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ABSTRACT 
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HIPPOCAMPAL NEURONS AND INTACT ADULT BRAIN 

 

Emily Elizabeth Craig 

University of Guelph, 2021 

Advisor:                                 

Dr. Neil MacLusky 

  

 Males and females differ in their stress responses, and this is coupled with a sex 

difference in stress-related mood and anxiety disorders. Sex steroid hormones 

contribute to this phenomenon. In particular, 5α-androstane-3α,17β-diol (3α-diol) is a 

testosterone metabolite that has demonstrated neuroprotection against oxidative stress. 

The ability of 3α-diol to protect against physiological stress has not been explored. The 

experiments in this thesis explore molecular responses to glucocorticoids in male and 

female hippocampus, and the potential for 3α-diol to circumvent these responses. This 

thesis demonstrates that male and female mHippoE cells are glucocorticoid responsive. 

Furthermore, glucocorticoids downregulate dual specificity phosphatase 6 (DUSP6) in 

mHippoE cells. 3α-diol rescues the DUSP6 response to glucocorticoids in male 

mHippoE cells only. Correspondingly, DUSP6 is downregulated by restraint stress in 

females only. Collectively, the findings in this thesis are consistent with the hypothesis 

that 3α-diol is protective against the effects of glucocorticoids in a sex-specific manner. 
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  1  INTRODUCTION AND REVIEW OF THE LITERATURE 

1.1 Brief History of Stress Research 

 Stress has long been understood to be a phenomenon of biological and 

psychological significance. Over a century ago, North American physiologist Walter 

Bradfort Cannon conducted experiments identifying bodily changes that occurred in 

response to pain, hunger, cold, exercise and strong emotions (reviewed in Godoy et al., 

2018). Cannon observed that normal bodily functions would be intensified or interrupted 

in response to certain stimuli, to mobilize energy for an escape or defense (Godoy et al., 

2018). As a result, Cannon proposed the “fighting or flight” response (Cannon, 1915). 

Later, Cannon would coin the term homeostasis to describe maintenance of 

physiological systems against equilibrium disruptions. This was based on the idea that 

internal parameters must be maintained at an internal milieu constant in order to 

support cellular function, regardless of the external environment (Godoy et al., 2018). 

Both the concept of the “fight or flight” response and the concept of homeostasis have 

been highly influential in stress research throughout the 20th century. 

In the 80’s and 90’s, the concepts of allostasis, allostatic load, and allostatic 

overload were introduced by Sterling and Eyer (1988) and McEwen and colleagues 

(McEwen and Stellar, 1993; Schulkin et al., 1994). Where homeostasis refers to 

negative feedback that forces a parameter to a specific setpoint, allostasis refers to the 

continuous re-evaluation and readjustment of all parameters to new setpoints, 

determined by environmental context (Sterling and Eyer, 1988). Allostatic load and 

allostatic overload refer to the cumulative effects of allostasis and chronic stress over 

time (McEwen and Stellar, 1993; McEwen, 2005). These concepts help explain 
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physiological variation in normal states and anticipatory responses to stressors 

(Dallman, 2003; Schulkin, 2003; Godoy et al., 2018).  

In simple terms, research has discovered that the response to real or potential 

threats (stressors) is enacted through the coordination of several brain structures and 

release of mediating molecules, collectively termed the stress system. The interaction of 

mediating molecules with their receptors in the brain and peripheral tissues, as well as 

physiological and behavioural modifications that result, are termed the stress response 

(Godoy et al., 2018).  The physiological, medical, and behavioural implications of stress, 

stressors, and the stress response continue to be uncovered. 

1.2 The Hypothalamic-Pituitary-Adrenal (HPA) Axis 

In mammals, the hypothalamic-pituitary-adrenal (HPA) axis serves as the primary 

endocrine regulator of the stress response. In response to a stressor, the 

paraventricular nucleus of the hypothalamus releases corticotrophin releasing hormone 

(CRH) into the hypophysial portal vessels which connect to the anterior pituitary (Smith 

and Vale, 2006). CRH stimulates the release of adrenocorticotropic hormone (ACTH) 

from the anterior pituitary in to circulation, which principally targets the adrenal cortex to 

synthesize and release glucocorticoids (GCs) from the zona fasciculata (Smith and 

Vale, 2006). In humans, the primary GC is cortisol, while in mice corticosterone is the 

primary GC (Karssen et al., 2001; de Kloet, 2013). Under stress conditions, the binding 

of GCs to the glucocorticoid receptor (GR) leads to changes in energy metabolism, 

immune response, and behaviour in order to cope with the stressor (Sapolsky et al., 

2000; Cattaneo and Riva, 2016). GR activation at every level of the axis and upstream 

brain regions (such as the hippocampus and prefrontal cortex (PFC)) results in negative 
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feedback of the HPA axis, facilitating return to basal secretion of GCs (Herman et al., 

2012). Alterations in HPA axis negative feedback are associated with neuronal cell 

death, increased stress sensitivity, and the development of mood or anxiety disorders 

(McEwen and Stellar, 1993; Lupien et al., 1998; Steckler et al., 1999; Yehuda et al., 

2004a, 2004b). Normalization of HPA axis function appears to be necessary for relief of 

some mood disorders (Steckler et al., 1999).  

GCs act as a ligand for both GR and the mineralocorticoid receptor (MR). GR 

and MR evolved by gene duplication of a common corticosteroid receptor ancestor, 

leading to similarities in structure and differences in ligand affinity (Bridgham et al., 

2006). In addition to GCs, MR binding of corticosteroids includes aldosterone and 

mineralocorticoid (McEwen et al., 1968; Reul and de Kloet, 1986). MR exhibits six to ten 

times greater affinity for GCs, leaving GR binding of GCs to occur in the presence of 

excess GCs during HPA activation or the circadian peak (McEwen et al., 1986; Reul 

and de Kloet, 1986). Under basal GC secretion, GCs primarily occupy MR, facilitating 

the maintenance of low GC levels through negative feedback (Reul and de Kloet, 1985; 

de Kloet and Reul, 1987). Both receptors act as ligand-binding transcription factors 

which play crucial roles in regulating the transcription of genes involved in physiology 

and development (Reichardt et al., 1998; Reul et al., 2000; Bird et al., 2015; McCann et 

al., 2021).  

While the majority of molecular endocrine stress research has been dominated 

by the GR, it is clear that the MR also plays a crucial role in regulating the HPA axis. 

Some data suggests that early stress axis formation is mediated at least in part by the 

MR (Best and Vijayan, 2017). In adulthood, MR antagonism can alter HPA axis function 
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(Cole et al., 2000). It has been reasoned that the MR and GR have complementary 

functions in the stress response: while the MR may function to prevent disturbances, the 

GR functions to recover from the disturbances that do occur (de Kloet et al., 2007). 

While there may be some truth in this statement, there is evidence that MRs and GRs 

also have overlapping functions in the regulation of the stress response. Mice lacking 

MR expression in the forebrain display enhanced and prolonged GC levels after 

restraint stress, suggesting normal MR function is essential for HPA axis recovery (ter 

Horst et al., 2012). Overexpression of MR in the forebrain reduced anxiety-like 

behaviour in males and females, but only affected GC secretion in response to restraint 

stress in females (Rozeboom et al., 2007). This data, along with others like it, suggests 

a sex-specific interaction between the HPA axis and MR expression (Rozeboom et al., 

2007; ter Heegde et al., 2015).  

While not a component of the HPA axis in name, the hippocampus plays a 

significant role in regulating stress. Substantial GC binding occurs within the 

hippocampus (McEwen et al., 1986). Prolonged GC elevation impairs performance on 

hippocampal-dependent tasks, demonstrating the significant impact of stress in this 

region (Lupien et al., 1998). GR and MR are highly expressed in the hippocampus, 

implicating it as a site for GC negative feedback regulation of the HPA axis (Ratka et al., 

1989; Smith and Vale, 2006). Due to its stress sensitivity and the abundance of GR and 

MR expression, the hippocampus is often the first region to be affected by 

neuropsychiatric or neurodegenerative disorders (Lupien et al., 1998; McEwen, 1999; 

Snyder et al., 2005). Most commonly known for its role in learning and consolidation of 

short-term and spatial memory through long term potentiation, the hippocampus is 
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organized into distinct regions known as the cornu ammonis (CA) 1, CA2, CA3, CA4 

and dentate gyrus (Day et al., 2003; Winters et al., 2008; Witter, 2012). These regions 

within the hippocampus have distinct morphological and molecular profiles (Witter, 

2012). While the GR is expressed throughout the brain, MR expression is highest in 

limbic regions, including the hippocampus (Reul and de Kloet, 1985; Seckl et al., 1991). 

In the hippocampus, the MR and GR colocalize, specifically within CA1 and CA2 

pyramidal neurons and granule cells of the dentate gyrus (Patel et al., 2000; Han et al., 

2005). Both receptors are important for modulating the long-term adaptation of the 

hippocampus to stress and its control of the HPA axis (De Kloet, 2004).  

Beyond this, the hippocampus is sensitive to multiple steroids in addition to 

corticosteroids, including estrogens, like 17β-estradiol (estradiol), and androgens, like 

testosterone (T), and their metabolites (Teyler et al., 1980; Edinger and Frye, 2004; 

Munetsuna et al., 2009). The presence of the androgen receptor (AR), estrogen 

receptor α (ERα), estrogen receptor β (ERβ), and G protein-coupled estrogen receptor 

(GPER) within the hippocampus provides some mechanisms through which the effects 

of sex steroid hormones in this region occur (Beyenburg et al., 2000; Xiao and Jordan, 

2002; Edinger and Frye, 2007; Gillies and McArthur, 2010; Kumar et al., 2015). Not only 

is the hippocampus important in regulating the HPA axis, it is also a region in which 

stress and sex interactions are observed (McEwen, 2002). Furthermore, the 

hippocampus modulates anxiety states and depression (McEwen et al., 2015). 

Therefore, when looking at sex-specific stress effects, the hippocampus is of utmost 

importance. 
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1.3 Sex Differences in the HPA axis 

Sex differences in the stress response have been well documented. While the 

phrase “fight or flight” has been used both academically and colloquially to describe the 

physiological and behavioural stress response, this characterization was made after 

observing stressed male animals (McEwen, 2005). The behavioural response of female 

animals has been described as “tend-and-befriend” (Taylor et al., 2000). Tending refers 

to nurturing responses used to protect self and offspring, and befriending refers to 

generating  and maintaining social networks to aid in this process (Taylor et al., 2000). 

Nonetheless, differences in neural circuitry and physiological stress responses have 

been observed in males and females. While men show stronger stress responses in 

prefrontal cortex, females display greater stress responses in limbic regions. This sex 

difference is associated with the activation of distinct neural networks in males and 

females (Goldfarb et al., 2019).  In adult mice, females are more sensitive to chronic 

variable stress (CVS), and this is associated with epigenetic regulation of the CRH 

signalling pathway in the nucleus accumbens (NAc) (Hodes et al., 2015). Chronic stress 

is associated with HPA axis dysregulation and the development of several psychiatric 

disorders, including major depressive disorder (MDD), post-traumatic stress disorder 

(PTSD), and panic disorder (Kessler, 1993; Kessler et al., 1995; Sheikh et al., 2002). 

These disorders demonstrate a sex difference, with nearly twice as many cases in 

females (Kessler, 1993; Kessler et al., 1995; Sheikh et al., 2002).  

Before puberty, there are limited differences in the physiological stress response 

between males and females (Romeo and McEwen, 2006; Romeo, 2010). Accordingly, 

there are near equal rates of affective disorders in boys and girls (Andersson et al., 
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1989; Cohen et al., 1993; Kessler, 2003). By 13 to 15 years of age, a sex difference 

emerges (Kessler, 1993; Nolen-Hoeksema and Girgus, 1994; Twenge and Nolen-

Hoeksema, 2002). The size of the sex difference widens into adulthood, where it 

apparently levels off (Kessler, 1993). In adulthood, women are 2-3 times more likely to 

be diagnosed with MDD than men (Hyde et al., 2008). The coincidence of puberty with 

this sex difference strongly implicates gonadal steroid hormones. Generally, estrogens 

increase while androgens attenuate HPA axis activity, (Peiffer and Barden, 1987; 

Burgess and Handa, 1992; Goel et al., 2014). However, sex differences in females 

cannot be attributed to the presence of estradiol alone. Some researchers have 

demonstrated female rats have higher basal and stress-induced HPA axis activity and 

corticosterone levels than male rats, regardless of estradiol concentrations (Hulshof et 

al., 2012). This suggests the absence of androgens also plays a role in stress reactivity 

and the development of stress-related psychiatric disorders.  

Though outside the scope of the work presented in this thesis, it is important to 

note that sociological factors also have a role in the sex difference. It was conventional 

wisdom that the sex difference in MDD disappears, or at least decreases, in older 

adults, when gonadal steroid hormone levels decrease. This view has been called in to 

question. A recent review of 85 empirical studies from all continents except Antarctica 

found support for a gender difference in adults aged 60 and over (Girgus et al., 2017). 

This suggests that while gonadal steroid hormones are implicated, they alone are not 

sufficient to explain the sex difference. More research is necessary to determine if the 

risk factors for developing depression change with age (Girgus et al., 2017).  
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1.4 Steroid Nuclear Receptors  

GRs and MRs are class 3 steroid nuclear receptors encoded by the NR3C1 and 

NR3C2 genes respectively (Hollenberg et al., 1985; Arriza et al., 1988). This class of 

nuclear receptor also includes AR, ERα, ERβ, and the progesterone receptor (PR). All 

nuclear receptors of the NR3C subfamily have three functional domains: an N-terminal 

transactivation domain of variable length, a DNA-binding domain (DBD) containing two 

Cys4 zinc fingers, and a C-terminal ligand-binding domain (LBD) (Lu et al., 2006).  While 

the transactivation domain is not conserved within the NR3C subfamily, the DBDs are 

highly conserved, conferring overlaps in DNA binding preferences for the GR, MR, AR, 

and PR (Hudson et al., 2014).  

