7.4), 

100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 10% 
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glycerol, 2 mM Na3VO4. A Protease inhibitor cocktail (Sigma-Aldrich, St. 

Louis, MO, USA) was added immediately prior to homogenization. The [pS9]-

GSK3β ELISA kit and [total]-GSK3β ELISA kit (Invitrogen Corporation, 

Carlsbad, CA, USA) were used for quantification of the level of GSK3β protein 

phosphorylated at serine residue 9 and total level of GSK3β. All procedures 

were performed according the manufacturer’s instructions; the absorbance 

was measured at 450 nm using a plate reader (Wallac 1420 VICTOR, 

Waltham, MA, USA). The results were normalized to total protein level in 

tissues homogenates. Protein concentrations were determined by the biuret 

assay using bovine serum albumin as a standard. 

Drug delivery 

Experimental solutions replaced normal drinking water. Thiamine, 

benfotiamine and imipramine were obtained from Sigma-Aldrich, St. Louis, 

MO, USA. All agents were dissolved in tap water and were changed every 4-5 

days (Strekalova et al., 2006, 2015b). The solutions of benfotiamine and 

thiamine were adjusted to pH 7.0, drinking behaviour of mice was 

monitored by evaluating a 24-h liquid intake during the first three days of 

dosing. The dose of imipramine dose (7.5 mg/kg/day), was based on 

previous results showing that this dose had no effect on general locomotor 

behaviour (Strekalova et al., 2015b; Costa-Nunes et al., 2015). 

Statistical analysis 

Data were analysed with GraphPadPrism v.5.0 for Windows (San Diego, CA, 

USA) using one-way ANOVA and Tukey’s post-hoc test unless otherwise 

stated. Repeated measures (RM) ANOVA or Fisher’s exact test were also 

employed where appropriate. The level of confidence was set at 95% (p < 

0.05). Data are given as mean ± SEM. 
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Results 

Thiamine and benfotiamine inhibit floating behaviour and brain GSK3β in the 

modified swim test 

Statistical values for all results are presented in the Supplementary Tables 2-

11. There was no difference in floating duration on day 1 and day 2 (p > 0.05, 

one-way ANOVA, Supplementary Table 2A). Vehicle-treated mice displayed a 

significant increase in floating time from day 2 to day 5 (p < 0.05, RM 

ANOVA). This increase was not observed in any of the pharmacologically 

treated groups (p > 0.05 for each, RM ANOVA; Fig. 2A, Supplementary Table 

2B). Thus, the administration of thiamine and benfotiamine, as did 

imipramine, prevented behavioural changes in the modified swim 

depression paradigm. The swim test generated differences in GSK3β mRNA 

expression in the hippocampus and prefrontal cortex (main effect: p < 0.05, 

one-way ANOVA, Supplementary Table 3). Compared to naïve mice, GSK3β 

mRNA was significantly elevated in vehicle-treated mice (p < 0.05, Tukey 

test; Fig. 2B, C), but not in imipramine-treated mice, nor in the thiamine and 

benfotiamine groups (p < 0.05). Hippocampal GSK3β, p9SGSK3β, as 

measured by ELISA, and their ratio was also found to be significantly affected 

by treatment (main effect: p < 0.05). Vehicle-treated mice showed an 

increase in total GSK3β, reduced p9SGSK3β and a reduced 

p9SGSK3β/totalGSK3β ratio compared to naïve animals (p < 0.05, Tukey test; 

Supplementary Fig. 1 and Table 4). Imipramine-treated mice, as well as 

thiamine- or benfotiamine-treated animals showed no such change (p > 

0.05) and gave rise to levels that were similar to those in animals treated 

with imipramine.  

Thiamine and benfotiamine ameliorate stress-induced behaviour and GSK3β 

expression after a predation stress  

There was a significant between-group difference in exploratory rears in the 

novel cage test for the experimental groups (p < 0.05, one-way ANOVA, 

Supplementary Table 5). In comparison with naïve mice, rearing behaviour 

was significantly decreased in stressed vehicle-treated mice (p < 0.05, Tukey 

test; Fig. 3A), but not in stressed imipramine-, thiamine- or benfotiamine-
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treated groups (p > 0.05) that displayed significantly higher exploration than 

stressed vehicle-treated animals (p < 0.05). In the elevated O-maze test, we 

found significant differences in the latency to exit the open arms and in the 

total number of exits (p < 0.05, one-way ANOVA; Supplementary Table 6). In 

comparison with naïve animals, those in the stressed vehicle-treated group 

made significantly fewer exits in to the open arms and had a tendency to 

prolonged latency to exit (p < 0.05 and p=0.07, Tukey test; respectively; Fig. 

3 B,C). This stress-induced change was not observed in the imipramine-

treated group, nor in the thiamine- or benfotiamine-treated mice stressed 

mice (p > 0.05).  

ANOVA revealed significant differences between experimental groups in 

GSK3β mRNA in the prefrontal cortex, but not in the hippocampus (p < 0.05 

and p > 0.05, respectively, Supplementary Table 7). Compared with naïve 

controls, stressed vehicle-treated mice displayed a non-significant change in 

GSK3β mRNA level in the hippocampus (p > 0.05, Tukey test; Fig. 3D) and a 

significant increase in levels in prefrontal cortex (p < 0.05, Fig. 3E). Stressed 

animals treated with imipramine, or thiamine, or benfotiamine showed no 

such changes (p > 0.05 vs. naïve mice). Thiamine and benfotiamine, as for 

imipramine, prevented the stress-induced changes in exploratory behaviour, 

anxiety-like behaviour and over-expression of GSK3β in the brain. 

Effects of thiamine and benfotiamine on memory  

In the step-down test (Supplementary Tables 8,9), there were no differences 

in the baseline step-down latencies, measured prior training, between all 

experimental groups (p > 0.05, one-way ANOVA; data not shown), 

suggesting that normal scores of anxiety and locomotion are preserved in 

the test groups. Step-down latencies measured 1 and 24 hours post-training 

were significantly different across experimental groups (p < 0.05, one-way 

ANOVA). In comparison with vehicle-treated controls, there was a significant 

increase of step-down latency in thiamine- and benfotiamine-treated mice 1 

h post-training, and in thiamine-treated groups 24 h post-training (p < 0.05, 

Tukey test; Fig. 4A). A higher percentage of animals were grouped as “good 

learners” among the thiamine- and benfotiamine-treated as compared to 

non-treated mice (p < 0.05, Fisher test; Fig. 4B). The number of rears in the 
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novel cage did not differ between experimental groups (p > 0.05, Tukey test; 

Fig. 4C, Supplementary Table 10), further suggesting a lack of effects of 

applied treatments on locomotor activity.   

There was a significant difference in freezing behaviour observed during a 

recall session between the groups trained under “weak”, but not “strong” 

conditioning (p < 0.05 and p > 0.05, one-way ANOVA, Supplementary Table 

11). The thiamine- and benfotiamine-treated mice groups spent significantly 

longer time freezing after a “weak” training than vehicle-treated mice (p < 

0.05, Tukey test; Fig. 4D); no such difference was found in a “strong” training 

protocol (p > 0.05; Fig. 4E). At the recall of extinction, there was a significant 

between-group difference in freezing behaviour (p < 0.05, one-way ANOVA). 

As compared with vehicle-treated controls, thiamine- and benfotiamine-

treated mice spent significantly less time freezing, demonstrating effective 

fear extinction (p < 0.05, Tukey test; Fig. 4F). Together, these data suggest 

improved short- and long-term contextual memory and its extinction in 

thiamine- and benfotiamine-treated animals compared with untreated 

animals, and a lack of non-specific locomotor changes.  

Discussion 

Our study has demonstrated, for the first time that the two-week treatment 

of mice with thiamine or benfotiamine had beneficial effects in classical 

paradigms of learning and depression/stress-related behaviours. Our results 

also provide the first evidence that these treatments are associated with 

decreased GSK3β activity in normal mice. Previously reported in vitro and in 

vivo studies with benfothiamine have revealed its inhibitory effects on 

GSK3β activities in pathological conditions, such as models of Alzheimers 

pathology (Pan et al., 2010; Sun et al., 2012), but whether the beneficial 

effects might be induced in non-pathological states where hitherto 

unknown.  

The treatment of mice with thiamine or benfotiamine, as for imipramine, 

inhibited changes induced by forced swimming or predation stress. Thiamine 

deficiency is known to induce floating behaviour in mice (Nakagawasai et al., 

2007). A 30-day-long dosing regimen with thiamine in Wistar rats that were 
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subjected to a chronic immobilization stress rescued normal learning in the 

T-maze, decreased freezing scores, increased locomotion in the open field, 

and reduced anxiety-like behaviours (Dief et al., 2015). The present study 

also supports the latest findings showing that thiamine supplementation has 

beneficial effects in depressed patients (Ghaleiha et al., 2016), and improves 

mood in healthy adults (Schmidt et al., 1991; Benton et al., 1997) and is in 

accord with evidence for a link between lowered thiamine level and stronger 

symptoms of depression of various forms (Bell et al., 1991, 1992; Pepersack 

et al., 1999; Zhang et al., 2013). However, there is no prior literature 

available on the anti-stress/anti-depressant effects of benfotiamine in 

animal models. 

Behavioural changes provoked by the swim-test and the exposure to a 

predation stress are both accompanied by inhibition of GSK3β mRNA 

expression in the hippocampus and the prefrontal cortex. Elevated GSK3β 

mRNA and lowered p9SGSK3β/totalGSK3β ratio in the brain are established 

markers for depression-like and distress syndromes (Kaidanovich-Beilin and 

Woodgett, 2011; Zhou et al., 2012; Li et al., 2014). As for imipramine-treated 

mice, thiamine-treated or benfotiamine-treated rescued levels of GSK3β 

mRNA, p9SGSK3β, totalGSK3β and p9SGSK3β/totalGSK3β ratio in the 

stressed animals and were no different to the values determined for naïve 

animals. In the modified swim test, dosing with either drug had no effect on 

behaviour on days 1 and 2, which was at a time when no changes in GSK3β 

mRNA were observed, but, on day 5, when increases of both floating and 

GSK3β on gene and protein levels were reported (Strekalova et al., 2016) the 

drugs were effective. Together, this association argue that the effects of 

thiamine- and benfotiamine could be attributable to the downregulation of 

GSK3β activity. 