Commonalities between receptors provides one possible mechanism by which 

sex and stress may interact. Indeed, it has been posited that the GR and AR can act in 

a synergistic way: their cistromes share an overlap of 26-46% depending on cellular 

context (Sahu et al., 2013). Over 50% of target genes can be commonly regulated by 

both receptors (Arora et al., 2013). In prostate tumours and cancer cell lines, activation 

of either receptor has been shown to induce active repression of the other (Zhao et al., 

2012; Xie et al., 2015). Consistent with this, androgen deprivation induces GR 

expression (Arora et al., 2013; Isikbay et al., 2014). Conversely, in noncancerous 

adipocytes, AR agonism potentiated the transcriptional response to GR, while AR 

antagonism attenuated GC signalling (Spaanderman et al., 2019). Clearly, the 

relationship between AR, GR, androgens, and GCs is cell-type and tissue specific. It is 

worth noting in brain tissue, T largely exerts its effect through conversion to metabolites, 

some of which do not bind the AR (Celotti et al., 1991; Edinger and Frye, 2007). 
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Therefore, while AR and GR interactions may be important in regulating the stress 

response, it is also essential to look at AR-independent mechanisms to explain the 

relationship between sex and stress.  

1.5 Regulation of Glucocorticoid-mediated Transcription 

In the absence of ligand, GR is bound by a complex of chaperone proteins, 

including heat shock protein 90 (hsp90), heat shock protein 70 (hsp70), cytosolic 

prostaglandin E synthase 3 (p23), and the immunophilin FK506-binding protein 5 

(FKBP5), sequestering it mainly in the cytoplasm of the cell in an inactive state 

(Merkulov et al., 2016). Upon GC binding, the GR translocates to the nucleus and is 

released from this complex. There it regulates the transcription of target genes through 

direct DNA binding with glucocorticoid response elements (GREs) as well as through 

modulation of transcriptionally active factors through protein-protein interactions 

(Vandevyver et al., 2013). While active GR may reside in the nucleus for several hours, 

its interaction with response elements occurs in bursts of a few seconds, preferring 

accessible sites in the chromatin as opposed to de novo transcription (Merkulov et al., 

2016). While previously considered to be a pioneer transcription factor, the current 

model for GR-mediated changes in transcription involve dynamic GR signalling 

(Miranda et al., 2013). GRs can also act in transrepression, predominantly through 

protein-protein interactions (Ratman et al., 2013).  

The DBDs of MR and GR are 96% identical, and share a common GRE (Koning 

et al., 2019). Recent research reveals that MRs and GRs can form active heterodimers 

in the presence of GC within the hippocampus, in addition to MR and GR homodimers 

(Mifsud and Reul, 2016). The extent to which these heterodimers interact with target 
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response elements is highly gene specific and dependent on the nature of the stressor 

(Mifsud and Reul, 2016). Heterodimers of GR and MR show different transcriptional 

efficiencies than homodimers of GR and MR: it has been shown that MR-GR complexes 

are more effective transrepressors than either receptor alone (Ou et al., 2001). 

Additionally, it has been proposed that MR-GR interactions may occur independently of 

the MR DBD, such that the MR is tethered to DNA by DNA-bound GR (Rivers et al., 

2019). There is also some evidence that GRs may exist in higher-order tetramers, 

though this work was not completed in neurons (Presman et al., 2016). Such diversity in 

GR and MR oligomerization provides several mechanisms for differential transcription in 

cell types that express both receptors. Indeed, after binding to a GRE, which 

coregulators are recruited by the activated receptors (whether they be coactivators or 

corepressors) depends on  receptor conformation, the ligand that is bound, and the 

GRE itself (Koning et al., 2019). 

Regulation of GR translocation is an important factor to consider when 

investigating GC signalling. It is essential that a hormone receptor be able to assume 

both an active and an inactive state in order for hormone signalling to be regulated 

(Pratt and Toft, 1997). Cochaperone proteins are essential in regulating these two 

states for steroid hormone receptors. The results of purification of the inactive GR 

indicated that there were receptor-associated proteins with the cytosolic unbound 

receptor (Pratt and Toft, 1997). While the intent was to isolate unbound GR, it is now 

suggested that some of these early studies actually isolated a GR-hsp90 complex 

(Lustenberger et al., 1981; Pratt and Toft, 1997).  
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Unbound by ligand, a single GR is associated with two hsp90 proteins (Lefebvre 

et al., 1989). Binding of hsp90 to GR involves the LBD (Cadepond et al., 1991). In fact, 

GR must be bound by hsp90 in order for the LBD to be in a high-affinity binding 

conformation for GC binding (Bresnick et al., 1989). If disassociated from hsp90, GR 

loses its cytosolic steroid-binding activity (Bresnick et al., 1989). Furthermore, it has 

been suggested that hsp90 blocks the nuclear localization signal (NLS) sequence, 

making its binding of receptors critical for the cytosolic distribution of steroid hormone 

receptors (Hernández-Díaz et al., 2010). Hsp90 also acts as a cochaperone for other 

steroid hormone receptors, including the MR, AR, and PR (Bruner et al., 1997; Pratt and 

Toft, 1997). Interestingly,  estradiol increases hsp90 expression in the ventromedial 

hypothalamus of gonadectomized female rats, but not in gonadectomized male rats 

(Olazábal et al., 1992). This demonstrates that the effects of gonadal sex steroids can 

be sex-specific and may involve sex-specific molecular signatures that are not regulated 

by hormonal treatment alone. Therefore, normal hsp90 function is required for normal 

GC signalling, and may be impacted in a sex-specific manner.  

While all GR heterocomplexes involve hsp90, some of the cochaperones within 

the complex may differ depending on cellular context (Davies et al., 2002). Of these 

molecules, the immunophilin FKBP5 is one molecular regulator of the GR, and therefore 

a regulator of GC signalling, that has garnered significant attention in stress research. 

Polymorphisms in FKBP5 that lead to higher FKBP5 expression blunt negative 

feedback on the HPA axis, and are associated with mood disorders (Binder et al., 

2008). Furthermore, FKBP5 expression predicts antidepressant treatment outcome in 

depression, with increased expression in nonresponders than responders (Ising et al., 
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2019). The significance of FKBP5 expression is especially evident in the hippocampus. 

In mouse brain tissue, expression of FKBP5 is highest in the hippocampus (Scharf et 

al., 2011). Likewise, FKBP5 is highly expressed in the human hippocampus (Zannas et 

al., 2016). FKBP5 primarily functions as a negative regulator of GR. When bound to a 

GR heterocomplex with Hsp90, FKBP5 reduces GC-binding of the GR and delays its 

nuclear translocation, thereby reducing GR-mediated transcription (Denny et al., 2000; 

Scammell et al., 2001; Wochnik et al., 2005; Häusl et al., 2019). Notably, FKBP5 

expression is induced by GR activation, as the FKBP5 gene contains GREs in its 

promoter region and introns 2, 5 and 7 (Vermeer et al., 2003; Hähle et al., 2019). This 

explains the increase of FKBP5 expression in several brain regions following treatment 

with the synthetic glucocorticoid dexamethasone (DEX) (Scharf et al., 2011). Therefore, 

FKBP5 is involved in an ultra-short regulatory loop which regulates GR sensitivity, and 

may be used as a biomarker of GC sensitivity (Vermeer et al., 2003; Häusl et al., 2019).  

FKBP5 directly binds to hsp90 through a tetratricopeptide repeat (TPR) domain 

in its C-terminus; however, there is competition from its highly homologous counterpart 

FKBP4 (Schülke et al., 2010). Both receptors contain the TPR domain essential for 

hsp90 association but serve opposing roles in mediating GR signalling. While GR is a 

negative regulator of GR, FKBP4 is a positive regulator of GR in vivo (Riggs et al., 

2003). Rather than an immediate dissociation of the GR heterocomplex upon GC 

binding, FKBP5 is substituted for FKBP4 (Davies et al., 2002). This is coupled with 

recruitment of dynein, leading to translocation of an FKBP5-GR-hsp90 heterocomplex to 

the nucleus, and a subsequent dissociation of the complex leading to DNA-bound GR 

(Davies et al., 2002). In simple terms, FKBP5 and FKBP4 differentially regulate the 
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translocation of GR to the nucleus of the cell (Wochnik et al., 2005). These two 

immunophilins compete for GR heterocomplex binding, and which one prevails may be 

determined by the relative expression of each protein. Indeed, overexpression of 

FKBP5 reduces the regulation of GR by FKBP4 (Riggs et al., 2003). Therefore, it is 

useful to consider both FKBP5 and FKBP4 when investigating GC signalling.  

The molecular complexity increases when considering FKBP4 interaction with 

other steroid hormone receptors. In addition to GR, FKBP4 is a positive regulator of the 

PR and AR, but not the ER (Cheung-Flynn et al., 2005; Tranguch et al., 2005; Wochnik 

et al., 2005). In the case of the AR, hormone binding affinity undergoes a five-fold 

increase in the presence of FKBP4 compared to FKBP5 (Riggs et al., 2007). The 

relationship between MR and FKBP4 is more complex. Like hsp90, FKBP4 complexes 

with the MR (Bruner et al., 1997); however, unlike the GR, FKBP4 is bound to the MR in 

its unliganded state: upon binding of aldosterone, FKBP4 dissociates from the MR 

(Bruner et al., 1997). While aldosterone is not a GC, this result suggests that FKBP4 

may serve a differential role in MR and GR regulation complexes, and therefore an 

important role in regulating GC signalling. Once dissociated from an MR heterocomplex, 

FKBP4 would be free to bind to the GR, facilitating GR translocation to the nucleus, and 

therefore negative feedback. However, there is evidence that  the actual impact of 

FKBP4 on MR is marginal (Schülke et al., 2010). The complexity of this regulation in 

vivo in the presence of several competing hormonal factors highlights the value of in 

vitro investigations.   
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1.6 Nongenomic Effects of Glucocorticoids 

Some of the effects of GCs occur rapidly and cannot be explained by the 

transcriptional activity of MRs and GRs. Such effects are nongenomic, and typically 

occur at the membrane (Mitre-Aguilar et al., 2015). Nongenomic effects do not directly 

affect transcription, but they do occur rapidly and may indirectly affect transcription. 

These nongenomic effects are potent and should not be overlooked as secondary: mice 

with a transactivation-defective mutant of the GR, which cannot dimerize or bind DNA 

(GRdim) are fully viable, while GR-deficient mutants show severe abnormalities and die 

shortly after birth (Cole et al., 1995; Reichardt et al., 1998). This demonstrates that the 

roles of the GR that are essential to life do not involve DNA binding. It has been 

observed that GCs elicit changes in neuronal excitability and neurotransmitter and 

neuropeptide release and uptake (Hua and Chen, 1989; Chen et al., 1991; Liu and 

Chen, 1995; Liu et al., 1995). Some of these actions may involve activation of G 

proteins or G-protein-coupled receptors (GPCR) (Zhu et al., 1998). The full scope of 

nongenomic effects of GCs is too great for this review, so the mechanisms most 

relevant to the studies presented in this thesis will be the focus of the remainder of this 

section.  

 GCs exert some of their effects through interaction with mitogen-activated protein 

kinases (MAPKs) (Caelles et al., 2002). MAPKs are serine-threonine kinases that 

mediate several intracellular signalling pathways, and play a role in cell proliferation, 

differentiation, survival, death, and transformation (Torii et al., 2006; Dhillon et al., 2007; 

Kim and Choi, 2010). The mammalian MAPK superfamily includes three subfamilies: 

extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), and 
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p38 mitogen-activated protein kinases (p38s) (Kim and Choi, 2010). Within these 

pathways, phosphorylation of the kinases is synonymous with activation. All three 

pathways are active in hippocampal neurons and respond to GCs (Qi et al., 2005; 

Revest et al., 2005; Wang et al., 2005).  

 The impact of ERK signalling in the hippocampus is diverse. ERK activation is 

involved in synaptic plasticity, spatial learning, and memory within the hippocampus 

(Sweatt, 2001; Thomas and Huganir, 2004; Wiegert and Bading, 2011). These 

processes can be impacted by stress, and correspondingly ERK signalling is sensitive 

to stress. In male Sprague-Dawley rats, acute restraint stress increases ERK 

phosphorylation in the PFC  and hippocampus (Zheng et al., 2007). Similarly, 30 

minutes of restraint stress or corticosterone treatment in mice or cell culture respectively 

increases ERK phosphorylation and translocation of ERK to the nucleus (Revest et al., 

2005). The relationship between ERK activation and stress is reciprocal, as inhibition of 

this signalling pathway abolishes GC-induced contextual fear conditioning (Revest et 

al., 2005). In offspring that have been prenatally stressed, ERK phosphorylation is 

increased in the hippocampus of females only (Cai et al., 2007). This suggests that 

alterations in ERK signalling in response to stress may be sex specific. Notably, the 

genomic effects of GCs also impact ERK signalling. Two upstream regulators of ERK 

activation, Ras and Raf-1, contain GREs, indicating they are transcriptional targets of 

GRs (Revest et al., 2005). Decreased GR binding at these sites is associated with 

decreases in ERK expression (Martinez-Finley et al., 2011). Correspondingly, total ERK 

expression is decreased in the CA1, CA3, and CA4 regions of the hippocampus in 

females following prenatal stress (Cai et al., 2007).  
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ERK signalling is essential for neuronal development and functional plasticity 

(Chu et al., 2004). However, prolonged ERK phosphorylation has been associated with 

neuronal cell death, oxidative stress, apoptosis, and dysregulation of other signalling 

cascades (Finkel and Holbrook, 2000; Chu et al., 2004; Lu and Xu, 2006; Zhuang and 

Schnellmann, 2006). It seems that rapid, transient activation of ERK generally 

upregulates downstream pro-survival factors, while aberrant ERK phosphorylation is 

associated with negative outcomes (Mendell, 2018). This phenomenon can be seen 

when comparing acute and chronic stress. While acute stress upregulates ERK 

phosphorylation, rats exposed to chronic variable stress (CVS) have downregulated 

ERK and decreases in its downstream target BCL-2 in the hippocampus (Ferland et al., 

2014). It is evident that ERK phosphorylation must be carefully regulated, such that the 

positive effects of ERK activation and associated transcriptional changes may occur 

without prolonged ERK activation.  

Phosphatases are important regulators of kinases. Several studies have 

demonstrated that ERK overactivation in brain can occur from a reduction in 

phosphatase activity (Levinthal and DeFranco, 2005; Chen et al., 2009).  For MAPKs, 

the MAPK phosphatase (MKP)/dual specificity phosphatase (DUSP) family consists of 

potent negative regulators which show specificity for MAPK proteins over other kinases 

(Chu et al., 2004; Kondoh and Nishida, 2007). Within neuronal cells, DUSP6 activity is 

required to maintain survival and homeostatic balance of MAPK signalling (Pérez-Sen 

et al., 2019). One member of this family, MKP3/DUSP6, is selective for ERK (Kondoh 

and Nishida, 2007; Kidger and Keyse, 2016). It was the first DUSP to be characterized 

that demonstrated absolute substrate specificity for ERK over JNK and p38 (Groom et 
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al., 1996; Muda et al., 1996). DUSP6 acts as a negative regulator and cytoplasmic 

anchor for ERK (Karlsson et al., 2004). While the majority of DUSP6 investigations into 

neuropathology involve mechanisms of oxidative stress, recent work published by 

Labonte et al. (2017) demonstrates an important role for DUSP6 in physiological stress.  

Labonte and colleagues conducted gene expression network analyses to data 

collected from the brains of men and women with MDD and male and female mice 

exposed to CVS. This was done to characterize differences in transcriptional profiles. 

Interestingly, very little overlap in transcriptional patterns between males and females 

with MDD was found (Labonte et al., 2017). One commonality between females with 

MDD and female stressed mice was elevated ERK phosphorylation which increased 

stress susceptibility. In both female cohorts, significant downregulation of DUSP6 was 

seen, an effect that was not observed in males (Labonte et al., 2017). Furthermore, viral 

vector-induced downregulation of DUSP6 in the ventral medial prefrontal cortex 

(vmPFC) recapitulated some of the depressive-like behaviours in female, but not male, 

mice (Labonte et al., 2017). Conversely, allelic differences in DUSP6 appear to affect 

males more significantly than females during forebrain development (Liu, 2008). This 

difference may be mediated, in part, by differences in basal DUSP6 expression: it has 

been reported that during development DUSP6 is highly expressed in the male 

hippocampus but weakly expressed in the female hippocampus (Liu, 2008). In either 

case, this demonstrates a sex-specific vulnerability to stress based on DUSP6 

expression. The reason for this sex difference has not been explored.  

The effect of GCs on intracellular signalling cascades is highly context 

dependent. For example, acute restraint stress increases JNK phosphorylation in the 
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prefrontal cortex and hippocampus (Zheng et al., 2007). Similarly, in rat primary 

hippocampal neuron culture, corticosterone rapidly activates p38 and JNK 

phosphorylation, and this effect is blocked by GDPβS, a GPCR receptor blocker (Qi et 

al., 2005). Furthermore, treatment with the GR antagonist RU486 does not alter 

corticosterone-induced p38 and JNK activation, suggesting these phosphorylation 

events occur independent of the cytosolic bound GR (Qi et al., 2005). In the MacLusky 

lab, the possibility that GCs interact with GPER (a GPCR) are being investigated. Within 

these investigations, an opposing result to the Qi et al. (2005) study was conferred. 

Specifically, pretreatment with DEX significantly reduces JNK phosphorylation in 

response to the GPER agonist G-1 in immortalized mouse embryonic hippocampal 

neurons (Nicholson, 2019). This response could provide a mechanistic profile for stress-

induced inhibition of estrogen signalling, and therefore help explain the underlying sex 

difference in hippocampal vulnerability to stress (Nicholson, 2019). Indeed, DEX has 

been shown to inhibit the activation of JNK in immortalized endothelial cells, consistent 

with the findings from our lab (González et al., 1999; Nicholson, 2019). These conflicting 

results suggest several possible factors may contribute to differences in JNK 

activation/inactivation, including type of GC, immortalization status of the cell culture, 

treatment timing and duration, and dose. Furthermore, unlike the Qi et al. (2005) results, 

a direct GR-JNK interaction has been demonstrated in response to GCs, and this 

interaction correlates with inhibition of JNK activation (Bruna et al., 2003). Indeed, in the 

HT22 cell line (which is derived from mouse hippocampus), inhibition of JNK enhances 

GR function (Wang et al., 2005). Therefore, whether nongenomic GC-mediated effects 
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occur independently of GR activation may determine the impact of GCs on JNK 

signalling.  

1.7 In vitro modelling  

It is worth noting that JNK is not solely responsive to GC-mediated stress. This 

pathway is also highly sensitive to oxidative stress, though this does not preclude the 

possibility of a functional interaction with physiological stress, as oxidative stress has 

been shown to increase MR signal transduction (Mendelson et al., 1996; Nagase et al., 

2012). Oxidative stress has been identified as an underappreciated problem in cell 

culture experiments, and cells maintained in culture may undergo reactive oxygen 

species (ROS) dependent signalling that does not reflect the biological reality in vivo 

(Halliwell, 2003). Within the aforementioned JNK signalling experiments, in addition to 

different types of neuronal cell culture, each research team used different culture 

conditions. Cell culture conditions include serum concentration in medium, cell 

confluency, medium refreshment, direct/indirect treatment, and atmospheric oxygen 

conditions (Mignon et al., 2017). Variation in these parameters can dramatically 

influence experimental outcomes even when treatment is consistent (Mignon et al., 

2017). The significance of such considerations is often overlooked in experimental 

protocols, as in vitro cell culture is often viewed as a controlled environment, free of 

systemic variations (Arango et al., 2013). Despite these limitations, cell culture does 

offer some experimental benefits, as cell lines can be genetically defined and 

characterized and the physiochemical environment can be monitored (Arango et al., 

2013). 
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While stress during experimentation is seen as an unwanted confound during 

many in vivo investigations, when studying physiological stress it can become the 

treatment itself (Creighton, 2017). Cell culture is a completely different context, and this 

presents a challenge when studying GCs in this model. This difficulty extends to other 

steroid hormones. In particular, fetal bovine serum (FBS) contains variable amounts of 

estradiol, progesterone, and testosterone (Stubbings et al., 1989; Sedelaar and Isaacs, 

2009). While these hormones may exist at low concentrations within the FBS, when 

added to media cells in culture may metabolize them to physiologically significant levels 

(Sedelaar and Isaacs, 2009). Furthermore, these hormones modulate ERK and JNK 

signalling within hippocampal neurons, confounding experimental effects with  serum 

effects (Hasegawa et al., 2015; Kim et al., 2016; Frick and Kim, 2018; Guo et al., 2020). 

To circumvent this problem, dextran-coated charcoal-stripped FBS (CS-FBS) is often 

used to remove hormonal factors (Sedelaar and Isaacs, 2009; Liang et al., 2020). The 

efficacy of different charcoal stripping protocols has not been well documented (Sikora 

et al., 2016). Perhaps because of this, CS-FBS percentages as low as 1% are used in 

hormonal cell culture studies (Gingerich et al., 2010). However, low serum 

concentrations can impair cellular growth, and alter cellular density. Cell density can in 

turn impact protein markers, leading to variability in results depending on confluency 

(Trajkovic et al., 2019). This demonstrates the complex considerations that must be 

accounted for when using in vitro models.  

In the in vitro work completed in this thesis, two novel cell lines were used. The 

mHippoE-14 and mHippoE-18 cell lines are derived from embryonic day 18 murine 

hippocampus, and have been immortalized in the laboratory of Dr. Denise Belsham 
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(Gingerich et al., 2010). These clonal immortalized cell lines satisfy the need for an in 

vitro model for simulation of hippocampal cell function and overcome the traditional 

limitations that primary hippocampal cells present, namely being hard to maintain, and 

cytologically and genetically inconsistent (Zarros, 2017). These two cell lines are 

particularly useful as they are derived from the same strain of mice (Swiss Webster) but 

are genetically distinct. Most notably, the mHippoE-14 cell line is female-derived, while 

the mHippoE-18 cell line is male-derived (Gingerich et al., 2010). This enables the exact 

same experimental protocols to be carried out and compared in both sexes. 

Characterization of their relevant neuronal and steroid hormone receptor profiles began 

after cell line generation in the Belsham laboratory, and was developed further in our 

laboratory (Gingerich et al., 2010; Nicholson, 2019). Both cell lines express GR, but only 

the mHippoE-14 cell line expresses AR (Gingerich et al., 2010; Nicholson, 2019). The 

functionality of these receptors has not been explored. Additionally, both cell lines 

appear to express functional ERα, ERβ, and GPER, though the cellular distribution of 

these receptors remains unknown (Gingerich et al., 2010). While still relatively novel, 

these two cell lines provide a valuable in vitro model for studying sex x stress 

interactions.  

1.8 Neurosteroidogenesis and Neurosteroid Metabolites 

It has been clearly established that steroid hormones affect the development and 

functioning of the central nervous system (CNS) (reviewed in Do Rego et al., 2009). 

While it was initially thought that circulating hormones, such as T, must pass the blood-

brain barrier in order to exert neurological effects, it has now been established that 

steroid hormones can be synthesized de novo within the brain (Robel and Baulieu, 
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1985; Baulieu and Robel, 1990; Mellon and Griffin, 2002). Neuroactive steroids 

synthesized in the brain, either de novo from cholesterol or from metabolism of blood-

borne precursors, are called neurosteroids (Baulieu and Robel, 1990; Compagnone and 

Mellon, 2000). The concept of neurosteroidogenesis has been substantiated in two 

ways. First, the steroidogenic enzymes necessary for neurosteroid formation are 

expressed in the brain, including 5α-reductase and 3α-hydroxysteroid dehydrogenase 

(3α-HSD) (Baulieu and Robel, 1990; Melcangi et al., 1990, 1996; Mellon and Griffin, 

2002; Agís-Balboa et al., 2006; Pelletier, 2010). Second, the activity of these enzymes 

in neurons and glia has been demonstrated (Mensah-Nyagan et al., 1996a, 1996b; 

Ukena et al., 1998; Tsutsui et al., 1999; Compagnone and Mellon, 2000; Matsunaga et 

al., 2002)..  

Neurosteroid levels differ throughout the brain and differences in steroidogenic 

enzyme activity contribute to this. Many enzymes involved in neurosteroidogenesis, 

including the cytochrome P450 side-chain cleavage enzyme (P450scc), 17α-

hydroxylase/C17,20 lyase, 17β-hydroxysteroid dehydrogenase (17β-HSD), 5α-reductase, 

3α-HSD, 3β-hydroxysteroid dehydrogenase (3β-HSD), 20α-hydroxysteroid 

dehydrogenase, and cytochrome P450 aromatase (aromatase), are expressed at region 

specific levels (Pelletier, 2010). In addition to being region specific, the activity of 

steroidogenic enzymes has proven to be sex, cell type, and hormone specific 

(Compagnone and Mellon, 2000; Agís-Balboa et al., 2006; Pelletier, 2010; Cisternas et 

al., 2018). For example, while aromatase (Ar) gene Ar+/- female mice trend towards a 

poorer response to the antidepressant duloxetine compared to wild-type (WT) controls, 
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Ar+/- male mice show less depressant-like behaviour than their WT counterparts (Xu et 

al., 2017).  

1.9 Testosterone Metabolism  

There are two major metabolic pathways for androgen in the brain.  The first is 

the aromatase pathway, where T is converted to estradiol (Martini and Milcangi, 1991). 

Aromatase also catalyzes the conversion of androstenedione, an androgen and 

metabolic intermediate, to estrone (Martini and Milcangi, 1991). The second is the 5α-

reductase pathway, where T is converted to dihydrotestosterone (DHT) (Martini, 1982; 

Andersson et al., 1989; Melcangi et al., 1990). DHT was traditionally understood as the 

most physiologically potent androgen, as its hydrophobicity strengthens its binding to 

ARs, decreases its dissociation rate from ARs, and provides greater stabilization of 

ligand-bound ARs when compared to T (Bruchovsky and Wilson, 1968; Mohler et al., 

2011). Furthermore, DHT has been historically used as an AR agonist as it cannot be 

aromatized in to estradiol (Handa et al., 2009). However, DHT can be further 

metabolized to 5α-androstane-3α,17β-diol (3α-diol) and 5α-androstane-3β,17β-diol (3β-

diol), with 3α-diol as the major product (Martini, 1982).  This occurs through 3α-HSD 

and 3β -HSD activity respectively (Martini and Milcangi, 1991). HSDs exist in multiple 

isoforms which show tissue specific expression, and catalyze bidirectional reactions 

(Penning, 1997). 3α-diol may be oxidized back to DHT by 3α-HSDs of the aldo-keto 

reductase superfamily (AKR1C), or by human type 10 17β-hydroxysteroid 

dehydrogenase (17β-HSD10) (He et al., 2003; Steckelbroeck et al., 2004). It has been 

demonstrated that 5α-reductase and 3α-HSD are expressed in the adult male mouse 

hippocampus, with the greatest expression seen in the CA1 and CA2 regions (Agís-
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Balboa et al., 2006). Studies conducted in fetal or neonatal primary culture suggest that 

3α-diol is formed mainly in type I astrocytes (Melcangi et al., 1993). 

It has been proposed that the effects of T on brain and behaviour is mediated, at 

least in part, through the metabolism of T to other neuroactive steroids in the brain. One 

neurosteroid metabolite of interest is 3α-diol. This neurosteroid is synthesized 

peripherally in skin, liver, and prostate and easily crosses the blood-brain barrier, and it 

can be synthesized de novo in glial cells (Reddy, 2004a). 3α-diol specifically warrants 

attention for several reasons. First, DHT is extensively metabolized to 3α-diol in brain 

regions such as the anterior pituitary and medial basal hypothalamus (Kao et al., 1977). 

Investigations in muscle tissue  support the notion that 3α-diol may exert potent effects, 

as T has strong anabolic effects in muscle tissue where relatively little DHT 

accumulates due to conversion to 3α-diol (Stenstad and Eik-Nes, 1981). Second, while 

AKR1C isoforms act bidirectionally, the in vivo environment suggests they will work 

preferentially as reductases, which favours the formation of 3α-diol (Steckelbroeck et 

al., 2004) . Third, 3α-diol is a 3⍺-hydroxy, 5⍺-reduced neurosteroid. The 3⍺-hydroxy, 5⍺-

reduced metabolite of progesterone, allopregnanolone (Allo), has been shown to be 

neuroprotective in a variety of contexts (Mendell and MacLusky, 2018) and there is 

mounting evidence that 3⍺-hydroxy, 5⍺-reduced metabolites of gonadal steroid 

hormones are neuroprotective. While this is especially true for Allo, evidence for 3α-diol 

in this respect continues to grow (Mendell and MacLusky, 2018).  