As well as modifying stress and anxiety responses, the two-week treatment 

with thiamine or benfotiamine in naïve animals were shown to enhance 

contextual fear learning and its extinction, which, are known to require 

intact GSK3β function (Beurel, 2015; King, 2015). Our experiments showed 

that treatments with thiamine or benfotiamine are able to increase 

hippocampal-dependent memory in two classical tests for this form of 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Woodgett%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=22110425
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learning that is generally in line with established views on the role of 

thiamine in neuronal plasticity and pro-cognitive effects of benfotiamine in 

an Alzheimer’s disease model (Pan et al., 2010; Abвou and Hazell, 2015). To 

our knowledge, this is the first demonstration of such effects of these 

compounds in naïve mice. The present data suggest that moderate pro-

cognitive effects are associated with the administration of thiamine or 

benfotiamine, which improved fear conditioning after “weak” training. A lack 

of effect under “strong” training conditions is likely due to ceiling effect of 

the training, when physiologically adaptive learning cannot be enhanced any 

further. Similar difference in sensitivity of contextual learning during “weak” 

versus “strong” training to mnemotropic agents was shown in our previous 

studies to be correlated with outcome from “weak” and “strong” protocols 

for the induction of long-term potentiation paradigms, where the same 

factors were used (Strekalova et al., 2002).  

A lack of group differences in baseline step down as well as in vertical 

activity and measures of horizontal locomotion in the True Scan open field 

(see Supplementary Figure 2) rule out the possibility that general changes in 

anxiety and locomotion in thiamine- or benfotiamine-treated mice might 

account for the differences and strongly argues for improved memory in 

these groups. 

The outcomes in the learning and modified swim test are believed to share 

overlapping mechanisms, such as elements of contextual conditioning. In the 

modified forced swim model of depression, both behavioural outputs and 

GSK3β mRNA over-expression are triggered by contextual reminders of the 

testing procedure alone, such as a visual exposure of an animal to a 

swimming tank, without its experience of a swimming (Strekalova et al., 

2016). As such, modified swimming test is considered as a model of 

inappropriately increased (maladaptive) contextual conditioning of adverse 

memories, which plays an important role in a pathophysiology of depression 

(Clark et al., 2009). It is generally viewed that contextual conditioning can 

play both adaptive and pathological roles. While learning of new 

environment is of adaptive value for an individual, enhanced retention of 

negative contextual associations can be an important element of a 
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pathophysiology of depression, post-traumatic stress disorder and 

generalized anxiety (Diamond et al., 2004; Clark et al., 2009).  

In the present study, thiamine and benfotiamine inhibited contextual 

conditioning dependent on depressive-like behavioural and molecular 

changes, while it improved acquisition and extinction of contextual 

memories of a new environment that can be considered as adaptive. Based 

on the current findings, it could be speculated that thiamine and 

benfotiamine modulate GSK3β functions and contextual conditioning in a 

manner that is dependent on whether the contextual conditioning is 

adaptive or maladaptive.  

Other studies showed discordant changes in hippocampal plasticity and 

affective processes in mice with systemically altered GSK3β activity, either 

via genetic manipulations (Pardo et al., 2016), or chronic pharmacological 

treatments, such as valproate (Sintoni et al., 2013). For instance, GSK3β 

knock-in mice with increased activity of this molecule displayed heightened 

vulnerability to the learned helplessness model of depression-like behaviour 

and showed no enhancement, but an impairment of some but not all forms 

of memory. Such forms of learning, such as novel object recognition and 

spatial processing, and not temporal order memory, were disrupted in 

GSK3β knock-in mice. In rats, chronic dosing with valproate decreased 

baseline brain p9SGSK3β/totalGSK3β ratio, however, did not attenuate their 

response to novel stressors, while impaired contextual fear conditioning. It 

was suggested that these effects were due to altered dynamics of GSK3β 

phosphorylation at 9 Ser that was due to distinct mechanisms involved in 

two behavioural tests (Sintoni et al., 2013). Thus, an increase or a decrease 

of brain GSK3β activities induced by chronic systemic interventions do not 

ultimately lead to concordant changes in mood and cognition, which can be 

expected from general roles of GSK3β in these conditions. The functions and 

regulation of GSK3β functions are very complex and can be moderated via 

multiple mechanisms including post-translational modifications, substrate 

priming, cellular trafficking, protein complexes (Beurel, 2015). Hence, a 

number of GSK3β regulated processes may contribute to the changes 

reported here and to those reported in earlier studies. 
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Here, systemically administrated thiamine and benfotiamine were shown to 

increase brain thiamine levels to a similar extent (Vignisse et al., 2016). This 

could explain the similarity in the effects of the compounds in our study, 

despite the low reported bioavailability characteristic of thiamine. Indeed, in 

current experiments, thiamine was used at a high dose, exceeding by more 

than 10-fold the concentrations applied in the studies that reported its 

administration to be behaviourally ineffective (Rodriguez-Martin et al., 

2001). Single or two-week administration of thiamine at the dose 100 mg/kg 

did not elevate thiamine brain levels (Volvert et al., 2008). In line with our 

results, chronic administration of thiamine produced antidepressant effect in 

a clinic. It is of note that the doses used in the clinical study (300 mg/day) 

was substantially lower than that used in the present work (Ghaleiha et al., 

2016). Neither treatment affected thiamine diphosphate content (Volvert et 

al., 2008, Vignisse et al., 2016) suggesting that the effects reported here are 

mediated by coenzyme-independent mechanisms (Mkrtchyan et al., 2015). 

Hence, it can be suggested that both anti-stress / anti-depressant and pro-

cognitive effects of employed here treatments are underpinned by non-

coenzyme functions of thiamine, such as an increase of brain thiamine levels 

associated with subsequent modulation of GSK3β functions.  

Apart from GSK3β-related mechanisms, other factors could also underlie the 

effects reported here, especially the pro-cognitive effects, such as the 

altered production and activity of reactive oxygen species, anti-inflammatory 

activities, or changes in BDNF levels affecting biosynthesis of monoamines, 

including serotonin (Nakagawasai et al., 2007; Abвou and Hazell, 2015; Bozic 

et al., 2015), resulting, as for instance, in reductions in spine density and 

complexity, that have been associated with depression, stress and learning 

(Duman and Duman, 2015). These would be interesting to explore in future 

studies given the impact of the treatments on normal animals though many 

of these other effects can also be related back to GSK3β-mediated cascades 

(King, 2014; Beurel, 2015).  

Conclusion 

Our results demonstrate that administration of thiamine, or it precursor, 

decrease GSK3β activity in limbic structures under conditions of stress. The 

http://acemap.sjtu.edu.cn/author/page?AuthorID=58349E18
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current study also provides the first evidence for antidepressant-like effects 

and pro-cognitive action of thiamine, or its precursor, in a pre-clinical assays. 

Remarkably, the precognitive actions were shown in naïve animals. Thus, our 

data support a view that thiamine can be an important physiological 

regulator of stress response, learning and brain GSK-β and reveal the 

potential thiamine/thiamine precursors as antidepressants and cognitive 

enhancers.  

 

Highlights  

• Thiamine and benfotiamine generate antistress and antidepressant-
like effects in mice; 
• Both molecules prevent brain activation of GSK3-β in a model of 
depression;  
• Each also prevent stress-induced increases in anxiety and GSK3-β 
expression; 
• Thiamine and benfotiamine enhance contextual memory and 
extinction in naïve mice; 
• The effects on stress and learning are likely to be mediated via 
distinct mechanisms. 
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Figure legends 

Figure 1. Schematic of the timelines for each study. (A) modified swim test, 

(B) 5-day predation stress, (C) step-down avoidance, (D) fear conditioning 

test.  

Figure 2. Thiamine and benfotiamine normalise floating and brain GSK3β 

expression in the modified swim test. Significant group differences were 

observed on day 5 of the modified swim test in (A) floating behaviour (*p < 

0.05 vs. Day2) and GSK3β mRNA levels as measured in (B) the hippocampus 

and (C) prefrontal cortex (*p < 0.05 vs. vehicle-treated, #p < 0.05 vs. naive 

mice). 

Figure 3. Thiamine and benfotiamine prevent stress-induced changes in 

novelty exploration, anxiety-like behaviour, and brain GSK3β expression 

during predation stress. Significant group differences were found in the 

stressed animals in (A) novel cage rearing, (B) latency and (C) exit(s) to the 

open arms of the elevated O-maze. GSK3β mRNA levels in the (D) 

hippocampus and (E) pre-frontal cortex (*p < 0.05 vs. vehicle-treated, #p < 

0.05 vs. naive mice). 