1.10  Sex Differences in 3α-diol 

Initial studies have shown sex and regional differences in 3α-diol production.  A 

study by Caruso et al. (2013) identified differences in neurosteroid levels in the CNS 
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and in plasma of adult Sprague-Dawley rats. Included in this study were T and its 

derivatives, DHT, 3α-diol, and estradiol. Male rats showed significantly higher levels of 

3α-diol in all areas assessed except for in the CSF, where there was no significant 

difference. Furthermore, T and DHT were significantly higher in males in all areas 

assessed. There were also specific regional differences in 3α-diol between males and 

females: the highest levels of 3α-diol in females were detected in the sciatic nerve, while 

the highest levels of 3α-diol in males were detected in the spinal cord (Caruso et al., 

2013). This study indicates a strong sex difference in the production of 3α-diol between 

male and female rats. In humans, serum concentrations of 3α-diol are higher in 20-30 

year old males than their age-matched female counterparts (Labrie et al., 1997). It is 

unclear if this difference persists in adults 60 years and over when 3α-diol levels decline 

in males (Labrie et al., 1997). While some studies have found that serum concentrations 

of 3α-diol positively correlate with its levels in the hippocampus, others have found that 

serum levels are not reflective of 3α-diol levels in the hippocampus (Hojo et al., 2009; 

Caruso et al., 2013). More studies of this kind are necessary to fully characterize a sex 

difference in 3α-diol.  

1.11  3α-diol, Stress, and Disease  

While the majority of work investigating the neurological benefits of 3α-hydroxy, 

5α-reduced neurosteroids has focused on Allo, more recent work has focused on 3α-

diol (Mendell and MacLusky, 2018). 3α-diol appears to be responsible for the role of T 

as an anticonvulsant in men with seizures, and treatment with T in addition to an 

aromatase inhibitor has greater efficacy in reducing seizure frequency than T alone 

(Herzog et al., 1998; Harden and MacLusky, 2005). Similar effects have been seen in 
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rats used as an animal model (Reddy, 2004b). Inhibiting aromatization limits the 

production of estradiol, which increases brain excitability, and shunts T towards the 5α-

reductase pathway (Harden and MacLusky, 2005). Furthermore in mice deficient in 5α-

reductase Type 1, T did not reduce seizures, further implicating 3α-diol (Frye et al., 

2001). More recently, a direct effect of 3α-diol on seizures has been observed. Mice 

administered 3α-diol had longer latencies to clonic, and tonic-clonic seizures, and death 

than their vehicle-administered counterparts (Ryan and Frye, 2008). These effects 

appear to be mediated through the γ-aminobutyric acid A (GABAA) receptor, consistent 

with 3α-diol’s role as a positive allosteric modulator at this receptor (Reddy, 2004a; 

Reddy and Jian, 2010). Many potential mechanisms for 3α-diol action have remained 

unexplored, though 3α-diol has demonstrated weak affinity for ERβ and ERα and 

negligible affinity for the AR (Liao et al., 1973; Kuiper et al., 1997; Penning, 1997; 

Edinger and Frye, 2007).  

3⍺-hydroxy, 5⍺-reduced neurosteroids are implicated in stress-related psychiatric 

disorders, but 3α-diol’s role has been under researched. It has been observed that 

selective serotonin reuptake inhibitors (SSRIs), such as fluoxetine and paroxetine, 

increase the enzymatic efficiency of DHT conversion to 3α-diol, suggesting that 3α-

hydroxy, 5α-reduced neurosteroids may contribute to combatting depression (Griffin and 

Mellon, 1999). 3α-diol plasma levels are significantly lower in menopausal women with 

symptoms of depression than in asymptomatic women (Barbaccia et al., 2000). 

Furthermore, a highly significant negative correlation was observed in these women 

between morning 3α-diol levels and the five anxiety-related items on the Cornell’s 

Dysthymia Rating Scale (CDRS) (Barbaccia et al., 2000). 
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In a comprehensive study by Edinger and Frye (2004), the efficacy of 3α-diol in 

analgesia, anxiolysis, and cognition was assessed. Male rats were gonadectomized 

(GDX) and given T, DHT, or 3α-diol by a silastic implant or hippocampal infusion. All of 

these steroids increased analgesia, reduced anxiety-like behavior, and increased 

learning; however, only hippocampal 3α-diol levels were correlated with these outcomes 

(Edinger and Frye, 2004). This suggests the effects were primarily mediated through 

3α-diol as opposed to its precursors (Edinger and Frye, 2004). Consistent with this 

hypothesis, blocking the metabolism of DHT to 3α-diol with indomethacin, a 3α-HSD 

inhibitor, in the dorsal hippocampus increases anxiety behaviours in rats (Frye and 

Edinger, 2004). This research group has subsequently reported that 3α-diol improves 

performance on tasks measuring cognitive, depressive and affective behaviour in young 

GDX and aged male rats (Frye et al., 2010). 

To our knowledge, the ability 3α-diol to directly modulate the HPA axis or its 

signalling molecules has not been investigated. It has been shown that adenovirus-

mediated upregulation of 5α-reductase and 3α-HSD expression in the nucleus tractus 

solitarii (NTS) normalizes HPA axis hyperactivity in female rats (Brunton et al., 2015). 

This is consistent with 3α-diol protection of the HPA axis, but it is not definitively 

attributable to 3α-diol. What has been thoroughly established is 3α-diol’s ability to 

protect against oxidative stress. 3α-diol inhibits hydrogen peroxide (H2O2) induced 

neurotoxicity through a GABAA receptor independent mechanism (Mendell et al., 2016). 

It has not been determined if this protection extends to the physiological stressor of 

GCs. More recently, it has been discovered that the mechanism of protection against 

oxidative stress involves prevention of DUSP6 downregulation (Mendell and MacLusky, 
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2019). More research is required to determine if a similar mechanism is used in other 

contexts.  Interaction with HPA axis molecules is consistent with 3α-diol’s positive effect 

on depressive and affective behaviour.  

1.12  Rationale 

Downregulation of DUSP6 appears to be critical in oxidative stress and in MDD 

in females (Labonte et al., 2017; Mendell and MacLusky, 2019).  Differences between 

males and females in the stress response involve the convergence of physiological, 

endocrinological, and molecular factors. One possible contribution to this sex difference 

is the presence of higher levels of 3α-diol in the male. 3α-diol has been implicated in 

depressive and affective behaviours in rodents, and depression and anxiety in humans 

(Barbaccia et al., 2000; Edinger and Frye, 2004; Frye and Edinger, 2004; Frye et al., 

2010), but the direct effect of 3α-diol in regulating the response to GCs has not been 

determined. 3α-diol prevents DUSP6 downregulation by oxidative stress, and males 

with MDD lack the DUSP6 downregulation that is seen in females (Labonte et al., 2017; 

Mendell and MacLusky, 2019). This positions DUSP6 as an ideal marker to evaluate 

3α-diol’s protection against GCs. Given the role of DUSP6 in regulating ERK activation, 

it is reasonable to assess ERK phosphorylation as well. The novel embryonic murine 

hippocampal cell lines, mHippoE-14 and mHippoE-18, provide excellent models to 

study 3α-diol without the confounds of additional hormones that exist in vivo. At the 

same time, the presence of hormones in FBS used in cell culture introduces a potential 

confound; however, the complete removal of FBS creates a background of cellular 

stress (Arrington and Schnellmann, 2008; Levin et al., 2010). Culture conditions for 

these experiments must be evaluated to properly interpret the effects of GCs and 3α-
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diol in these cell lines. Because ERK activation can occur through GR-dependent and 

GR-independent means, the response to GCs by cochaperone proteins of GR may 

provide valuable information about the innate differences between the two cell lines.  

1.13  Hypothesis  

The mHippoE-14 and mHippoE-18 cell lines will be responsive to GC and not 

differ significantly in their expression of GR cochaperones. In vitro, physiological stress 

will downregulate DUSP6 and 3α-diol will be protective against this downregulation in 

both cell lines.  Correspondingly, in vivo, physiological stress will downregulate DUSP6 

steady state levels in a sex-specific manner.  

1.14  Objectives 

1. Assess the suitability of the mHippoE-14 and mHippoE-18 cell lines in 

studying physiological stress and characterize differences in molecular 

response 

2. Determine ideal cell culture conditions for mHippoE cells to study 

physiological stress  

3. Evaluate the impact of 3α-diol and the synthetic glucocorticoid 

dexamethasone on DUSP6 steady state levels in the mHippoE-14 and 

mHippoE-18 cell lines 

4. Investigate the impact of dexamethasone on DUSP6 steady state levels in 

brain tissue derived from intact CD1 mice  
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2 MATERIALS AND METHODS 

2.1 Stock and Working Solution Preparation 

For in vitro experiments, dexamethasone (DEX) and 3α-diol powders (Steraloids; 

Newport RI, USA) were dissolved in charcoal-stripped fetal-bovine serum (CS-FBS; 

VWR International, Mississauga ON, Canada) to stock concentrations of 500 µM, and 

stored at -20°C or -80°C respectively. Dissolving the steroids in CS-FBS allowed them 

to be added to the cultures without the use of organic solvents, which have been shown 

to activate neuronal signaling pathways such as the MAP-kinase pathway.  Dissolving 

3α-diol required alternating periods of incubation in a warm water bath and vortex 

mixing. All stock solutions were filtered sterilized through 0.22 µM filters (VWR). 

Working solutions were prepared by diluting stock solutions into cell culture media 

immediately prior to treatment. For the in vivo experiment, DEX was dissolved in saline 

prior to injection.   

2.2 Cell Culture Conditions 

Immortalized murine embryonic hippocampal cells (mHippoE-14 and mHippoE-

18; The Laboratory of Dr. Denise Belsham, University of Toronto, or #CLU198, 

#CLU199; Cedarlane, Burlington ON, Canada) were maintained at 37°C and 5% CO2 in 

Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Life Technologies, Burlington, 

Ontario, Canada) containing 10% FBS (VWR) and 1% pen-strep (100 units penicillin + 

100μg streptomycin; Invitrogen). Cells reached ~80% confluency before passaging, and 

0.25%/0.53mM trypsin/EDTA solution (Gibco, supplied by Thermo-Fisher Scientific, 

Burlington ON, Canada) was used to lift adherent cells for passage. Cells were cultured 

until passage 35; all experimentation occurred using cells between passage 18-34.  
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2.3 Cell Preparation and Treatment 

2.3.1 DNA and RNA experiments  

For experiments that involved DNA and RNA extraction, mHippoE-14 and 

mHippoE-18 cells reaching ~80% confluency were lifted using 2 mL of 0.25%/0.53mM 

trypsin/EDTA solution. Once lifted, 8 mL of DMEM containing 10% FBS (VWR) + 1% 

pen-strep (Invitrogen) was added to the cell suspension. For each plate. 1 mL of this 

cell suspension was plated onto a 60 mm culture plate with an additional 3 mL of DMEM 

containing 10% FBS + 1% pen-strep added.  For DNA extraction, 24 hours after plating, 

cells were collected in 1.5 mL Eppendorf tubes using a cell scraper and pipette (details 

provided in DNA Extraction for mHippoE-14 and mHippoE-18 Sex Confirmation 

section). For RNA extraction, 24 hours after plating, media was aspirated and replaced 

with DMEM containing 1% CS-FBS + 1% pen-strep. Treatment began 18 hours after 

this media change. mHippoE-14 and mHippoE-18 cells were treated with 10 nM of DEX 

or vehicle control, and mRNA and were collected 6, 12, and 24 hours after treatment 

(details provided in RNA Isolation from mHippoE-14 and mHippoE-18 section).   

2.3.2 Culture conditions experiment 

When assessing different CS-FBS percentages, mHippoE-14 cells were plated 

as described for the DNA and RNA experiments. However, instead of adding DMEM 

containing 1% CS-FBS + 1% pen-strep 24 hours after plating, media was aspirated and 

replaced with DMEM containing 5% CS-FBS + 1% pen-strep (5% CS-FBS experiments) 

or 10% CS-FBS + 1% pen-strep (10% CS-FBS experiments). Cells were collected 0, 

18, 28, 42, and 66 hours after the new media was added (details provided in Protein 

Extraction and Quantification section). 
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2.3.3 DEX dose response curve 

To generate a DUSP6 protein level dose response curve to DEX, mHippoE-14 

cells were trypsinized and resuspended in 10% FBS DMEM + 1% pen-strep as 

previously described. Viable cells were counted by combining 40 µL cell suspension 

and 40 µL 0.4% trypan blue, then adding 10 µL of this mixture to a hemocytometer. 

Cells were plated at 5.0 x 105 cells per 60 mm plate. Media was aspirated from plates 

24 hours later and replaced with 10% CS-FBS DMEM + 1% pen-strep, and 18 hours 

later, cells were treated with 1, 3, or 10 nM DEX and collected 10 minutes, 1 hour, or 24 

hours after treatment (details provided in Protein Extraction and Quantification section).  

2.3.4 DEX and 3α -diol experiment 

To assess the effect of 3α-diol on DUSP6 protein levels in the presence of DEX, 

mHippoE-14 cells were plated at 5.0 x 105 cells per 60 mm plate, and mHippoE-18 cells 

were plated at 4.5 x 105 cells per plate (to account for surface area differences between 

the two cell lines) as previously described. Media was replaced 24 hours later with 10% 

FBS DMEM + 1% pen-strep, and 18 hours after this, plates were treated with one of 

four treatments: 10 nM DEX, 10 nM 3α-diol, 10 nM DEX + 10 nM 3α-diol combination, 

or vehicle control. The 3α-diol dose was selected based on previous work in our lab 

(Mendell and MacLusky, 2019). Cells were collected 10 minutes or 24 hours after 

treatment. In subsequent experiments, mHippoE-14 cells were further assessed with 

the above treatment groups, with the 3α-diol dose modified to 100 nM.  

2.4 DNA Extraction for mHippoE-14 and mHippoE-18 Sex 

Confirmation 

To confirm the genetic sex of the frozen samples of the mHippoE-14 and 

mHIppoE-18 cell lines, conventional PCR was used to amplify the Y-linked Sry gene. 

Autosomal IL3 was used as a template control. Cell aliquots were thawed, and cells 
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were plated on 60 mm cell culture plates (VWR) and allowed to reach 90% confluency. 

DNA was extracted using the QiAmp DNA mini kit (Qiagen; Biobar, Guelph ON, 

Canada) following manufacturer’s protocol. Final concentrations of purified DNA were 

approximately 100 ng/uL (102.0 ng/uL for the mHippoE-14 isolate, 98.1 ng/uL for the 

mHippoE-18 isolate). PCR amplification was completed using a MyCycler Thermal 

Cycler (Bio-Rad Laboratories; Mississauga, Ontario, Canada) in 25 uL reactions. Each 

reaction contained 1 x Taq Buffer, 1.5 mM magnesium chloride (Invitrogen), 0.2 µM 

each of forward and reverse primer for Sry (5’-TGGGACTGGTGACAATTGTC3’ and 5’- 

GAGTACAGGTGTGCAGCTCT-3’, Life Technologies, Burlington, ON, Canada), 0.2 µM 

each of forward and reverse primer for IL3 (5’-GGGACTCCAAGCTTCAATCA-3’ and 5’- 

TGGAGGAGGAAGAAAAGCAA-3’, Life Technologies), 0.2 mM of each dNTP, 1 unit of 

AmpliTaq Gold DNA polymerase (Thermo-Fisher Scientific), and approximately 200 ng 

of cDNA. Cycling conditions were as follows: an initial denaturation step at 95°C for 4 

minutes and 30 seconds, followed by 35 cycles of denaturation at 95°C for 35 seconds, 

annealing at 50°C for 1 minute, and elongation at 72°C for 1 minute. A final elongation 

step of 5 minutes at 72°C was added after the 35 cycles, and reactions were held at 

4°C. PCR samples were mixed with 10x DNA loading dye (Thermo-Fisher Scientific) 

and visualized on a 1.5% (wt/vol) agarose gel with ethidium bromide. The GeneRulerTM 

100 bp DNA ladder (Thermo-Fisher Scientific) was used as a standard to determine 

amplicon size. Gel electrophoresis was conducted at 100 V for 1 hour in 1x TAE buffer 

(40 mM Tris, 20 mM acetic acid, and 1 mM EDTA).  
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2.5 RNA Isolation from mHippoE-14 and mHippoE-18 

Media was aspirated from the cell culture plates, and cells were collected in 700 

µL of Qiazol lysis buffer (Qiagen) using a cell scraper and pipette and transferred to a 

1.5 mL Eppendorf tube. RNA isolation was performed using the miRNeasy isolation kit 

(Qiagen) following manufacturer instructions with the optional on-column digestion step 

performed using RNase-free DNase I (Qiagen). Purified RNA was eluted from the 

column with 30 – 40 µL MilliQ water. Isolate purity and concentration were assessed 

through NanoDrop spectrophotometry (Thermo-Fisher Scientific). Samples with very 

low concentrations (<50 µg/µL) or 260/280 absorbance ratios indicating contamination 

were not used for cDNA synthesis. RNA isolates were stored at -80°C.  

2.6 cDNA Synthesis and Quantification  

The qScript cDNA SuperMix (Quantabio, supplied by VWR), containing qScript 

reverse transcriptase, was used for first-strand cDNA synthesis. After thawing RNA 

isolates on ice, 1000 ng of RNA and water were added to a total volume of 16 µL.  4 µL 

of SuperMix was added for a final volume of 20 µL. Thermocycler conditions were 

followed from the manufacturer (5 minutes at 25°C, 30 minutes at 42°C, 5 minutes at 

85°C, hold at 4°C). After cDNA synthesis, volumes were adjusted by adding 130 µL of 

10 mM Tris, pH 8.8, 0.1 mM EDTA (TE) buffer. Samples were stored at -20°C. 

Quantitative polymerase chain reaction (qPCR) was used to assess gene expression. 

Primer sequences for genes of interest (GOI) and housekeeping genes are presented in 

Table 1. Reactions were assembled in triplicate in a 96-well plate (Bio-Rad) and carried 

out using a BioRad CFX96TM instrument (Bio-Rad). Prior to loading the 96-well plate, 5 

µL of PerfeCTa SYBYR Green Super Mix (Quantabio), 1 uL (DUSP6) or 0.2 µL (all 
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other genes) of 10 µM forward and reverse primer (Invitrogen) and 1 uL (DUSP6 

primers) or 2.6 uL (other gene primers) H2O per well were combined in a supermix. A 

final reaction volume of 10 uL per well was achieved through addition of 2.0 uL of 

cDNA. Cycling conditions were predetermined through optimization of primer efficiency 

using a mixture of mHippoE-14 and mHippoE-18 cells or murine neonatal hippocampus 

as template.  Four candidate housekeeping genes were selected from the literature 

(Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Hydroxymethylbilane Synthase 

(HMBS), Hypoxanthine-guanine phosphoribosyltransferase (HPRT), and 14-3-3 zeta/delta 

protein (YWHAZ)) and a NormFinder Analysis determined that GAPDH and HMBS were 

the best combination of housekeeping genes. The qPCR cycling conditions were an 

initial denaturation step at 95°C for 2 minutes, followed by 40 cycles of 95°C for 15 

seconds, and 30 seconds at annealing temperature (2-step cycling conditions; 

summarized in Table 1). Candidate housekeeping genes underwent an elongation step 

at 70°C (HMBS and YWHAZ) or 72°C (GAPDH and HPRT) after the annealing step (3-

step cycling conditions). After 40 cycles, a final step at 95°C for 10 seconds and a 

gradient was run from 68°C to 95°C in 0.5°C increments to generate a melt curve.  
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Primer Sequence Source Cycle 
Steps 

Annealing 

(○C) 

AR F GGTTGGCGGTCCTTCACTAA  N/A N/A 

AR R CATCCTCACACACTGGCTGT 

DUSP6 F GAGGGTAGCATAGGAATAGG Liao et al., 2018 2 60 

DUSP6 R  TCTCTTTGGCTCCACTATAC 

FKBP5 F  CCAAACGAAGGAGCAACGGT  2 58 

FKBP5 R  CACCAGGGCTTTGTCGATCC 

FKBP4 F GCTTTGAAGTCGGGGAAGGGG  2 58 

FKBP4 R CGGTGGGATCTGGAACCTCT 

GAPDH F TGCACCACCAACTGCTTAGC Gilsbach et al., 
2006 

3 60 

GAPDH R GGCATGGACTGTGGTCATGAG 

GPER F GTGAACATCAGCTTCCGGGA  N/A N/A 

GPER R GAGGAAGAAGACGCTGCTGT 

GR F  CAATAGTTCCTGCCGCGCTG  2 60 

GR R  GGCGCCCACCTAACATGTTG 

HMBS F ATGAGGGTGATTCGAGTGGG Xu et al., 2018 3 56 

HMBS R TTGTCTCCCGTGGTGGACATA 

HPRT F TGACACTGGCAAAACAATGCA Gilsbach et al., 
2006 

3 60 

HPRT R GGTCCTTTTCACCAGCAAGCT 

HSP90α F ATGGAGGAGGAGGAGGTCGA  2 57 

HSP90α R CTCCTTCCCCGAGTCCAGTT 

HSP90β F CTGCTCTGCTCTCCTCTGGT  N/A N/A 

HSP90β R GCATCCTCATCGCCTTCCAG 

YWHAZ F TAGGTCATCGTGGAGGGTCG Xu et al., 2018 3 56 

YWHAZ R GAAGCATTGGGGATCAAGAACTT 

Table 2.1: Primer sequences and qPCR annealing temperatures. Primer sequences for 

genes of interest and housekeeping genes used in qPCR. If primer sequence was determined 

by another researcher, that is indicated under “Source”. Primers without specified sources 

were designed using Primer3 and Primer-BLAST (NCBI) in the MacLusky Lab. “Cycle Steps” 

refers to cycling conditions that contained (3-step) or did not contain (2-step) an elongation 

step. “Annealing” refers to the annealing temperature which was optimized for each gene 

independently.  
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2.7 Protein Extraction and Quantification  

Media was aspirated and cells were rinsed with chilled 1 x phosphate-buffered 

saline (PBS). Cells were collected in Triton-X lysis buffer (50 mM Tris, 150 mM NaCl, 

1% Triton X-100, pH 7.5) with added protease inhibitors (0.01 mg/mL leupeptin, 0.025 

mg/mL aprotinin, 0.010 mg/mL pepstatin A; Roche, Sigma-Aldrich, Oakville ON, 

Canada), 700 units of DNase I (Invitrogen), and 5 μM sodium orthovanadate (Na3VO4; 

Sigma-Aldrich). Samples were pulse sonicated for 5 seconds, rocked on ice for 10 

minutes, and centrifuged at 15,000 x g for 15 minutes at 4°C. Supernatants were 

removed and a Bradford assay (Bradford, 1976) was used to determine protein 

concentration. Depending on protein concentration, lysates were divided into multiple 

aliquots, wherein no individual aliquot underwent more than two freeze-thaw cycles, and 

stored at -20°C until western blotting.  

2.8 Western Blotting  

Samples (15 ug for the CS-FBS experiments, 20 ug for all other in vitro 

experiments, 30 ug for in vivo experiments) were loaded onto 10 % sodium dodecyl 

sulfate (SDS) polyacrylamide gels for electrophoresis using a Mini-PROTEAN Tetra cell 

system (Bio-Rad). Protein samples were combined with 3 x Laemmli buffer (6% SDS, 

0.1875 M Tris-HCl pH 6.8, 30% glycerol, and 0.015% bromophenol blue) containing 

7.5% 2-mercaptoethanol. H20 was added to each sample such that the total loading 

volume was constant between samples. Samples were heated for 4 minutes at 95 °C 

and vortex mixed prior to loading. Gel electrophoresis was run for 2 hours at 100 V. 

Proteins were transferred from gels onto 0.45 µM nitrocellulose membrane (Bio-Rad) 

using a Trans-Blot SD Turbo transfer apparatus (Bio-Rad) for 30 minutes at 25 V, 1.0 A 
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with ample transfer buffer (0.582% Tris, 0.293% glycine, 0.0107% SDS, and 20% 

methanol in MilliQ water).  

Membranes were rinsed 3 times with tris-buffered saline (TBS) containing 0.1% 

Tween-20 (TBS-T; 2.42% Tris and 8% NaCl in MilliQ water, 0.1% Tween) and placed in 

blocking solution for 1 hour. Blocking solution was composed of TBS-T and non-fat milk 

or bovine serum albumin (BSA; Thermo-Fisher Scientific) at the following 

concentrations: 5% non-fat milk (α-tubulin), 3.5 % non-fat milk (DUSP6), 5% BSA 

(pJNK, JNK, β-actin), or 5% non-fat milk + 3% BSA (pERK, ERK). After blocking, 

membranes were rinsed 3 x 5 minutes in TBS-T and incubated with primary antibody 

overnight at 4°C (pERK, ERK, pJNK, JNK, α-tubulin, β-actin) or for 60 hours at 4°C 

(DUSP6). Primary antibody dilutions are summarized in Table 2. After incubation in 

primary antibody, membranes were rinsed 3 x 5 minutes in TBS-T and incubated with 

horse radish peroxidase (HRP)-conjugated secondary antibody [Anti-rabbit IgG 

(1:2500); Cell Signaling Technologies, New England BioLabs, Whitby ON, Canada; 

Anti-mouse IgG (1:2500); Cell Signaling] at room temperature for 1 hour. The solution 

used to dilute the secondary antibody contained the same percentage of non-fat milk or 

BSA as the solution used to dilute the primary antibody (Table 2). The secondary 

antibody was discarded, and membranes were rinsed for 30 minutes (2 x 10 minutes, 2 

x 5 minutes) in TBS-T. Proteins were visualized using a ChemiDocTM MP imaging 

system (Bio-Rad) with Luminata Forte Western HRP Substrate (Millipore Canada Ltd, 

Etobicoke ON, Canada). For pJNK and JNK, blots required reprobing for β-actin. In 

these cases, membranes were rinsed for 2 hours with TBS-T prior to probing with the 

primary antibody. Densitometric analysis was performed using Image Lab version 6.0 
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software (Bio-Rad), with all values for target proteins normalized to a housekeeping 

protein (α-tubulin or β-actin) from the same blot. 

 

 

Table 2.2: Antibody Preparation Table. Antibodies used for Western Blotting experiments. 

The dilution, dilution solution, and supplier of each antibody are listed. 

  

Target Dilution used for 
Western Blotting 

Solution to Dilute 
Antibody  

Supplier,  

Cat. No.  

α-tubulin 1: 200, 000 5% non-fat milk 

in 0.1% TBS-T 

Sigma-Aldrich, 
T5168 

β-actin 1: 5000 5% BSA in 0.1% TBS-
T 

Santa Cruz, sc-
47778 

DUSP6 1: 500 3.5% non-fat milk in 
0.1% TBS-T 

Abcam, ab76310 

ERK 1/2 1:2000 3% BSA in 0.1% TBS-
T 

Cell Signaling,  

#9102 

Phospho- 

ERK 1/2 

1:2000 3% BSA in 0.1% TBS-
T 

Cell Signaling,  

#9101 

JNK 1: 500 5% BSA in 0.1% TBS-
T 

Santa Cruz,  

sc-7345 

Phospho- 

JNK 

1: 2000 5% BSA in 0.1% TBS-
T 

Cell Signaling,  

#9251 

Anti-rabbit IgG, 
HRP linked 
antibody 

1: 2500 See Primary Cell Signaling,  

#7074 

Anti-mouse IgG, 
HRP linked 
antibody 

1: 2500 See Primary Cell Signaling,  

#7076 



   
 

42 
 

2.9 Animals 

Two to three month old CD1 mice (Mus musculus) were purchased from Charles 

River Laboratories, St. Constance, QC and housed in the Central Animal Facility at the 

University of Guelph on a reversed 12-hour light/dark cycle (lights off at 8:00 am) at 21 

± 1°C. Male mice were singled-housed, and female mice were double or triple-housed 

in enriched polyethylene cages (16 cm x 12 cm x 26 cm) containing a paper cup, paper 

pad, and cotton nesting. Teklad global 14% protein rodent diet (Envigo) and tap water 

were provided ad libitum. All animal use protocols and procedures were in accordance 

with guidelines provided by the Canadian Council of Animal Care and were approved by 

the Animal Care and Use Committee at the University of Guelph. Prior to 

experimentation, female mice underwent 7 days of vaginal lavages to determine each 

mouse’s estrus cycle.  