Figure 4. Thiamine and benfotiamine enhance contextual conditioning and 

its extinction. The effect of thiamine and benfotiamine in the step-down 

avoidance study: (A) latency to step-down and (B) percentage of “good 

learners”, (C) novel cage rearing. Freezing behaviour in the contextual fear 

conditioning paradigm after (E) “weak” and (D) “strong” training and (F) its 

extinction (#p < 0.05 vs. vehicle-treated, 1h post-training; *p < 0.05 vehicle-

treated, 24h post-training).  
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Supplementary Figure and Tables  
 
 

 A        TOTAL GSK3β                    B               p9SGSK3β 
 

 
 

C     p9SGSK3β/totalGSK3β 
 

 
 
Figure 1. In the modified swim test, chronic treatment with thiamine and 

benfotiamine inhibits hippocampal increases in GSK3β activity. At day 5 

graphs show the (A) total level of GSK3β, (B) the level of p9SGSK3β and (С) 

the ratio p9SGSK3β/totalGSK3β. Group sizes as indicated on Fig. 2 B,C of the 

manuscript; *p < 0.05 vs intact control, ANOVA and Tukey's multiple 

comparisons test (see Supplementary Table 4). Data are mean ± SEM.  
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Figure 2. The effects of thiamine and benfortiamine on horizontal 

locomotion. Naïve mice (five mice per group) were treated with thiamine or 

benfortiamine via drinking water (200 mg/kg) or they no received drinking 

water supplement, and were tested after 1 week and after 2 weeks in True 

Scan activity boxes (26 cm x 26 cm x 39 cm; Coulbourn Instruments, 

Allentown, PA, USA) for 10 min. Boxes were evenly illuminated with white 

light, with an illumination intensity of 25 Lux. Mean speed, defined as a 

distance covered during the experiment and a duration of resting, defined by 

an absence of crossing by an animal of more than 1,5 cm per a second, were 

scored automatically by red beam cells using TruScan software (Coulbourn), 

as described elsewhere (Strekalova et al., 2004, Malatynska et al., 2012, 

Couch et al., 2016). (A) mean speed of horizontal movements and (B) 

duration of resting time in the True Scan open field revealed that there was 

no difference between the groups at both time points (p > 0.05; ANOVA and 

Tukey post-hoc text). Data are mean ±SEM.  
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Table 1. Sequences of primers used  

Gene Forward primer 5’–3’ Reverse primer 5’–3′ 

GAPDH TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTC 

GSK3β TCCATTCCTTTGGAATCTGC CAATTCAGCCAACACACAGC 

 

Table 2A. 

Groups 

Duration of floating 

Day 1 Day 2 Day 5 

Vehicle-treated vs  
Imipramine-treated 

q=1.443; 
p=0.7385,ns 

q=0.8933; 
p=0.9213,ns 

q=2.217;  
p=0.4063,ns 

Vehicle-treated vs 
Thiamine-treated 

q=1.834; 
p=0.5697,ns 

q=0.9434; 
p=0.9089,ns 

q=2.114;  
p=0.4486,ns 

Vehicle-treated vs 
BFT-treated 

q=1.539; 
p=0.6984,ns 

q=0.5075;  
p=0.984,ns 

q=3.389;  
p=0.0914,ns 

Imipramine-treated vs 
Thiamine-treated 

q=0.5791; 
p=0.9766,ns 

q=0.1471; 
p=0.9996,ns 

q=0.2123;  
p=0.9988,ns 

Imipramine-treated vs 
Benfotiamine-treated 

q=2.686; 
p=0.2421,ns 

q=0.2162; 
p=0.9987,ns 

q=1.436;  
p=0.7412,ns 

Thiamine-treated vs 
Benfotiamine-treated 

q=2.921; 
p=0.1795,ns 

q=0.3262; 
p=0.9956,ns 

q=1.095;  
p=0.8658,ns 

Table 2A. Summary of comparisons between the groups that have received 

vehicle, or were administered with imipramine, thiamine or benfotiamine, 

on the duration of floating behaviour in the modified forced swim paradigm 

(one-way ANOVA and Tukey's multiple comparisons test). There was no 

significant group differences in duration of floating on Day 1 (F=0.9889; 

R=0.0512, p=0.40 one-way ANOVA), Day 2 (F=1.083; R=0.0558, p=0.3639 

one-way ANOVA) but on Day 5 (F=4.211; R=0.1868, p=0.0094 one-way 

ANOVA); ns, not significant. 
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Table 2B. 

Groups Day 2 vs Day 5 

Vehicle-treated q=5.877; p=0.0018 

Imipramine-treated q=2.058; p=0.3412,ns 

Thiamine-treated q=1.149; p=0.7079,ns 

Benfotiamine-treated q=0.1513; p=0.9937,ns 

Table 2B. Summary of repeated measures comparisons in changes of floating 

behaviour from Day2 to Day5 of the modified swim test between the groups 

that received vehicle, or were dosed with imipramine, thiamine or 

benfotiamine, on floating behaviour (Repeated Measures ANOVA and 

Tukey's multiple comparisons test). Note the vehicle-treated group showed 

significant differences in floating between time points (F=38.56; R=0.69, RM 

ANOVA), that were not found in imipramine-treated group (F=13.98; R=0.5, 

RM ANOVA), nor in benfotiamine-treated mice (F=15.64; R=0.61, RM 

ANOVA), and in thiamine-treated group (F=8.61; R=0.38, RM ANOVA); ns, 

not significant. 

 

Table 3. 

Groups 
Structure 

Hippocampus Prefrontal cortex 

Naive mice vs  
Vehicle-treated 

q=4.939; p=0.0078 q=4.439; p=0.0259 
 

Naive mice vs 
Imipramine-treated 

q=4.675; p=0.0135 
 

q=0.2200; 
p=0.9999,ns 

Naive mice vs 
Thiamine-treated 

q=1.997; p=0.245,ns q=1.353; 
p=0.8726,ns 

Naive mice vs  
Benfotiamine-treated 

q=2.653; p=0.3414,ns q=1.458; 
p=0.8395,ns 
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Table 3. Summary of group comparisons in brain GSK3β between naive mice 

and mice subjected to the modified swim test and treated with vehicle or 

treated with imipramine, thiamine or benfotiamine. There was a significant 

group difference in GSK3β level in the hippocampus (F=14.01; R=0.49, p < 

0.0001 one-way ANOVA) and in the prefrontal cortex (F=5.991; R=0.39, p < 

0.001 one-way ANOVA); ns, not significant. 

 

Table 4. 

Groups Phosphorylated GSK3β 
         (pS9GSK3β) 

Total GSK3β Ratio pS9GSK3β 
/total GSK3β 

Naive mice vs  
Vehicle-treated 

q=3.837;  
p=0.0683, ns 

q=6.560; 
p=0.0005 

q=5.061;  
p=0.009 
 

Naive mice vs 
Imipramine-treated 

q=2.212;  
p=0.5280, ns 

q=0.01275; p 
> 0.9999,ns 

q=0.4556; 
 p=0.996,ns 

Naive mice vs 
Thiamine-treated 

q=2.256;  
p=0.5085, ns 

q=2.270; 
p=0.5044,ns 

q=4.601;  
p=0.0207 

Naive mice vs  
Benfotiamine-treated 

q=2.902;  
p=0.2595,ns 

q=1.260; 
p=0.8982,ns 

q=0.9586; 
p=0.9599,ns 

Vehicle-treated vs  
Imipramine-treated 

q=9.613; p < 0.0001 
 

q=4.524; p=0.0223 
 

Vehicle-treated vs  
Thiamine-treated 

q=7.872; p < 0.0001 
 

q=5.536; p=0.0033 
 

Vehicle-treated vs Benfotiamine-
treated 

q=6.865; p < 0.0001 
 

q=5.646; p=0.0026 
 

Imipramine-treated vs Thiamine-
treated 

q=1.742; p=0.7332,ns q=1.110; 
p=0.9333,ns 

Imipramine-treated vs Benfotiamine-
treated 

q=1.882; p=0.8789,ns q=1.213; 
p=0.9103,ns 

Thiamine-treated vs Benfotiamine-
treated 

q=1.42; p > 0.9999,ns q=0.09915; p > 
0.9999,ns 
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Vehicle-treated vs  
Imipramine-treated 

q=1.969;  
p=0.6358,ns 

q=8.050; p < 
0.0001 
 

q=5.640; 
p=0.003 
 

Vehicle-treated vs  
Thiamine-treated 

q=1.666;  
p=0.7637,ns 

q=10.30; p < 
0.0001 
 

q=11.37;  
p < 0.0001 

Vehicle-treated vs  
BFT-treated 

q=0.4211;  
p=0.9982,ns 

q=8.436; p < 
0.0001 
 

q=6.168;  
p=0.0011 

Imipramine-treated vs 
Thiamine-treated 

q=0.1780;  
p > 0.9999, ns 

q=2.714; 
p=0.3272,ns 

q=6.056;  
p=0.0013 

Imipramine-treated vs 
Benfotiamine-treated 

q=1.170;  
p=0.9260, ns 

q=1.464; 
p=0.8372,ns 

q=1.562;  
p=0.8029,ns 

Thiamine-treated vs 
Benfotiamine-treated 

q=0.9737;  
p=0.9579, ns 

q=0.9832; 
p=0.9561,ns 

q=3.538;  
p=0.1148,ns 

Table 4. Summary of group comparisons of brain phosphorylated and total 

forms of GSK3β and their ratio, between naïve mice, stressed vehicle-treated 

groups and stressed mice treated with imipramine, thiamine or 

benfotiamine. There was a significant group difference in the levels of total 

form of GSK3β (F=16.85; R=0.66, p < 0.0001 one-way ANOVA), but not a 

significant group difference in a level of phosphorylated form of GSK3β 

(F=2.023; R=0.16, p=0.11 one-way ANOVA). There was a significant group 

difference in ratio of phosphorylated forms to total of GSK3β (F=9.545; 

R=0.67, p < 0.0001 one-way ANOVA); ns, not significant. 

 

Table 5. 

Groups 
Number of 
exploratory rearings 

Naive mice vs 
Vehicle-treated 

q=5.381;  
p=0.0041 

Naive mice vs 
Imipramine-treated 

q=0.6816;  
p=0.9886,ns 
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Naive mice vs 
Thiamine-treated 

q=1.780;  
p=0.7173,ns 

Naive mice vs 
Benfotiamine-treated 

q=1.344;  
p=0.8751,ns 

Vehicle-treated vs 
Imipramine-treated 

q=4.449; 
p=0.0245 

Vehicle-treated vs 
Thiamine-treated 

q=5.908;  
p=0.0014 

Vehicle-treated vs 
Benfotiamine-treated 

q=3.050;  
p=0.2173,ns 

Imipramine-treated vs 
Thiamine-treated 

q=2.263;  
p=0.5060,ns 

Imipramine-treated  vs 
Benfotiamine-treated 

q=0.7366;  
p=0.9847,ns 

Thiamine-treated vs 
Benfotiamine-treated 

q=2.675;  
p=0.3383,ns 

Table 5. Summary of comparisons of naive mice, stressed vehicle-treated 

groups and stressed mice treated with imipramine, thiamine or 

benfotiamine, on vertical exploratory activity in the novel cage test. There 

was a significant group difference in the number of exploratory rearings 

(F=5.978; R=0.37, p < 0.001 one-way ANOVA); ns, not significant. 