2.10  In vivo Experimentation  

In vivo experimentation followed a 2 x 4 factorial design. Intact male and female 

mice were randomly assigned to one of four treatment groups: saline vehicle injection 

control, DEX injection, restraint stress, or no treatment. Female mice were treated in 

metestrus. For the DEX injection, 0.1 mg per kg of body weight of DEX (modified from 

Conti et al. 2017) was injected subcutaneously. Injection sites were sealed with liquid 

bandage solution to prevent subcutaneous leakage.  For the restraint stress, mice were 

confined in 50 mL conical tubes for 30 minutes. Mice were sacrificed by cervical 

dislocation 6 or 24 hours after treatment, and the whole brain of the animal was 

removed. Brains were flash frozen in liquid nitrogen in 1.5 mL Eppendorf tubes and 

stored at -80°C.  
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2.11  In vivo Sample Preparation 

Mouse brains were removed from Eppendorf tubes and placed on a cold stage 

for dissection. Whole brains were sliced in half sagittally with a razor blade, and 1 half 

was returned to the freezer while the other half had two slices made to it, one removing 

the prefrontal cortex and the other removing the midbrain and hindbrain. These sections 

were discarded, with the middle section kept. The middle section was pulse sonication 

on ice in 50 mL conical tubes in Triton-X lysis buffer (50 mM Tris, 150 mM NaCl, 1% 

Triton X-100, pH 7.5) with added protease inhibitors (0.01 mg/mL leupeptin, 0.025 

mg/mL aprotinin, 0.010 mg/mL pepstatin A; Roche, Sigma-Aldrich), 500 units of DNase 

I (Invitrogen), and 5 μM Na3VO4 (Sigma-Aldrich). Once the brain was completely 

homogenized, samples were gently rocked on ice for 20 minutes. Two-thirds of the total 

volume was placed in -80°C for storage, while one-third of the total volume was added 

to a new 1.5 mL Eppendorf tube. Samples were centrifuged for 15 minutes at 12, 000 

rpm and 4°C. Supernatant was removed and diluted 1:4 in Triton-X buffer with protease 

inhibitors, DNase I, and Na3VO4. Pellet was discarded. Concentration of samples was 

determined using a Bradford assay (Bradford, 1976). DUSP6 protein levels and ERK 

phosphorylation were assessed from these samples.  

2.12  Statistical Analyses   

All statistical analyses were performed using GraphPad PRISM version 9 or R version 

4.0.5.   

2.12.1 qPCR analyses 

Output from the Bio-Rad CFX96TM (Bio-Rad) instrument was combined into one 

“gene study” data file in CFX manager (Bio-Rad). Efficiency corrected Ct values were 

normalized to the corresponding geometric mean of GAPDH and HMBS (housekeeping 
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genes) of each sample, then relative expression was calculated. Using GraphPad 

PRISM version 9, two-way ANOVA was used to test differences in each cell line (n = 3). 

When ANOVA was significant, post-hoc tests were run within each time point with Šídák 

multiple comparisons corrections. Statistical significance was defined by p ≤ 0.05. 

2.12.2 Different media conditions analyses 

Proportional immunostaining of pERK, ERK, and DUSP6 was normalized to 

loading control α-tubulin, and pJNK and JNK were normalized to β-actin. Relative 

expression of phosphorylated ERK and phosphorylated JNK over total ERK and JNK 

was calculated, respectively. Differences in pERK/ERK, pJNK/JNK, and DUSP6 were 

assessed across time in one-way ANOVA for all Western blots. When ANOVA was 

significant, Tukey’s Honest Significant Difference (HSD) was used for post-hoc analysis. 

Statistical significance was defined by p ≤ 0.05. 

2.12.3 DEX dose response curve analysis 

Proportional immunostaining of DUSP6 was normalized to α-tubulin. Differences 

in doses (vehicle, 1 nM, 3 nM, and 10 nM) for both isoforms of DUSP6 (44 kDa and 42 

kDa) were assessed with two-way ANOVA within each time point. Homogeneity of 

variance was tested with the Brown-Forsythe and Bartlett’s tests. No significant 

differences in standard deviations were detected. When ANOVA indicated a significant 

factor, post-hoc analysis used Tukey’s HSD. Statistical significance was defined by p ≤ 

0.05. 

2.12.4 DEX and 3α-diol analyses 

 R version 4.0.5 was used for all analysis. Proportional immunostaining was 

normalized to α-tubulin. Three-way ANOVA was conducted, with treatment, time, and 

isoform as factors. When ANOVA indicated a significant factor, post-hoc analysis used 
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Tukey’s HSD. A transformation of log(x+1) was used on DUSP6 and pERK/ERK data 

generated from the experiment done in the mHippoE-18 cell line. Statistical significance 

was defined by p ≤ 0.05. 

2.12.5 In vivo analyses 

 Proportional immunostaining was normalized to α-tubulin. To make interblot 

corrections, final values were taken as a proportion of overall immunoblot intensity. For 

the initial investigation with only untreated and restraint stress animals analyzed, data 

were analyzed with Type III three-way ANOVA, with the number of hours since restraint 

defining each treatment group. When ANOVA indicated significance, specific 

comparisons within each isoform were made with a Bonferroni correction. Subsequent 

investigations with males and females on separate blots were analyzed by three-way 

ANOVA, with Tukey’s HSD used for post-hoc analysis. Data were log(x+1) transformed 

for blots where females and males were run separately. Statistical significance was 

defined by p ≤ 0.05. 
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3 RESULTS 

Frozen aliquots of mHippoE-14 and mHippoE-18 cells from the lab of Dr. Denise 

Belsham (University of Toronto, Toronto ON, Canada) were thawed and grown in 

Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) 

and 1% pen-strep in an incubator at 37°C and 5% CO2. Slight morphological differences 

between the mHippoE-14 (Figure 3.1 A) and the mHippoE-18 (Figure 3.1 B) cell lines 

were observed, with the mHippoE-18 cells having a slightly larger surface area and 

longer projections than the mHippoE-14 cells. These results are consistent with the 

differences reported by Gingerich and colleagues (2010) when the cell lines were first 

characterized. Prior to experimentation, the sex of each cell line was confirmed through 

conventional PCR. The Y-linked Sry gene was used to sex the cell lines, with the 

autosomal IL3 gene serving as a template control. The outcome of the PCR revealed 

the presence of a fragment larger than 500 bp in both cell lines, consistent with the 544 

bp expected size of IL3 (Figure 3.1 C). Only the mHippoE-18 displayed a fragment 

around 400 bp, consistent with the size of the Sry fragment (Figure 3.1 C). With the sex 

of the cell lines confirmed, experimentation began.  
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Figure 3.1: mHippoE-18 are male-derived, and mHippoE-14 are female-derived. 
Representative light microscopy images of mHippoE-14 (A) and mHippoE-18 (B) were 
taken at 20x magnification to show morphological differences. Cellular DNA was 
collected and Sry and IL3 were amplified by conventional PCR in duplicate in each 
cell line, and amplicons from duplicate reactions were resolved side-by-side through 
gel electrophoresis (C). mHippoE-14 cells contain a 544 bp fragment indicating the 
presence of IL3 (C: 1 and 2). mHippoE-18 cells contain the 544 bp fragment and the 
402 bp fragment indicating the presence of IL3 and Sry (C: 3 and 4). 
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3.1 Experiment 1: Glucocorticoid regulation of gene expression in 

the mHippoE-14 and mHippoE-18 cell lines  

mHippoE-14 and mHippoE-18 express a functional GR 

 Our lab had previously found expression of glucocorticoid receptor (GR) in 

mHippoE-14 and mHippoE-18 cell lines (Nicholson 2019); however, the functionality of 

GR in both cell lines had not been explored. To assess GR functionality and begin to 

characterize the glucocorticoid (GC) response of the mHippoE-14 and mHippoE-18 cell 

lines, cells were treated with the synthetic GC dexamethasone (DEX) or vehicle control 

and collected 6, 12, or 24 hours after treatment. FKBP5 is a chaperone protein that 

regulates GR activity (Cattaneo and Riva, 2016) and whose expression is induced by 

GCs due to the presence of a glucocorticoid response element (GRE) within its coding 

sequence (Binder, 2009; Fries et al., 2017). In the mHippoE-14 cell line, there was a 

significant effect of DEX treatment on FKBP5 expression (Two-way ANOVA: F1,12 = 

31.78, p = 0.0001) irrespective of time (Two-way ANOVA: Time F2,12 = 1.304, p 

=0.3073; Time x Treatment interaction F2,12 = 0.1969, p =0.8238). Compared to vehicle, 

FKBP5 expression was significantly increased by DEX 6 hours (Šidák correction - p = 

0.0095), 12 hours (Šidák - p = 0.0188), and 24 hours (Šidák - p = 0.0484) after 

treatment (Figure 3.2 A). DEX treatment also significantly increased FKBP5 expression 

in the mHippoE-18 cell line (Two-way ANOVA: F1,12 – 176.2, p <0.0001) regardless of 

time (Two-way ANOVA: Time F2,12 = 2.134, p = 0.1611; Interaction F2,12 = 1.154, p = 

0.3479) as DEX upregulated FKBP5 expression at every time point (Šidák – p < 0.0001 

for each control vs DEX comparison at 6 hours, 12 hours, and 24 hours; Figure 3.2 B). 

These data indicate the mHippoE-14 and mHippoE-18 cell lines have functional GRs.  
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 To further investigate whether there were differences in DEX response between 

the two cell lines, expression of FKBP4, GR, Hsp90α, and DUSP6 mRNA was 

assessed. FKBP4 is highly homologous to FKBP5 and shares a similar domain 

structure (Storer et al., 2011). Despite this, there was no significant effect of DEX 

treatment on FKBP4 expression in the mHippoE-14 cell line (Two-way ANOVA: F1,12  = 

2.903, p = 0.1141; Figure 3.2 C) or the mHippoE-18 cell line (Two-way ANOVA: F1,12 = 

0.2277, p = 0.6418; Figure 3.2 D), at any time point (Two-way ANOVA (mHippoE-14): 

Time F2,12 = 1.8, p = 0.2072; Time x Treatment interaction F2,12 = 0.1256, p =0.8831; 

Two-way ANOVA (mHippoE-18): Time F2,12 = 1.347, p = 0.2966; Time x Treatment 

interaction F2,12 = 1.7994, p = 0.2081).  

In mHippoE-14 cells, DEX treatment significantly altered GR expression (Two-

way ANOVA: F1,12 = 5.871, p = 0.0321; Figure 3.2 E), with no significant effect of time 

on GR expression (Two-way ANOVA: Time F2,12 = 1.542, p = 0.2535; Time x Treatment 

interaction F2,12 = 2.227, p=0.1505). Post hoc analysis did not indicate any significant 

differences in biologically meaningful comparisons, as there was no significant 

difference between DEX treatment and vehicle control at 6 hours (Šidák – p = 0.9953) 

or 12 hours (Šidák – p = 0.3120), while DEX treatment approached significance at 24 

hours (Šidák – p = 0.0543). In mHippoE-18 cells, there was no change in GR 

expression following DEX treatment (Two-way ANOVA: Treatment F1,12 = 1.566, p = 

0.2346, Figure 3.2 F) at any time point (F2,12 = 1.893, p = 0.1929) with no interaction 

between the two factors (F2,12 = 0.1677, p = 0.8476).  

We next considered expression of the GR co-chaperone Hsp90α. In mHippoE-14 

cells, there was no effect of DEX treatment on Hsp90α expression across time (Two-
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way ANOVA: Treatment F1,12 = 0.1740, p = 0.6839; Time: F2,12 = 0.2995, p = 0.7465; 

Time x Treatment interaction F2,12 = 0.3554, p = 0.7284; Figure 3.2 G). Similarly, no 

difference in expression was seen in mHippoE-18 cells (Two-way ANOVA: Treatment 

F1,12 = 4.087, p = 0.0661; Time F2,12 = 0.7073, p = 0.5124; Interaction: F2,12 = 0.9623, p = 

0.4096; Figure 3.2 H). Finally, the ERK specific phosphatase DUSP6 was assessed. 

There was no significant effect of DEX treatment on DUSP6 expression across time in 

mHippoE-14 cells (Two-way ANOVA: Treatment F1,12 = 1.441, p = 0.2531; Time: F2,12 = 

1.285, p = 0.3121; Interaction F2,12 = 0.4288, p = 0.6609; Figure 3.2 I). In mHippoE-18 

cells, there was no significant effect of time on DUSP6 expression (Two-way ANOVA: 

Time F1,12 = 2.089, p = 0.1665; Figure 3.2 J) or Time x Treatment interaction (Two-way 

ANOVA: F2,12 = 1.291, p = 0.3107), although the effect of DEX treatment did approach 

significance (Two-way ANOVA: Treatment F1,12 = 4.704, p = 0.0509). Post-hoc analysis 

of the effect of DEX treatment within each time point did not show significance at 6 

hours (Šidák - p = 0.9756), 12 hours (Šidák - p = 0.8030) or 24 hours (Šidák - p = 

0.0762).  Expression of AR, GPER, and Hsp90β mRNA was also investigated, but 

reliable and consistent qPCR signal for these genes could not be generated (data not 

shown). 
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Figure 3.2: Characterization of DEX response in mHippoE-14 and mHippoE-18 
cells. Cell lines were treated with 10 nM DEX and collected 6, 12, or 24 hours after 
treatment. DEX significantly increased FKBP5 expression in mHippoE-14 cells 6 
hours (p < 0.01), 12 hours (p < 0.05), and 24 hours (p < 0.05) after treatment (A). DEX 
also increased FKBP5 expression in mHippoE-18 cells at 6 hours (p < 0.0001), 12 
hours (p < 0.0001), and 24 hours (B). There was no significant effect of DEX on 
FKBP4 expression in either cell line (C, D). DEX significantly altered GR expression in 
mHippoE-14 cells (p = 0.03; E) but not in mHippoE-18s (F). There was no effect of 
DEX on Hsp90a (G, H) or DUSP6 (I, J) in either cell line. *, **, and **** indicate 
statistical significance compared to control at p < 0.05, p < 0.01, and p < 0.0001 
respectively. Data represent mean +/- SEM (n = 3 independent 
observations/treatment group).  
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either cell line (C, D). DEX significantly altered GR expression in mHippoE-14 cells (p = 
0.03; E) but not in mHippoE-18s (F). There was no effect of DEX on Hsp90a (G, H) or 
DUSP6 (I, J) in either cell line. *, **, and **** indicate statistical significance compared to 
control at p < 0.05, p < 0.01, and p < 0.0001 respectively. Data represent mean +/- SEM (n 
= 3 independent observations/treatment group).  
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3.2 Experiment 2: Serum factor depletion effect over time on DUSP6 

protein steady state levels and ERK and JNK phosphorylation in 

immortalized hippocampal neurons 

For many of the genes investigated in this study, a large amount of variance was 

seen within groups. In the mHippoE-14s, there even appeared to be one outlier set of 

treatments for DUSP6 expression. The averages with this group removed are shown in 

Figure 3.3. This, combined with some Western blots of DUSP6 steady state levels (data 

not shown) led us to consider the possibility that the cell culture conditions, specifically 

the switch from media containing 10% FBS to media containing 1% CS-FBS 18 hours 

prior to treatment, may be inducing stress that led to variability in cellular response.  
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Figure 3.3: mHippoE-14 cells show variability of gene expression in 1% CS-FBS. 
Illustrative DUSP6 expression data from mHippoE-14 cells in media containing 1% 
CS-FBS. Gene expression was highly variable under these culture conditions (A). The 
removal of a single replicate group noticeably decreased the variability of the 10 nM 
DEX treatment group and the vehicle control at 6 hours, and the 10 nM DEX 
treatment group at 12 hours (B). Data represent mean +/- SEM (n = 3 independent 
observations/treatment group for A; n = 2 independent observations/treatment group 
for B).   

 

 

Figure 3.4: Steady state levels and phosphorylation of proteins over time in 5% CS-
FBS media. Media containing 10% FBS was replaced with 5% CS-FBS media and cells 
were collected over the span of 66 hours. DUSP6 levels did not change over time under 
these conditions (A, B). However, compared to cells that had not been cultured in 5% CS-
FBS (0 hour), ERK phosphorylation significantly decreased starting at 28 hours, and 
persisted at 42 and 66 hours (C, D). JNK phosphorylation also decreased over time, but 
these results did not reach statistical significance (E, F). * indicates p < 0.05, ** indicates p 
< 0.01. Asterisks associated with lines represent 42 kDa isoform data, free standing 
asterisk represent 44 kDa isoform data. Data depicted through points represents time 
point mean, and error bars represent range (n = 5-6 independent observations/time 
point for A; n = 3 independent observations/time point for C; n = 3 independent 

N = 3 
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To determine the effect of changing culture conditions on DUSP6 expression, we 

collected cells 0, 18, 28, 42, and 66 hours after a switch from media containing 10% 

FBS to either 5% CS-FBS or 10% CS-FBS. DUSP6 levels, as well as ERK 

phosphorylation and JNK phosphorylation, were assessed through Western blotting.  

ERK phosphorylation changes over time in 5% CS-FBS 

When experimental conditions included media containing 5% CS-FBS, there 

were no significant changes in DUSP6 levels across time for the 44 kDa (One-way 

ANOVA: Time F4,24 = 0.1282, p = 0.9707) or 42 kDa (F4,24 = 1.110, p = 0.3749; Figure 

3.4 A and B) isoform. Replications of this experiment were highly variable (Figure 3.4 A 

and B). Interestingly, ERK phosphorylation did change over time in 5% CS-FBS (44 kDa 

F4,10 = 4.029, p = 0.0336; 42 kDa F4,10 = 7.656, p = 0.0043). There was a significant 

decrease in ERK phosphorylation in the 44 kDa isoform 66 hours after the switch to 5% 

CS-FBS (Tukey’s HSD - p = 0.0253). For the 42 kDa isoform, ERK phosphorylation 

levels significantly decreased starting 28 hours after the switch to 5% CS-FBS when 

compared to initial ERK phosphorylation (Tukey - p = 0.0477). This statistically 

significant decrease persisted 42 hours (Tukey - p = 0.0113) and 66 hours later (Tukey - 

p = 0.0029; Figure 3.4 C and D). There were no statistically significant differences 

between other time points for either isoform. Finally, there were no significant 

differences in JNK phosphorylation over time for either the 54 kDa isoform (F4,10 = 

3.049, p = 0.0696) or the 46 kDa isoform, though the levels of the 46 kDa isoform 

approached significance (F4,10 = 3.429, p = 0.0519; Figure 3.4 E and F). Overall, only 

ERK phosphorylation changed over time when the media contained 5% CS-FBS. 
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DUSP6 and ERK phosphorylation are stable between 18 and 42 hours in 10% CS-FBS 

In contrast, DUSP6, ERK phosphorylation, and JNK phosphorylation all changed 

over time when experimental conditions included a switch from media containing 10% 

FBS to media containing 10% CS-FBS. For DUSP6, this change in protein levels was 

only statisitically significant for the 42 kDa isoform (One-way ANOVA: F4,15 = 5.66, p = 

0.0056) while differences in the levels of the 44 kDa isoform were not quite significant 

(F4,15 = 3.002, p = 0.0527). Post-hoc analysis revealed DUSP6 steady state levels were 

significantly higher after 66 hours of culture in 10% CS-FBS than at the time of the 

media switch (Tukey - p = 0.0324), 18 hours later (Tukey - p = 0.0039) and 28 hours 

later (Tukey - p = 0.0194; Figure 3.5 A and B). As in media containing 5% CS-FBS, 

there were significant changes in ERK phosphorylation over time (One-way ANOVA (44 

kDa isoform): F4,15 = 4.064, p = 0.0199; One-way ANOVA (42 kDa isoform): F4,15 = 

4.040, p = 0.0203). Compared to phosphorylation at the time of the media change, ERK 

phosphorylation was significantly decreased by 28 hours (44 kDa: Tukey – p = 0.0465; 

42 kDa: Tukey – p = 0.0483) and remained down 42 hours (44 kDa: Tukey – p = 

0.0307; 42 kDa: Tukey – p = 0.0308) and 66 hours later (44 kDa: Tukey – p = 0.0384; 

42 kDa: Tukey – p =0.0376). ERK phosphorylation remained stable between 18 and 42 

hours (Figure 3.5 C and D). Finally, JNK phosphorylation decreased over time in the 

10% CS-FBS media (One-way ANOVA (54 kDa isoform): F4,10 = 5.624, p = 0.0123; 

One-way ANOVA (46 kDa isoform): F4,10 = 7.066, p = 0.0057). Specifically, JNK 

phosphorylation was significantly lower 42 hours (54 kDa: Tukey – p = 0.03; 46 kDa: 

Tukey – p = 0.0129) and 66 hours (54 kDa: Tukey – p = 0.02; 46 kDa: Tukey – p = 

0.0049) after the media change compared to initial JNK phosphorylation at the time of 
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the media change. As with ERK phosphorylation, there were no significant differences 

in JNK phosphorylation from 18 to 42 hours. Based on these investigations, we decided 

to begin a protocol that included 10% CS-FBS during experimentation. Even though 

there were statistically significant differences in all three proteins we assessed, none of 

these differences occurred between 18 and 42 hours after the media switch. Although 

cells were collected 0 to 66 hours after the media switch, our planned treatments were 

to occur between 18 and 42 hours. Beyond this, our primary experimental interest was 

to be DUSP6 steady state levels. This made the consistency of ERK phosphorylation in 

10% CS-FBS media between 18 and 42 hours compelling (Figure 3.5 C). Our 

subsequent investigations did not assess JNK phosphorylation, so the lack of 

statistically significant changes in cells that were switched to 5% CS-FBS did not impact 

our decision. 
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Figure 3.4: Steady state levels and phosphorylation of proteins over time in 5% 
CS-FBS media. Media containing 10% FBS was replaced with 5% CS-FBS media 
and cells were collected over the span of 66 hours. DUSP6 levels did not change over 
time under these conditions (A, B). However, compared to cells that had not been 
cultured in 5% CS-FBS (0 hour), ERK phosphorylation significantly decreased starting 
at 28 hours, and persisted at 42 and 66 hours (C, D). JNK phosphorylation also 
decreased over time, but these results did not reach statistical significance (E, F). * 
indicates p < 0.05, ** indicates p < 0.01. Asterisks associated with lines represent 42 
kDa isoform data, free standing asterisk represent 44 kDa isoform data. Data depicted 
through points represents time point mean, and error bars represent range (n = 5-6 
independent observations/time point for A; n = 3 independent observations/time point 
for C; n = 3 independent observations/time point for E). Representative blots for 
DUSP6, ERK, and JNK are shown in B, D, and F, respectively.  

 

 

Figure 3.5: Steady state levels and phosphorylation of proteins over time in 10% 
CS-FBS media. Media containing 10% FBS was replaced with 10% CS-FBS media and 
cells were collected over the span of 66 hours. Levels of the 42 kDa isoform of DUSP6 
significantly increased over time (F4,15 = 5.66, p = 0.0056; A). At 66 hours, DUSP6 was 
significantly higher than at 0 hours (p < 0.05), 18 hours (p < 0.01), and 28 hours (p < 
0.05) (B). Concurrently, ERK phosphorylation decreased at 28 hours (p < 0.05), 42 hours 
(p < 0.05), and 66 hours (p < 0.05) compared to baseline (C, D). JNK phosphorylation 
decreased over time, with levels at 42 hours (p < 0.05) and 66 hours (p < 0.05 for 42 kDa 
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Figure 3.5: Steady state levels and phosphorylation of proteins over time in 10% 
CS-FBS media. Media containing 10% FBS was replaced with 10% CS-FBS media 
and cells were collected over the span of 66 hours. Levels of the 42 kDa isoform of 
DUSP6 significantly increased over time (F4,15 = 5.66, p = 0.0056; A). At 66 hours, 
DUSP6 was significantly higher than at 0 hours (p < 0.05), 18 hours (p < 0.01), and 28 
hours (p < 0.05) (B). Concurrently, ERK phosphorylation decreased at 28 hours (p < 
0.05), 42 hours (p < 0.05), and 66 hours (p < 0.05) compared to baseline (C, D). JNK 
phosphorylation decreased over time, with levels at 42 hours (p < 0.05) and 66 hours 
(p < 0.05 for 42 kDa isoform, p < 0.01 for 44 kDa isoform) significantly lower 
compared to baseline (E, F). * indicates p < 0.05, ** indicates p < 0.01. Asterisks 
associated with lines represent 42 kDa isoform data, free standing asterisk represent 
44 kDa isoform data. Data depicted through points represents time point mean, and 
error bars represent range (n = 4 independent observations/time point for A; n = 4 
independent observations/ time point for C; n = 3 independent observations/time point 
for E). Representative blots for DUSP6, ERK, and JNK are shown in B, D, and F, 
respectively.  

 

 

Figure 3.6: DUSP6 displays a biphasic response to 10 nM DEX in mHippoE-14 
cells. The mHippoE-14 cell line was treated with 1, 3, or 10 nM DEX and samples 
were collected 10 minutes, 1 hour, or 24 hours later. There was no significant effect of 
1 nM or 3 nM DEX on DUSP6 levels; however, 10 nM DEX significantly upregulates 
DUSP6 10 minutes after treatment (44 kDa (p < 0.01); 42 kDa (p < 0.05); A). There 
was no significant difference in DUSP6 protein levels between vehicle control and 10 
nM DEX treatment at 1 hour (B). 24 hours after treatment, 10 nM DEX significantly 
downregulated DUSP6 (44 kDa (p < 0.01); 42 kDa (p < 0.05); C). Representative 
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3.3 Experiment 3: Glucocorticoid regulation of DUSP6 steady state 

levels in immortalized hippocampal neurons  

DUSP6 has a biphasic response to 10 nM DEX 

 A DEX dose response curve was generated for DUSP6 in media containing 10% 

CS-FBS. Cells were treated 18 hours after the media change with vehicle control, 1 nM 

DEX, 3 nM DEX, or 10 nM DEX and collected 10 minutes, 1 hour, or 24 hours after DEX 

treatment. Data was analysed by two-way ANOVA within each time point. After 10 

minutes, 10 nM DEX significantly upregulated both isoforms of DUSP6 (Two-way 

ANOVA: Treatment F3,32 = 7.974, p = 0.0004; DUSP6 isoform F1,32 = 10.14, p = 0.0032; 

Tukey – p = 0.0034 for 44 kDa; Tukey – p = 0.0325 for 42 kDa). There was no effect of 

1 nM DEX (Tukey – p = 0.0813 for 44 kDa; Tukey – p = 0.1339 for 42 kDa), nor 3 nM 

DEX (Tukey – p = 0.0619 for 44 kDa; p = 0.2633 for 42 kDa; Figure 3.6 A) on DUSP6 

levels. At 1 hour, there was a significant effect of treatment (Two-way ANOVA: 

treatment F3,32 = 3.270, p = 0.0338), but none of the doses of DEX differed significantly 

from vehicle control (Tukey vehicle vs. 1 nM DEX - p = 0.0644; vs. 3 nM DEX - p = 

0.094; vs. 10 nM DEX p = 0.0581; Figure 3.6 C). After 24 hours, DUSP6 was 

downregulated in response to 10 nM DEX (Two-way ANOVA: F3,40 = 8.184; p = 0.0002; 

Tukey – p = 0.0018 for 44 kDa, p = 0.0197 for 42 kDa), but this did not occur with 1 nM 

DEX (Tukey – p = 0.2968 for 44 kDa, p = 0.3662) or 3 nM DEX (Tukey – p = 0.2368 for 

44 kDa, p = 0.2324 for 42 kDa; Figure 3.6 C). Overall, a time-dependent biphasic 

response of DUSP6 protein levels was observed following DEX treatment, with 

upregulation at a short time interval and a down regulation after prolonged exposure. 