 

Table 6. 

Groups 
Latency of exit in the 
open arm 

Number of exits in the open arm 

 Naive mice vs  
 Vehicle-treated 

q=3.803;  
p=0.0740,ns 

q=4.748; 
p=0.0144 

Naive mice vs 
Imipramine-treated 

q=0.06827;  
p > 0.9999,ns 

q=1.045;  
p=0.9460,ns 

Naive mice vs 
Thiamine-treated 

q=0.1527;  
p > 0.9999,ns 

q=1.176;  
p=0.9191,ns 
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Naive mice vs 
BFT-treated 

q=0.09091;  
p > 0.9999,ns 

q=2.521;  
p=0.3979,ns 

Vehicle-treated vs 
Imipramine-treated 

q=3.694; 
 p=0.0877,ns 

q=3.482;  
p=0.1205,ns 

Vehicle-treated vs 
Thiamine-treated 

q=2.764;  
p=0.3070,ns 

q=2.465;  
p=0.4206,ns 

Vehicle-treated vs 
Benfotiamine-treated 

q=0.2051;  
p=0.2297,ns 

q=1.120;  
p=0.9313,ns 

Imipramine-treated vs 
Thiamine-treated 

q=0.2018;  
p > 0.9999,ns 

q=0.3267;  
p=0.9993,ns 

Imipramine-treated vs 
Benfotiamine-treated 

q=0.03498;  
p > 0.9999,ns 

q=1.633;  
p=0.7764,ns 

Thiamine-treated vs 
Benfotiamine-treated 

q=0.2051;  
p=0.9999,ns 

q=1.132;  
p=0.9290,ns 

Table 6. Summary of group comparisons between naive mice, stressed 

vehicle-treated animals and stressed mice treated with imipramine, 

thiamine-, or benfotiamine on parameters of anxiety in the O-maze test. 

There was a significant group difference in latent period of exit in the open 

arm (F=2.649; R=0.21, p < 0.05 one-way ANOVA) and in number of exits in 

the open arm (F=3.245; R=0.25, p < 0.05 one-way ANOVA); ns, not 

significant. 

 

Table 7. 

Groups 
Brain structure 

Hippocampus Prefrontal cortex 

  Naive mice vs  
  Vehicle-treated 

q=1.420;  
p=0.8517,ns 

q=4.780;  
p=0.0165 

Naive mice vs 
Imipramine-treated 

q=1.020;  
p=0.9503, ns 

q=1.910;  
p=0.6629, ns 

Naive mice vs 
Thiamine-treated 

q=0.2497;  
p=0.9998,ns 

q=0.4737;  
p=0.9971,ns 
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Table 7. Summary of comparisons between naive mice, stressed vehicle-

treated groups and stressed mice treated with imipramine, thiamine, or 

benfotiamine in brain GSK3β mRNA. There was a significant group difference 

in the relative-fold expression of GSK3β in the prefrontal cortex (F=4.658; 

R=0.39, p < 0.01 one-way ANOVA), but not in the hippocampus (F=0.6893; 

R=0.07, p=0.6, one-way ANOVA); ns, not significant. 

 

Table 8. 

Groups Latency of step-down 

Training:  
Vehicle-treated vs Thiamine-treated 

q=1.046; p=0.7410,ns 

Training:  
Vehicle-treated vs Benfotiamine-treated 

q=1.098; p=0.7186,ns 

Training:  
Thiamine-treated vs Benfotiamine-treated 

q=0.06234; p=0.9989,ns 

Recall+1h:  
Vehicle-treated vs Thiamine-treated 

q=4.045; p=0.0152 
 

Recall+1h:  
Vehicle-treated vs Benfotiamine-treated 

q=2.087; p=0.3088,ns 

Naive mice vs 
Benfotiamine-treated 

q=0.6404;  
p=0.991,ns 

q=0.7616;  
p=0.9825,ns 

Vehicle-treated vs Imipramine-
treated 

q=0.3580;  
p=0.9991,ns 

q=3.067;  
p=0.2199,ns 

Vehicle-treated vs Thiamine-
treated 

q=1.079;  
p=0.9396,ns 

q=4.906;  
p=0.0132 

Vehicle-treated vs 
Benfotiamine-treated 

q=2.098;  
p=0.5793,ns 

q=4.691;  
p=0.0192 

Imipramine-treated vs 
Thiamine-treated 

q=0.7145;  
p=0.9864,ns 

q=2.246;  
p=0.5164,ns 

Imipramine-treated vs 
Benfotiamine-treated 

q=1.665;  
p=0.7639,ns 

q=2.320;  
p=0.4847,ns 

Thiamine-treated vs 
Benfotiamine-treated 

q=0.8524;  
p=0.9738,ns 

q=0.3261;  
p=0.9993,ns 
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Recall+1h:  
Thiamine-treated vs Benfotiamine-treated 

q=1.824; p=0.4057,ns 

Recall+24h:  
Vehicle-treated vs Thiamine-treated 

q=4.075; p=0.0148 
 

Recall+24h:  
Vehicle-treated vs Benfotiamine-treated 

q=4.023; p=0.0163 
 

Recall+24h:  
Thiamine-treated vs Benfotiamine-treated 

q=0.1037; p=0.9970,ns 

Table 8. Summary of group comparisons in the parameters of learning of the 

step-down avoidance task between vehicle-, thiamine- and benfotiamine-

treated mice. There was a significant group difference in the latency of step-

down measured at the time point +1 h post-training (F=4.117; R=0.11, p < 

0.05 one-way ANOVA) and at time point +24 h post-training (F=5.740; 

R=0.16, p < 0.01 one-way ANOVA), but at the Training, i.e., at baseline 

conditions (F=0.3981; R=0.01, p=0.67 one-way ANOVA); ns, not significant. 

 

Table 9. 

Groups Exact Fisher’s test 

Vehicle-treated vs Thiamine-treated p=0.0067 

Vehicle-treated vs Benfotiamine-treated p=0.0360 

Table 9. Summary of group comparisons in percentage of good learners in 

the step-down avoidance task between vehicle-, thiamine- and 

benfotiamine-treated mice. There was a significant difference in percentage 

of mice defined as “good learners” (latency of stepping down >30s at +24 h 

post-training) in thiamine- and benfotiamine-treated groups, as compared 

with vehicle-treated controls. 

 

Table 10. 

Groups Number of exploratory rearings 

Vehicle-treated vs  q=1.469; p=0.5569,ns 
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Table 10. Summary of group comparisons between vehicle-, thiamine- and 

benfotiamine-treated mice in vertical activity measured in the novel cage 

test. There was no significant group difference in number of exploratory 

rearings (F=0.5606; R=0.03, p=0.58 one-way ANOVA); ns, not significant. 

 

Table 11. 

Groups 

Percentage of time spent with freezing during recall sessions 

“Weak” 
training 

“Strong” training Memory extinction  

Vehicle-treated vs  
Thiamine-treated 

q=3.448; 
p=0.0474 
 

q=0.5708; 
p=0.9143,ns 

q=3.606;  
p=0.0378 
 

Vehicle-treated vs  
Benfotiamine-treated 

q=3.780; 
p=0.0269 
 

q=1.047; 
p=0.7410,ns 

q=3.465;  
p=0.0477 

Thiamine-treated vs 
Benfotiamine-treated 

q=0.3112; 
p=0.9737,ns 

q=0.4763; 
p=0.9395,ns 

q=0.1412; 
p=0.9945,ns 

Table 11. Summary of group comparisons between vehicle-, thiamine- and 

benfotiamine-treated mice in parameters of acquisition and extinction of 

contextual fear conditioning. There was a significant group difference in 

percent of time spent with freezing during a recall session after “weak” 

training (F=4.583; R=0.15, p < 0.05 one-way ANOVA) but not during “strong” 

training procedures (F=0.2748; R=0.01, p=0.76 one-way ANOVA). A 

significant difference between the groups in this parameter was observed 

during a recall of extinction procedure (F=4.172; R=0.17, p < 0.05, one-way 

ANOVA); ns, not significant.  

Thiamine-treated 

Vehicle-treated vs Benfotiamine-
treated 

q=0.5132; p=0.9301,ns 

Thiamine-treated vs Benfotiamine-
treated 

q=0.9732; p=0.7717,ns 
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Chapter 6. Discussion and Societal Impact 

Key factors in the modified swim test: the role of timing, adversity, 
repeated testing and contextual reminders 
 

Our data have supported the hypothesis that floating behaviour in additional 

swimming session of Porsolt’s test in the mouse that is postponed from the 

initial noxious experience of swimming, might be a better predictor of 

individual depressive-like state than in classic tests, as it implements 

contextual learning. Despite a consideration that a repeated exposure to 

aversive context can reduce stress or memories about adversity, that may be 

related to the process of behavioural or neurophysiological habituation to a 

sensory stimulus resulting to lower floating in the repeated swim test 

(Natelson et al., 1988), we found an increase in his behaviour at the delayed 

repeated forced swim paradigm (Chapter 4). Moreover, this increase in a 

depressive-like behaviour was precluded by a two-week dosing with 

antidepressant treatment with low dose of imipramine in two studies 

(Chapter 4 and Chapter 5). Importantly, this treatment did not change 

floating behaviour on previous swim sessions suggesting distinct 

mechanisms of depressive-like state to be implicated in naïve versus 

experienced for forced swimming animals.  

While repeated exposure to adversities including swimming under 

inescapable conditions has previously been used to achieve more robust 

depressive phenotypes by increasing the intensity of stress (Chrousos & 

Gold, 1992; Krahe et al., 2002), the protocol of repeated swimming 

proposed here was designed on a different basis. In our study with 

“premature” exposure to swimming and analysis of GSK3β changes on Day 3 

showed a lack of molecular changes that were typical for a conventional 

swim testing with a sacrifice on Day 5 (Chapter 4). Thus, our findings point to 

the critical role of timing in the development of molecular features of 

depressive-like behaviour. We defined the timing of the proposed protocol 

of modified swim test taking as a basis available data concerning a time 

curve of a consolidation of contextual fear memories in rodents (Johansen et 

al., 2011; Miller et al., 2014). Evidences suggest that with the mouse and rat 
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paradigms modelling this phenomenon, the most common of which are the 

contextual fear conditioning model, the step-down avoidance test and fear 

potentiated startle, the neuronal processes of a fear consolidation last about 

2 days post-conditioning of experimental animals (Anagnostaras et al., 2001; 

Strekalova et al., 2001, 2002; Katche et al., 2013). Similarly, our studies here 

revealed a critical time window of 48 h after two days of swimming exposure 

in the development of both behavioural and molecular manifestations of 

depressive-like state (Chapter 4).  

A series of experiments that addressed the role of re-exposure of mice to a 

context of testing in our modified swim test, revealed its pivotal importance 

for the occurrence of behavioural and molecular changes observed in this 

paradigm. Study with a replacement of a swim session with an exposure to 

the context of testing alone on Day 2 and Day 5 have shown similar increases 

in GSK3β gene expression to those observed in a conventional protocol of 

this model (Chapter 4). These data, together with the finding that the 

omission of intermediate swimming or context exposure on Day 2 prevented 

an increase in floating (Chapter 4), demonstrate crucial role of contextual 

components in both behavioural and molecular depressive-like features, 

which are induced in our swim model. In previous experiments with re-

exposures of mice C57Bl6 to a context, in which they have experienced 

adverse stimulations hours or days before, several key elements of the 

context which are substantial in their contextual conditioning, were 

identified (Strekalova et al., 2001, 2002). Experiments using similar to the 

presently used paradigm experimental designs with the step-down passive 

avoidance paradigm have shown that besides the immediate role of visual 

perception by mice of an experimental apparatus, such procedures as 

handling and a retrieval of a mouse from a cage, are important elements of 

contextual cues (Strekalova et al., 2001, 2002). As such, a re-exposure of an 

animal to the context, irrespectively to its duration, was per se a powerful 

reminding procedure, since it involves a retrieval of a mouse from a cage by 

the experimenter. 

Together, our results supported a general assumption that similar factors to 

those that are crucial for acquisition of contextual memories in experimental 
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models of learning, such as re-exposure to the context of testing, timing 

between challenges and development of behavioural response (Strekalova 

et al., 2001, 2002; Johansen et al., 2011; Miller et al., 2014), are also 

important for the depressive-like behavioural and molecular effects in the 

repeated swim test with delayed testing. Thus, proposed model has a 

number of similarities with models of contextual learning. As such, the 

mechanism of formation pathway of depression can be similar to the 

dynamics of molecular cascades of memory formation. 

Changes of GSK3β brain activity as potential mechanism of enhanced 
learning, associated with depressive syndrome 
 

As indicated above, the activity of GSK3β has been reported to play a key 

role in control of synaptic plasticity and memory function (Kimura et al., 

2008b), consolidation of fear memory (Liu et al., 2010), the severity of PTSD-

like symptoms (Dahlhoff et al., 2010), and is considered as a well-established 

marker of a depressive state (Silva et al., 2008; Oh et al., 2010). Based on 

this, we explored whether GSK3β expression and functions can correlate 

with behaviour of experimental mice in the modified forced swim test. 

Indeed, the potentiation of floating in the modified swim test was 

accompanied by an up-regulation of brain GSK3β (Chapter 4), which was 

prevented by an antidepressant treatment with imipramine or thiamine and 

thiamine precursor benfotiamine (Chapter 4, Chapter 5). While analysis 

across experimental groups, naïve for pharmacological treatment revealed 

elevated expression of GSK3β in the hippocampus, but not in the prefrontal 

cortex. A differentiation of mice by floating behaviour into subgroups 

according to their scores of depressive-like behaviour showed that animals 

defined as “High floaters”, displayed up-regulated GSK3β in the prefrontal 

cortex as compared to “Low floaters” (Chapter 4). There was a significant 

correlation between the duration of floating at Day 5 and GSK3β expression 

(Chapter 4). These results can be interpreted in a light of suggested key role 

of GSK3β in consolidation of fear memory (Dahlhoff et al., 2010; Wu et al., 

2011). Moreover, some authors reported a potential involvement of changes 

in expression, of other kinases and transcription factors, in whose associated 
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with GSK3β activity, such as the brain derived neurotrophic factor (BDNF; 

Kozlovsky et al., 2007; Krishnan et al., 2007) and adenylate cyclase activity 

and of recurrent activation of NMDA receptors (Cui et al., 2004), 

extracellular regulated kinases (ERK or mitogen-activated protein kinases, 

MAPK) and protein kinase B (Akt) (Ahi et al., 2004; Gould et al., 2008; 

Maguschak & Ressler, 2008). The administration of imipramine, thiamine or 

benfotiamine that was shown to inhibit GSK3β under stress conditions 

(Chapter 5), and has abolished an over-expression of this molecule in the 

brain of mice exposed to delayed swimming session (Chapter 5). This 

showed that regardless a chemical class of compounds use, pharmacological 

suppression of expression of GSK3β results in normalized floating in the 

modified swim test.  

A “premature” exposure to swimming and analysis of GSK3β changes on Day 

3 showed a lack of behavioural and molecular effects that were typical for a 

conventional swim testing with a sacrifice on Day 5, thus, pointing to the 

critical role of GSK3β in “consolidation phase” for development depressive-

like behavioural features (Chapter 4). On other hand, study with a 

replacement of a swim session with an exposure to the context of testing on 

Day 2 and Day 5 have shown similar increases in floating and GSK3β gene 

expression to those observed in a conventional protocol of this model 

(Chapter 4). These data, together with the finding that the omission of 

intermediate swimming or context exposure on Day 2 prevented an increase 

in both GSK3β expression and floating, further demonstrate GSK3β mediate 

pathologically enhanced consolidation of memories associated with adverse 

experience resulting in a depressive-like phenotype.  

Increased of GSK3β mRNA levels in the hippocampus and prefrontal cortex 

of mice subjected to repeated swimming was accompanied by a substantial 

decrease of an inactive form of GSK3β, its phosphorylated form, and the 

pS9-GSK3β/GSK3β ratio (Chapter 4), two well-established correlates of 

distress and depressive conditions (Beurel et al., 2015). The profound 

decrease of these parameters in both the hippocampus and prefrontal 

cortex further emphasizes the role of repeated swimming in the 

development of depressive-like behavioural and molecular changes 
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observed in current study. Importantly, antidepressant treatments with 

imipramine, thiamine and benfotiamine used in another study revealed their 

normalizing effects on brain GSK3β levels and pS9-GSK3β/GSK3β ratio 

(Chapter 5) thus, further supporting our conclusion. 

We found that pS9-GSK3β/GSK3β ratio was similar on Day 2 and Day 5 of 

testing and no differences in these measures was found between “High” and 

“Low” floaters, that possibly reflects limited sensitivity of our assay (Chapter 

4). The discrepancy between gene and protein parameters of GSK3β 

function on Day 2 might also be due to distinct dynamics of changes of gene 

expression and phosphorylation of GSK3β. We recently showed that, while 

mice sacrificed 24 h post-swim in the modified swimming test display no 

changes in GSK3β at the gene expression level, they have elevated GSK3β 

protein levels, suggesting that gene and protein changes in GSK3β may not 

always occur in parallel. Generally, these results further emphasize the role 

of repeated versus single exposures to adverse contexts in the regulation of 

activity of brain GSK3β.  

Different roles of the hippocampus and the prefrontal cortex in 
behavioural and molecular changes in the modified swim test 
 

In the modified forced swim test, significant correlation between floating 

behaviour and GSK3β mRNA levels was found in the prefrontal cortex, but 

not in the hippocampus (Chapter 4). Increased level of GSK3β mRNA found 

in the prefrontal cortex of “High floaters”, but not in a subgroup of mice 

classified as “Low floaters” (Chapter 4). Besides, exposure of mice to a 

context of swimming alone, without swim session, resulted in increased 

gene expression of GSK3β in the prefrontal cortex, but not in the 

hippocampus (Chapter 4). Together, these data suggest a key role of this 

brain structure in the regulation of enhanced contextual learning of 

adversities and are in line with previously published literature demonstrating 

critical functions of the prefrontal cortex in effective coping with stress 

(Amat et al., 2005; Sotres-Bayon & Quirk, 2010; Warden et al., 2012). These 

data are also in line with clinical findings, showing a predominant over-

activation of prefrontal cortex in patients with depression (Mayberg et al., 
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1999; Nemeroff et al., 2006; Etkin, 2010; Holtzheimer & Mayberg, 2011). 

Animal studies demonstrated that excitatory synapses in neurons of the 

prefrontal cortex are weakened in mice that are resilient to helplessness in 

chronic unpredictable stress, and optogenetic activation of its neurons in 

rodents induces depression-like effects (Warden et al., 2012; Yizhar et al., 

2011; Zhang et al., 2016). 

At the same time, the prefrontal cortex is known to regulate the processes 

underlying contextual fear (Giustino & Maren, 2015; Rozeske et al., 2015). 

For example, a retrieval of a remote contextual fear memory has elevated 

the expression of plasticity-associated c-Fos and zif268 genes exclusively in 

the prefrontal cortex (Frankland et al., 2004). Classical experiments with 

contextual fear memory paradigms showed that a retrieval of a memory a 

few days after conditioning is dependent on the function of the prefrontal 

cortex, while the hippocampus is predominantly involved in the acquisition 

and consolidation of these memories (Frankland & Bontempi, 2005; 

Sutherland et al., 2010; Dudai et al., 2012; Rozeske et al., 2015). 

Our experiments have revealed an over-expression of GSK3β in the 

hippocampus of experimental mice, which did not differ between “High” and 

“Low floaters” (Chapter 4), suggesting that this brain structure may be 

predominantly involved in a recall of a context during testing in the modified 

swim model. This speculation is based on the views of a well-established role 

of the hippocampus in the mechanisms of contextual memory (Kim & 

Fanselow, 1992; Anagnostaras  et al., 2001; Phillips & LeDoux, 2009). 

Furthermore, as it was discussed above, GSK3β is a well-established 

regulator of hippocampal plasticity, a deficit of which resulted on impaired 

long-term potentiation and memory. As such, in the modified forced swim 

model, where the contextual cues have been shown critical in the 

potentiation of floating behaviour and associated molecular changes, similar 

level expression of hippocampal GSK3β of “High floaters” and “Low floaters” 

mice may be interpreted as a molecular signature of a similar context recall 

in two groups that is not related to the development of an individual 

“depressive-like state”.  
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However, several facts speak against this speculation. In the modified forced 

swim test, the administration of antidepressant imipramine precluded 

changes in the GSK3β specifically in the hippocampus but not in the 

prefrontal cortex (Chapter 4). This effect was found both at the gene and 

protein levels. In addition, antidepressant treatments with thiamine and 

benfotiamine have resulted to a suppression of hippocampal activities of 

GSK3β (Chapter 5). Thus, the role of the hippocampus in the development of 

a depressive-like state associated with enhanced contextual acquisition of 

negative memories is likely to be more complex than merely an involvement 

in contextual learning. Available literature supports this view (Omata et al., 

2011; Li et al., 2014). As for instance, an infusion of GSK3β activator into the 

dentate gyrus of the hippocampus abolished the antidepressant-like effects 

of butyrolactone and roscovitine in the model of learned helplessness.  

Together, our results suggest that both the hippocampus and the prefrontal 

cortex are implicated in the formation of a depressive-like state associated 

with enhanced memory of aversive events in the proposed modified swim 

model, but they role and dynamics of the involvement in these processes are 

different. Further studies are required to address these issues 

experimentally. 

Modeling of individual variability in the susceptibility to a depressive-like 
state with the modified swim test: a comparison with other paradigms 
 

In the modified forced swim test, mice display a substantial inter-individual 

variability in floating and molecular changes, the markers of a depressive-

like state, that is in line with the outcome from other animal studies on 

stress and depression (Strekalova et al., 2004, 2011; Wüst et al., 2005; Gorka 

et al., 2016; Monestier et al., 2016). In comparison to the classical Porsolt’s 

test, the modified protocol with additional delayed session did enable a 

differentiation of individual animals upon their susceptibility to a depressive-

like state. Behavioural alterations in floating were accompanied by 

molecular changes that so far were achieved with a limited number of 

models. We found that inbred mice can be separated into “High” and “Low 

floaters” that paralleled changes in the GSK3β expression (Chapter 4). No 
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correlation between floating and expression data were found after one or 

two sessions of forced swimming (Chapter 4 and Chapter 5). This is similar, 

as for instance, to a separation to anhedonic and nonhedonic subgroups in 

stress-induced anhedonia models (Strekalova et al., 2004; Bergström et al., 

2008; Wiborg et al., 2013), resilient and susceptible to stress-induction 

phenotype of social avoidance (Krishnan et al., 2007), rats with Low- and 

High active avoidance profiles in the learned helplessness paradigms 

(Carlson & Glick, 1991).  

Studies of the last decade have identified the epigenetic and post-

translational mechanisms as important actors in depressive-like state and 

susceptibility to stress, that potentially may explain inter-individual 

differences in physiological responses of genetically inbred mice exposed to 

modified swim test in our studies. They include histone methylation (Lolak et 

al., 2014) and histone acetylation (Covington et al., 2009), palmitoylation of 

various receptors and neuronal factors (Ponimaskin et al., 2008), nucleotide 

modifications (Suzuki & Bird, 2008) and hydroxymethylation (Kriaucionis & 

Heintz, 2009), chromatin regulation (Wilkinson et al., 2009), mechanisms 

mediated by micro RNA (Higuchi et al., 2016), transcriptional dysregulation 

(Peña et al., 2014). As for instance, chronic social defeat stress increased 

repressive histone 3 lysine 14 (H3K14) acetylation, that can be reversed by 

chronic antidepressant treatment (Wilkinson et al., 2011). Antidepressant 

treatment was shown to increase H3 acetylation at BDNF promoter that 

correlated with elevated hippocampal expression of BDNF, an important 

factor of a depressive-like state (Bliss & Collingridge, 1993; Tsankova et al., 

2006).   

On gene level, several genes were by now identified to be associated with 

elevated susceptibility to stress and thus potentially can be involved in the 

enhanced learning of adverse experiences as well. These genes are the 

serotonin transporter (SERT) (Lesch & Mössner, 2006; Reinelt et al., 2015), 

nuclear receptor related 1 protein (Nurr1) (Montes et al., 2016), 

neurotrophic tyrosine kinase, receptor, type 3 (NTRK3) (Farhang et al., 

2014). Data from a genome-wide association study revealed genetic effects 

of intronic SNP of the glucocorticoid receptor (GR) on emotional memory in 
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volunteers. Increased cortisol sensitivity of the GR and enhanced 

glucocorticoid signaling under stress were related to enhanced memory of 

adversities (Hauer et al., 2011). Homozygous carriers of the BclI G allele, 

associated with low plasma cortisol levels, had a significantly increased risk 

for traumatic memories and PTSD symptoms of chronic anxiety, pain, 

depression and impaired health-related quality of life after cardiac surgery, 

accompanied by the increased cortisol sensitivity (Hauer et al., 2011). While 

our study has identified altered expression of GSK3β in the cohorts of mice 

with inter-individual differences in memorizing of adverse experiences, no 

direct evidences for the involvement of this mechanism in the individual 

susceptibility, at the level of genetic or epigenetic regulation, was reported 

in the available literature. However, genetic studies have suggested the 

association of GSK3β polymorphisms with various phenotypes of mood 

disorders (Grimes & Jope, 2001; Jope & Roh, 2006; Saus et al., 2010). 

As it was mentioned above, individual profiles of depressive-like behaviour 

in the modified swim test can be considered as a manifestation of active and 

passive coping with stress (De Boer et al., 1990; Strekalova, 1995). Passive 

strategy of coping is characterized by an immobility and suppression of 

environmentally-directed activities, while active style is characterized by 

active responding whereby the animal displays much locomotor activity in 

attempting to escape from or to deal with an external threat. The inter-

individual differences in coping with stress were found to be associated with 

altered expression arginine-vasopressin receptor 1, oxytocin and others. It 

can be anticipated, that these molecular factors are differently expressed in 

“Low” and “High floaters” in the modified swim test. 

Whether or not cortisol levels change in the modified swim test was not 

study yet, but such studies are on the way. Previously, the magnitude of the 

individual corticosterone response to the initial stress exposure in rodents 

was found to positively relate to the responses to exposures (Natelson et al., 

1988; Baganz et al., 2010) that suggest similar changes in “High floaters” in 

our model. We hypothesize that factors that regulate the hypothalamic–

pituitary–adrenal system, such as, for example, newly discovered FK506-

binding Protein 51 (FKBP51) encoding a chaperon protein, regulating GR-
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related processes can be a mediator of inter-individual variability in our 

model (Raabe & Spengler, 2013). 

A comparison of the modified swim test against other depression 
paradigms: pharmacological sensitivity, etiological relevance, face and 
construct validity 
 

The key criteria of animal model of human disorders were proposed while 

ago and are considered to comprise criteria of etiological relevance, face and 

construct validity and  pharmacological sensitivity (McKinney & Bunney, 

1969; McArthur & Borsini, 2006). Etiological validity is a relevance of model 

is the extent to which it mimics the causation and / or origins of the disease. 

Face validity is a degree of the similarity of phenomenological pathologies 

observed in an animal and in man. Construct validity is an ability of the 

model to reproduce the similar pathophysiological changes in animals to 

those that are observed in a man after similar challenges. Pharmacological 

sensitivity of animal model is a similarity of response to pharmacotherapies 

between experimentally-induced pathology in a lab and in a clinic.  

Short tests for depressive-like behaviour, such as the Porsolt’s swim and tail 

suspension tests, are broadly used in translational research on depression 

(Cryan et al., 2005; Overstreet, 2012; Willner & Belzung, 2015). However, 

they are criticized for insufficient validity and etiological relevance. 

Moreover, discrepant effects of compounds with antidepressant activity 

between these tests and other paradigms of depression, not uncommon 

false-positive and false-negative outcomes with drug testing suggest limited 

validity of classic variants of the forced swim model (Perrault et al., 1992; 

Cryan et al., 2005; Harro et al., 2011; Ampuero et al., 2015). In line with 

these data, our study with the administration of T2 have revealed an anti-

depressant effect of this hormone at two doses in two different mouse lines 

in the two-day variants of the tail suspension but not in the forced swim test 

(Chapter 2, Chapter 3). In particular, we found that at the dose 0.75 mg/kg, 

an intraperitoneal administration of T2 has decreased depressive-like 

behaviour in the tail suspension test measured by the immobility time, but 

did not change the values of the floating behaviour in the forced swim test 
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(Chapter 2, Chapter 3). A lack of significant behavioural effects of T2 in the 

forced swim test was evidenced both in C57Bl/6 and CD1 mouse strains. The 

administration of other dose of T2, such as 0.25 mg/kg and 1.5 mg/kg was 

found ineffective in inducing any behavioural changes in this paradigm 

(Chapter 3). Yet, the involvement of T2-related mechanisms in the CNS was 

demonstrated in the chronic stress paradigm of stress-induced anhedonia 

(Chapter 2) and was further confirmed in the tail suspension test (Chapter 2) 

in which standard antidepressant treatments have produced similar effects, 

thus, additionally supporting our findings. 

On a different note, our studies with cross-validation of the tail suspension 

and the forced swim test have resulted to the identification of T2 as an 

antidepressant agent. These data with classic tail suspension test for the first 

time demonstrated that T2, which previously was considered as an inactive 

molecule, could be exploited clinically. These studies also suggest that the 

development of more refined methodological variants of the forced swim 

test is needed for more accurate pre-clinical applications of this model.  

Proposed here modified forced swim test can be considered as a paradigm 

of depression with substantial etiological relevance, since it mimics such 

important pathophysiological factor as enhanced cognitive processing of 

adversities (Gold & Korol, 2012; Flores et al., 2014). Besides, repeated 

exposures to negative inescapable experiences is regarded as a substantial 

factor of a development of a depressive-like state (Billings et al., 1983; Taché 

et al., 2015; Ahnaou and Drinkenburg, 2016; Kim et al., 2016;). Also, the 

uncontrollability of external stressors, which is characteristic for currently 

proposed modified swim test, is well documented to be the element of the 

pathophysiology of experimentally induced depressive condition (Willner et 

al., 1984; Job & Barnes, 1995; Havranek et al., 2016). While proposed by us 

paradigm does not allow differentiate whether increased acquisition, 

consolidation or recall of these negative memories play a role, it models 

increased neurobiological depressive-like molecular response in the limbic 

system of individual animals which tend to display exaggerated memories 

for negative stimulation.  
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Besides, it can be concluded that modified forced swim test has high face 

validity in modeling depressive state. Repeated sessions in the modified 

forced swim test were designed to produce a state of learned helplessness, 

one of the main behavioural hallmarks of depression (De Pablo et al., 1989), 

as well as a state of despair, that is characteristic symptom for patients with 

this condition. In a contrary, the effects of single-task sessions with the 

Porsolt’s and tail suspension tests are limited in the induction of these 

behaviours and most importantly, do not mimic a “consolidation” phase of 

negative experiences. As a result, in contrast to classic variants of forced 

swim model, experimental animals exposed to the modified swim test, have 

displayed depressive behaviour that significantly correlated with an 

independent marker of this state, GSK3β, in the structures of the limbic 

system of the brain (Jope & Roh, 2006; Diniz et al., 2011; Ronai et al., 2014). 

A significant correlation between depressive-like behaviour comprising in 

helpless behaviour and over-expression of one of the most established 

molecular hallmarks of depression suggest high face validity of newly 

proposed model. 

With respect to construct validity, we showed that repeated, but not single 

exposures result in increased activities of GSK3β on a protein level (Chapter 

4). Human post-mortem studies revealed elevated activities of GSK3β in the 

hippocampus (Oh et al., 2010) and prefrontal cortex (Karege et al., 2007), as 

well as lower levels of phosphorylated (inactive) form of GSK3β in depressed 

patients (Polter et al., 2010).  

Finally, our data suggest high validity of the modified swim test in terms of 

pharmacological sensitivity. In our studies, both behavioural and molecular 

changes were prevented by two-week treatment with low dose of 

antidepressant treatment, such as 7.5 mg/kg/day of orally administrated 

imipramine. At this dose, floating behaviour in the classic variants of the 

swim test was not altered in our experiments (Chapter 4, Chapter 5) nor in 

similar previously reported studies (Borsini & Meli, 1988; Tohda et al., 2010; 

Elgarf et al., 2014). In the classic Porsolt’s test, similarly low doses of 

imipramine 5-10 mg/kg were effective only in combination with other 

antidepressant treatments, such as amantadine (Rogóz et al., 2007), 
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metyrapone (Rogóz et al., 2003) or during exposure to an enriched 

environment (Possamai et al., 2014). Similar to our work, it was found that 

the administration of imipramine to rats enhanced an antidepressant-like 

effect of enriched environment during the delayed swim session on eighth 

day, but not on first or second days (Possamai et al., 2014). A body of 

evidence showed that tricyclic alters depressive-like behaviours at the dose 

10-30 mg/kg but not at the range of concentrations used in our work. Thus, 

proposed here model exerted increased pharmacological sensitivity. This can 

be very important issue, since it potentially enables to improve drug 

research and discovery and refines pharmacological testing of new 

compounds. 

Together, we believe that the proposed forced swim test protocol satisfied 

the criteria of validity of animal model of depression.  

 Advantages of modified swim test over other models of depression 
 

As it was mentioned above, similarly to the modified forced swim test, 

Porsolt’s and tail suspension tests imply an exposition to inescapable, 

uncontrollable, unpredictable aversive and potentially dangerous event, 

which with can also apply repeatedly. However, these tests do not mimic a 

consolidation phase of adverse memories and comprise fewer exposures to 

adversities. Both factors seem to be critical, since molecular marker of a 

depressive-like state GSK3β was found to be elevated on gene expression 

level only after additional delayed exposure, as our study showed (Chapter 

4). Furthermore, significant correlation between brain expression of GSK3β 

and floating behaviour, a sign of a depressive-like state was only found 

during a delayed but not classic time points of testing (Chapter 4). On a 

protein level, GSK3β activities were elevated, that suggests a role of 

repeated exposures to forced swimming to be a factor of a development of a 

depressive-like state, however, no correlation was found between this 

measure and floating behaviour (Chapter 4). Thus, these two classic 

paradigms seemingly possess lower etiological relevance, as compared to 

newly proposed modified swim test. As such, modified forced swim test can 

be compared it is etiological validity and relevance to the models with 
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chronic repeated exposures to stress such as chronic mild stress (Strekalova 

et al., 2004; Chen et al., 2010), learned helplessness (Seligman & Beagley, 

1975; De Pablo et al., 1989), whose etiological relevance is well-established.  

Repeated uncontrollable stress, an element of the modified swim model, is 

well described to induce wide variety of substantial features of depression, 

such as the escape learning impairment, deficits in exploration, and distinct 

neuroendocrinological changes (Zacharko & Anisman, 1991; Holsboer, 2000; 

Chourbaji et al., 2005; Vollmayr et al., 2007). Similarly, our paradigm and 

other models with repeated swimming are likely to evoke these elements of 

depressive-like state, that need to be investigated in future experiments.  

Finally, proposed model, for the first time, may enable a tracking of an exact 

temporal relationship between an event that induces a depressive-like state 

and a development its molecular / neurobiological trace in dynamics that in 

such sense, is virtually impossible with chronic models of depression.  

As we conclude, our study showed that in comparison to the classical one- or 

two-day forced swim testing, a proposed modification of the swim test with 

additional delayed session can enable to: 1) mimic changes of pivotal 

molecular marker of depression such as brain GSK3β activity; 2) differentiate 

of individual animals upon their susceptibility to a depressive-like state by 

behavioural measures or correlating with them molecular changes that so 

far was achieved only with chronic experimental paradigms; 3) model a 

phenomenon of enhanced contextual learning in the pathogenesis of 

individual vulnerability to a development of depression; 4) increase a 

sensitivity of measured behavioural and molecular parameters of a 

depressive-like state to the effects of subtle antidepressant manipulations, 

which are not detectable in classical versions of the forced swim test.  

Taken together, the paradigm of modified swimming test offers a tool to 

study the role of enhanced cognitive processing in the pathophysiological 

mechanisms of depression and inter-individual differences in the 

susceptibility to this condition in mice. The modified swim test can be 

comparable to chronic depression paradigms, e.g., chronic stress, learned 

helplessness and similar models, which possess substantial construct validity 
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and etiological relevance that cannot be attributed to short behavioural 

tests for a depressive-like behaviour, like classic Porsolt’s and tail suspension 

tests. In sum, it combines the advantages of classical models of depression 

that possess high validity but known to be labour and time demanding.  

Highlighting supplementary therapies of depression: the role of GSK3β in 
mechanisms of depression, enhanced learning of advertises and 
antidepressant therapies 
 

Because of thiamine is involved both in the neurobiology of cognitive deficits 

and depression and effect on GSK3β activity (Pan et al., 2010), we also 

studied effects of thiamine and the more bioavailable its precursor 

benfotiamine on depressive-like behaviour in the modified forced swim test. 

Deficiencies in thiamine metabolism accompany chronic alcohol exposure 

and diabetes, and lead to neurodegenerative and depressive symptoms 

(Benton & Donohoe, 1999; Bettendorff et al., 2014; Abdou & Hazell, 2015). 

Thiamine, a water-soluble vitamin B1, plays an important role in cells 

structure and function and functions as a coenzyme for the α-ketoglutarate 

dehydrogenase complex and pyruvate dehydrogenase, two key 

mitochondrial enzymes involved in glucose metabolism and Krebs cycle 

(Micheau et al., 1985; Zhao et al., 2014; Frank, et al., 2015). In our work, we 

studied whether administration of thiamine or benfotiamine (200 

mg/kg/day, p.o.) could alter GSK3β-dependent tasks such as the acquisition 

of memory, depressive-like behaviour and the stress response. 

In our experiments, two-week administration of thiamine or benfotiamine 

has precluded an increase of floating behaviour in mice during the last 

session of the modified forced swim test, similar to imipramine (Chapter 5). 

Both compounds prevented abnormal activation of GSK3β (Chapter 5). In 

line with these results, chronic administration of thiamine produced 

antidepressant effect in a clinic, while, the dose used in the clinical study 

(300 mg/day) was substantially lower than that used in the present work 

(Ghaleiha et al., 2016). However, to our knowledge, this is the first 

demonstration of such effects of these compounds in naïve mice. Also, our 

studies were the first that identified the role of GSK3β in these effects. 
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Thus, the present study suggests the use of thiamine supplementation 

therapy in depressed patients in support to previously reported observations 

(Smidt et al., 1991; Benton and Donohoe, 1999; Ghaleiha et al., 2016). In 

addition, our work is the first demonstration of antidepressant properties of 

benfotiamine. 

An outlook for further experiments to address the role of contextual 
conditioning in depression: studies with repeated testing in the tail 
suspension test 
 

In order to test whether delayed re-exposure to adverse context can 

potentiate depressive-like behaviour under different experimental 

conditions, we used the tail suspension model, a “dry version” of the forced 

swim test. Like the forced swim test, the tail suspension model is based on 

the induction of helplessness and despair behaviour in rodents, which are 

placed in an inescapable stressful situation for a few minutes (Steru et al., 

1985). Both paradigms are regarded to involve similar neurobiological 

factors and show an overlap in the pharmacological sensitivity to various 

drugs (Cryan et al., 2005; Costa-Nunes et al., 2015). We have carried out the 

tail suspension experiment, in which we have used a similar design of the 

study to employed modified swim test. Namely, mice were exposed to a 

two-day tail suspension testing in a 6-min protocol and then additionally 

were tested on the 5th Day of the experiment. Brains of experimental mice 

were dissected 10 min after the last session, hippocampus and prefrontal 

cortex were isolated and analyzed for GSK3β expression. In these studies we 

found a strong tendency to a significant increase of a depressive-like 

behaviour, measured by the total immobility time, on Day 5 (Fig. 7A). In 

addition, a strong tendency to a significant increase in GSK3β expression in 

the prefrontal cortex was revealed, and a trend to a positive correlation 

between the duration of immobility and GSK3β mRNA levels in this brain 

structure were shown (Fig. 7B).  
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Figure 7.  Immobility and gene expression of GSK3b in mice exposed to 

modified tail suspension test. (A) An increase of the total duration of immobility 

behaviour in the modified tail suspension test with a delayed session at the Day 5 and (B) 

correlational analysis of brain GSK3β mRNA and total duration of immobility in the modified 

tail suspension test with a delayed  session at the Day 5. Bars are Means ±SEMs. Repeated 

measures ANOVA and Spearman correlation.  

  

Thus, both behavioural and molecular data in the study with modified tail 

suspension test were overly similar to the findings reported for the modified 

swim paradigm of comparable design. We believe that an increase of a 

group sizes in presented pilot experiment with modified tail suspension 

model, in which seven animals per group were tested, to the range of those 

used in reported work with modified swim test, would likely allow reach a 

level of statistical significance in behavioural and molecular assays. This is 
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planned to be done in the future studies with modified tail suspension 

paradigm. In general, the outcome from this experiment suggests a universal 

nature of changes reported in behavioural and molecular assays with the 

modified swim study, on which repeated delayed re-exposure to adverse 

experience was applied.    
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Summary 

Our study with 3,5-diiodo-L-thyronine (T2), a thyroid hormone that was 

earlier regarded  functionally inactive, has revealed its effects in the two-day 

tail suspension test. In this model, a bolus injection of T2 at two different 

doses, to mice of two different strains, resulted in a decrease of depressive-

like behaviour, thus, suggesting the antidepressant-like effect of T2 (Chapter 

2). This effect of T2 was not known before; it suggested clinical use of T2 

under conditions that require faster than with other thyroid hormones 

therapeutic effect. However, no effects of T2 on depressive-like behaviour 

were found in a classic two-day forced swim test (Chapter 3). Thus, our 

results have demonstrated a limited sensitivity of the forced swim test that 

is in line with available literature, and suggested a need for its modification 

so the accuracy of the test could be increased. 

In this context, we modified commonly used protocol of the forced swim 

test, where an additional session on Day 5 has followed the initial exposure 

on Days 1 and 2 in its classical variant (Chapter 4). We hypothesized that 

additional delayed session on Day 5 can model increased contextual learning 

and consolidation of environmental adversities related to the testing. 

Increased brain expression of GSK3β, a hallmark of a distress and depression 

in humans was observed in mice after modified, but not classic sessions of 

the swim test (Chapter 4). Moreover, increased scores of depressive-like 

behaviour (floating behaviour) during additional delayed testing positively 

correlated with the levels of GSK3β mRNA in the prefrontal cortex of 

experimental groups (Chapter 4). No such correlations were found in the 

hippocampal formation, while GSK3β expression was increased there as 

well. Elevated activities of GSK3β during repeated but not single exposure to 

swimming were further demonstrated on a protein level. The concentration 

of 9-Ser-phosphorilated (inactive) form of pS9-GSK3β and its ratio to total 

GSK3β were significantly decreased during repeated testing (Chapter 4).  

Our experiments have identified the role of timing and exposure to a context 

in the development of behavioural and molecular changes during the 

modified swim test. A “premature” exposure to swimming on Day 3 instead 
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of Day 5 did not result in expression of GSK3β (Chapter 4). On other hand, a 

replacement of a swim session with an exposure to the context of testing on 

Day 2 and Day 5 or the omission of intermediate swimming or context 

exposure on these days affected floating behaviour and brain GSK3β mRNA 

in the modified swim test (Chapter 4). Together, our experiments suggested 

the critical role of GSK3β in the “consolidation phase” of the development 

depressive-like features associated with enhanced conditioning to adverse 

context.  

Two-week delivery of low dose of imipramine (7.5 mg/kg/day), thiamine and 

benfotiamine (200 mg/kg/day) has precluded an increase of floating and 

over-expression of in mice during the last session of the modified forced 

swim test (Chapter 5). Given that all these compounds were shown to 

decrease GSK3β activities, these data further suggest the role of this 

molecular factor in enhanced contextual conditioning associated with 

depressive-like state. In addition, these data have identified thiamine and its 

precursor as antidepressant agents and suggested their usefulness in 

treatment of depression in clinic (Chapter 5).  
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Valorization 

Relevance for society 

Major depression was projected to become the second most common cause 

of disability worldwide by the next decade. Depression as a major health 

issue is illustrated by its death-toll, which currently claims more lives per 

year than road-traffic accidents. At the same time, there is an obvious need 

for an improvement in the treatment of depression, as up to 45% of 

depressed patients do not show improved mood after advanced therapy and 

15% of patients do not respond to any antidepressant therapies. Important 

features of depression are its link to stress response and exaggerated 

cognitive processing of negative experiences; the neurobiology of these 

phenomena, however, was not properly addressed in most of available 

animal models of this disorder. The complexity of the mechanisms of 

depression and a lack of reliable and effective methods of modeling 

depression in animals complicate the search for more effective treatments 

of this disorder.  

As and outcome from our studies, we have offered a new model of 

depression, which can mimic behavioural and molecular signs of a 

depressive-like state, such as helpless behaviour and the over-expression of 

GSK3β, a molecular hub of distress/major depression in humans. This new 

mouse paradigm models a new aspect of depression that was not addressed 

so far in translational research with this condition, an enhanced contextual 

conditioning of adversity. In addition, our mouse model replicates an inter-

individual variability in the susceptibility to depressive disorder and thus, can 

enable the studies of the neurobiology of distinct susceptibility to depressive 

syndrome that is rarely possible in pre-clinical modeling of depression.  

Importantly, newly proposed modified swim test with delayed testing 

requires minimal experimental work (three sessions of 6 min each) that is 

highly relevant for animal welfare and labour costs. In comparison to basic 

models of depressive behaviours such as Porsolt test and tail suspension 

test, our model provides more refined way of modeling a depressive-like 

state in small rodents that is also highly economically effective. Other 

models of comparably high face and construct validity in modelling 
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depression, as for instance, chronic stress and learned helplessness 

paradigm, require extremely high labour and time costs and regarded as not 

optimal in terms of animals well-being. In general, we believe that the 

modified swim test may provide a methodological solution for combining 

the advantages of chronic models of depression, while overcoming their 

disadvantages of highly demanding resources they typically require, as well 

as improving laboratory animal welfare. Given listed above advantages of 

the model, we trust that this paradigm can be very useful in screening of 

new drug candidates against depression.  

We believe that our studies that have identified antidepressant-like 

properties of thiamine and its highly bioavailable precursor benfotiamine 

that were not known before, support this view and demonstrate a power of 

new modified forced swim test. Our studies demonstrated that chronic 

applications for the thiamine (vitamin B1) and its precursor benfotiamine 

reduce molecular and behavioural changes associated with depression that 

suggests their use as supplementary therapy. Also, we found that the doses 

of imipramine which are much lower than commonly used concentrations of 

this antidepressant are efficient in preventing depressive-like changes. This 

can help to refine the dose of tricyclics in the clinical practice. Finally, our 

experiments with T2, previously regarded as inactive form pf thyroid 

hormone, revealed its antidepressant-like properties. Thus, T2 can be used 

to counteract depressive symptoms as well.  

Target groups 

We consider our target groups could be patients and individuals, who are 

genetically susceptible to develop depression or exert clinical depression, 

which is particularly associated with experience of traumatic events. Also, 

care takers who can suffer from their activities related to these individual 

can be considered as target groups. 

Activity / Products 

As potential outlook of presented work, we foresee a potential interest of 

pharmaceutical companies to complete necessary tests and develop 

thiamine alone with its precursors, and T2 hormone as formulations for 
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pharmacotherapy of depression and associated symptoms that would help 

to improve a public health.  

In addition, in a course of the present Thesis we developed the modified 

paradigm that offers more effective and refined approach to address the 

role of enhanced cognitive processing in the pathophysiological mechanisms 

of depression. This can result in the identification of new targets of 

pharmacological management of depression and screen new candidates to 

antidepressant therapies more accurately and effectively.  

Innovation 

The work hereby presented has been innovative in various regards. First, we 

have established and validated a new mouse depression paradigm; so far, a 

few, if any analogues of it were reported in the literature. Second, with this 

paradigm, one can segregate susceptible versus resilient to depressive state 

animals at very low labour and time costs that was not possible earlier. 

Third, this is the first depression model that enables the tracking of the 

dynamics of molecular / neurobiological substrate of this condition in 

relation to the time of a trigger of a depressive-like state; no such paradigms 

were reported in the literature till now. Fourth, molecular and 

neuroanatomical substrates of enhanced contextual conditioning have been 

determined, such as an over-expression of GSK3β in the prefrontal cortex. 

Finally, T2 and thiamine (vitamin B1) were identified as new therapies of 

depressive state that was unknown before.  

Implementation 

In line with the above mentioned relevance for the scientific and medical 

communities, society and industry, the implementation of the knowledge 

generated in the current dissertation is also multidimensional, as discussed 

above. From an academic perspective, results have been or will be published 

in peer-reviewed international journals and presented at national and 

international conferences.   
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