Subsequent experiments involved looking at DUSP6 levels at these two time points.  
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Figure 3.6: DUSP6 displays a biphasic response to 10 nM DEX in mHippoE-14 
cells. The mHippoE-14 cell line was treated with 1, 3, or 10 nM DEX and samples were 
collected 10 minutes, 1 hour, or 24 hours later. There was no significant effect of 1 nM or 
3 nM DEX on DUSP6 levels; however, 10 nM DEX significantly upregulates DUSP6 10 
minutes after treatment (44 kDa (p < 0.01); 42 kDa (p < 0.05); A). There was no 
significant difference in DUSP6 protein levels between vehicle control and 10 nM DEX 
treatment at 1 hour (B). 24 hours after treatment, 10 nM DEX significantly downregulated 
DUSP6 (44 kDa (p < 0.01); 42 kDa (p < 0.05); C). Representative Wester blots are 
shown in D. Statistical significance from two-way ANOVA is shown by * (p< 0.05) and ** 
(p< 0.10). Data represents means ± SEM (n=5 independent observations per dose for A; 
n=5 independent observations per dose for B; n=6 independent observations per dose 
for C). 
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3.4 Experiment 4: 3α-diol rescues DEX induced downregulation of 

DUSP6 in male, but not female, immortalized hippocampal 

neurons  

3α-diol rescues DUSP6 downregulation by DEX in mHippoE-18 cells  

 mHippoE-14 and mHippoE-18 cells were treated with 10 nM DEX or 10 nM 3α-

diol alone or in combination, and cellular protein was collected 10 minutes or 24 hours 

after treatment. DUSP6 levels and changes in ERK phosphorylation were assessed. In 

the mHippoE-18 cell line, which is male-derived, there was a significant difference in 

DUSP6 isoform levels detected (F1,64 = 214.161, p < 0.0000001), with higher relative 

levels of the 44 kDa isoform consistently detected compared to the 42 kDa isoform in 

this cell line. Furthermore, there was a significant effect of treatment on DUSP6 levels 

(F3,64 = 3.111, p = 0.0324) and a time x treatment interaction (F3,64 = 16.864, p < 

0.0000001). Post-hoc Tukey’s HSD analysis revealed that DEX and combination 

treatment significantly upregulated DUSP6 levels 10 minutes after treatment compared 

to control (p < 0.01) and 3α-diol (p < 0.05) (Figure 3.7 A and B). Control and 3α-diol 

treatment did not differ significantly from each other (p = 0.9996). At 24 hours, the 

opposite response was observed (p < 0.0001) and DUSP6 was significantly 

downregulated in DEX treated cells (Figure 3.7 B) compared to control (p < 0.001) and 

3α-diol alone (p < 0.001). However, in the presence of 3α-diol, DEX did not 

downregulate DUSP6 (p = 0.9858 compared to control, p < 0.01 compared to DEX 

alone).  

Regarding fold changes in ERK phosphorylation, there was a significant effect of 

time (F1,39 = 76.102, p < 0.000001) and treatment (F3,39 = 50.746, p < 0.0000001), as 

well as a significant time x treatment interaction (F3,39 =14.746, p < 0.00001). There was 
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no significant difference between isoforms when analysing ERK phosphorylation fold 

changes (F1,39 = 0.038, p = 0.846). In the combination treatment, ERK phosphorylation 

significantly decreased at ten minutes (Tukey - p < 0.01) (Figure 3.7 C and D). 

Interestingly, while 3α-diol treatment alone did not have any effect of DUSP6 levels (p = 

0.9999) at 24 hours, ERK phosphorylation levels decreased when treated with 3α-diol 

alone (p = 0.021). ERK phosphorylation also decreased in DEX treated cells, in 

comparison to control (p < 0.01) and 3α-diol treated cells (p < 0.01).  

3α-diol does not rescue DUSP6 downregulation by DEX in mHippoE-14 cells  

 To evaluate the effect of 3α-diol in a female-derived cell line, mHippoE-14 cells 

were treated with 10 nM DEX or 10 nM 3α-diol alone or in combination, and DUSP6 

levels and changes in ERK phosphorylation were assessed. There was a significant 

difference in DUSP6 isoform levels (F1,96 = 67.129, p < 0.0000001), with an overall 

greater abundance of the 44 kDa isoform. There was also a significant time x isoform 

interaction (F1,96 = 13.077, p = 0.000479), with greater levels of both isoforms at 10 

minutes after treatment compared to 24 hours after treatment. There was a significant 

effect of treatment (F3,96 = 14.541, p < 0.0005) and time (F1,96 = 56.708, p <0.0000001), 

and a significant treatment x time interaction (F3,96 = 42.212, p<0.0000001). Post-hoc 

Tukey’s HSD analysis revealed DEX significantly upregulated DUSP6 levels 10 minutes 

after treatment (p < 0.0001; Figure 3.8 A and B) as it did in mHippoE-18. However, at 24 

hours, a different pattern emerged. DEX treatment significantly downregulated DUSP6 

at 24 hours (p < 0.0001); however, this effect was not rescued by the presence of 3α-

diol (p = 0.9963; Figure 3.8 A and B). 
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Figure 3.7: 3α-diol rescues DUSP6 downregulation by DEX in mHippoE-18 cells. 
Representative Western blots depicting DUSP6 steady state levels (A) and ERK 
phosphorylation (C) assessed in cells treated with 10 nM DEX or 10 nM 3α-diol alone, or 
combination 10 minutes and 24 hours after treatment. Densitometric and statistical analysis 
revealed a significant time and treatment interaction (Three-way ANOVA: F = 16.864, p 
<0.001) with DEX (p<0.01) and combination treatment (p<0.01) significantly increasing 
DUSP6 levels relative to control or 3α-diol 10 minutes after treatment (B). After 24 hours, 
DUSP6 levels in DEX-treated cells were significantly lower than control (p<0.001) and the 
combination treatment (p<0.01) while control and combination-treated cells did not 
significantly differ from each other (p=0.98). Densitometric and statistical analysis of ERK 
phosphorylation (D) revealed significantly less ERK phosphorylation after 10 minutes of 
combined treatment compared to vehicle. At 24 hours, each treatment group was lower than 
control and different from every other treatment group. Data represents means ± SEM (n = 5 
independent biological replicates/treatment group for B; n = 3 independent biological 
replicates/treatment group for D).  
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Because the corresponding effect in ERK phosphorylation cannot be statistically 

evaluated, as only two independent biological replicates were generated, averages of 

each group are reported for both isoforms (Table 3.1).  At 24 hours, ERK 

phosphorylation levels were lower in DEX-treated cells (average of 0.145768 in 44 kDa, 

0.30127 in 42 kDa) compared to cells treated with vehicle and 3α-diol alone. Between 

DEX treatment and combination treatment, there was a two-fold decrease in average 

immunoblot intensity (0.078747 for the 44 kDa isoform, 0.169053 for the 42 kDa 

isoform). This trend of ERK phosphorylation mimics the pattern seen in DUSP6 levels in 

the presence of 3α-diol or DEX, with both ERK phosphorylation and DUSP6 

downregulation in DEX and combination treatment cells.  

 To assess whether the DUSP6 response in mHippoE-14 cells was dose 

dependent, the same experimental design as previously described was carried out, this 

time with 100 nM 3α-diol in the place of 10 nM 3α-diol. This change in dose did not yield 

a difference in DUSP6 response. There was no significant difference between isoforms 

in the mHippoE-14 experiments using 100 nM 3α-diol (F1,64 = 1.106, p = 0.2969), or 

significant isoform interactions (Treatment x Isoform: F3,64 =0.171, p = 0.915544; Time x 

Isoform: F1,64 = 0.379, p = 0.540473, Treatment x Time x Isoform F3,64 = 0.712, p = 

0.548486), introducing the possibility that the previously detected difference in isoforms 

is due to differences in staining. There was a significant effect of time (F1,64 =14.156, p = 

0.000367) and a time x treatment interaction (F3,64 = 20.198, p < 0.0001). Tukey’s HSD 

revealed DUSP6 was significantly upregulated following DEX treatment alone (p < 

0.001) and in combination with 3α-diol (p < 0.001) treated cells (Figure 3.9 A and B). 

The opposite effect was seen at 24 hours, as DUSP6 was significantly downregulated in 
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DEX (p < 0.01) and combination (p < 0.001) treated cells. Importantly, DEX and 

combination treatments did not differ at 24 hours (p < 0.9710), indicating that an 

increase of 3α-diol from 10 nM to 100 nM did not change the overall effect of 3α-diol 

treatment in mHippoE-14 cells.  
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Figure 3.8: 3α-diol does not rescue DUSP6 levels in the presence of 10 nM DEX in 

mHippoE-14 cells. Representative Western blots depicting DUSP6 steady state levels (A 

and B) and ERK phosphorylation (C and D) assessed in cells treated with 10 nM DEX or 10 

nM 3α-diol alone, or in combination 10 minutes and 24 hours after treatment. Densitometric 

and statistical analysis reveals a significant effect of treatment (Three-way ANOVA: F3,96 = 

14.541, p = 6.99e-08), time (Three-way ANOVA: F1, 96 = 56.708, p = 2.76e-11), and isoform 

(Three-way ANOVA: F1, 96 = 67.129, p = 1.11e-12) and a significant time x treatment 

interaction (F3, 96 = 42.212, p <  2e-16). DUSP6 levels in DEX-treated cells were significantly 

elevated after 10 minutes compared to control (p < 0.0001; B). After 24 hours, DUSP6 levels 

were significantly lower in DEX-treated cells than in cells treated with vehicle control (p < 

0.0001) or 3α-diol alone (p < 0.0001). DUSP6 levels in cells treated with DEX and 3α-diol did 

not differ from cells treated with DEX alone (p = 0.9963). Data represents means ± SEM (n = 

7 independent biological replicates/treatment group). ERK phosphorylation (n = 2 

independent biological replicates/treatment group) trended towards a progressive decrease 

with each treatment at 24 hours (D). The average densitometry values for 3α-diol-treated 

cells were 0.21498 (44 kDa) and 0.38045 (42 kDa), comparable to the averages of 0.2213 

(44 kDa) and 0.41105 (42 kDa) of vehicle-treated cells. DEX-treated cells had decreased 

averages of densitometry values of 0.14577 (44 kDa) and 0.30127 (42 kDa). The average 

values of ERK phosphorylation were the lowest in the combination treatment group, at 

0.07875 (44 kDa) and 0.16905 (42 kDa).    
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Table 3.1: Averages of Western immunoblotting values obtained when assessing 
ERK phosphorylation in mHippoE-14 cells. ERK phosphorylation changes were 
assessed in cells treated with 10 nM DEX, 10 nM 3α-diol, or combination 10 minutes and 
24 hours after treatment (n = 2 independent biological replicates/ treatment group). No 
statistical analysis is possible on this data. The trend observed suggests that ERK 
phosphorylation decreases over time, with ERK phosphorylation being greater at 10 
minutes than 24 hours. Averages also suggest that at 24 hours, DEX treatment, alone or 
in combination with 3a-diol, decreases ERK phosphorylation.    
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Figure 3.9: 3α-diol does not rescue DUSP6 levels in the presence of 100 nM DEX in 

mHippoE-14 cells. Representative Western blots depicting DUSP6 steady state levels in 

cells treated with 10 nM DEX or 100 nM 3α-diol alone, or in combination for 10 minutes and 

24 hours. Densitometric and statistical analysis revealed a significant effect of time (Three-

way ANOVA: F1,64 =14.156, p = 0.000367) and a time x treatment interaction (Three-way 

ANOVA: F3,64 = 20.198, p < 0.0001). At 10 minutes, DEX treatment, alone and in 

combination with 3α-diol, significantly upregulated DUSP6 levels (p < 0.001 and p <0.001 

respectively). At 24 hours, DEX treatment, alone and in combination with 3α-diol, significantly 

downregulated DUSP6 levels (p < 0.01 and p<0.001 respectively). There was no significant 

difference between the DEX treated group, and the DEX + 3α-diol treated group. * and ** 

indicate p < 0.05 and p <0.01, respectively. Data represents means ± SEM (n = 5 

independent biological replicates/ treatment group). 
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3.5 Experiment 5: Glucocorticoid and restraint stress regulation of 

DUSP6 steady state levels and ERK phosphorylation in male and 

female CD1 mice  

Based on these in vitro assays, the ability of 3α-diol to attenuate the effects of 

DEX on DUSP6 and ERK phosphorylation appeared to be sex-dependent, with 3α-diol 

action being restricted to the male cell line. Since 3α-diol is abundant in the male 

hippocampus (Caruso et al., 2013), we sought to determine if the sex dependent effect 

of 3α-diol on DEX treatment observed in mHippoE-14 and mHippoE-18 cells could be 

replicated in vivo. Male and female mice were treated with DEX vehicle injection, or 

restraint stress, and sacrificed 6 or 24 hours later. Female mice were intact and cycling 

and were treated in metestrus. We expected that DUSP6 would be downregulated in 

female mice that had received the restraint stress, but not in male mice. We also 

expected that male mice would have lower levels of ERK phosphorylation compared to 

females. To assess this, we first looked only at untreated and restraint stress treated 

male and female mice at both time points.  

Male untreated mice were sacrificed at the 6-hour time point; however, two 

groups of untreated female mice were sacrificed, one at 6 hours and one at 24 hours to 

account for differences in the estrus cycle at the time of sacrifice. Comparison of the 

untreated female control groups revealed there was no significant difference in ERK 

phosphorylation between 6 and 24 hours (Tukey - 44 kDa at 6 hours vs. 24 hours – p = 

0.9163; 42 kDa at 6 hours vs 42 kDa at 24 hours – p = 0.3889). Untreated female 

control groups were combined for statistical analysis, which addressed the collinearity 

between treatment and time in the males. There was no significant effect of treatment 

(F2,58 = 2.1255, p = 0.12858) or sex (F1,58 = 3.2092, p = 0.07844) on ERK 
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phosphorylation. The abundance of the two isoforms differed (F1,58 = 5.4516, p = 

0.02303), with the 42 kDa isoform in greater abundance.  

In contrast to ERK phosphorylation, there was an effect of restraint stress on 

DUSP6 steady state levels (Three-way ANOVA treatment: F2,44 = 10.4650, p < 0.001). 

This effect was sex dependent (Sex: F1,44 = 8.9440, 0.00455, Sex x Treatment 

interaction: F2,44 = 4.0338, p < 0.05). Overall, the 42 kDa isoform was expressed more 

highly than the 44 kDa isoform in vivo (Isoform: F1,44 = 64.8852, p < 0.00001). At 

baseline, females expressed significantly higher levels of DUSP6 compared to males 

(Bonferroni correction - p < 0.05) Restraint stress differentially impacted DUSP6. In the 

males, there was no difference in DUSP6 expression between baseline and 24 hours 

later (Bonferroni - p > 0.05). However, in females, restraint stress significantly 

decreased DUSP6 levels 24 hours after the stress (Bonferroni - p < 0.05 for the 44 kDa 

isoform, p < 0.01 for the 42 kDa isoform). This decrease was significant even compared 

to 6 hours after restraint (Bonferroni 6 hours vs. 24 hours: p < 0.05 for the 44 kDa 

isoform, p < 0.01 for the 42 kDa isoform).  

Subsequent Western blots included the vehicle injection and DEX injection 

groups. Male and female samples were run on different blots due to spatial constraints. 

Consistent with the blots displaying untreated controls and restraint stress animals, the 

42 kDa isoform of DUSP6 was present in greater abundance than the 44 kDa isoform in 

male (Three-way ANOVA: F1,16 = 52.21, p < 0.0001) and female mice (Three-way 

ANOVA: F1,24 = 46.19, p < 0.0001). In male mice, there was a significant effect of DEX 

injection on DUSP6 levels (F1,16 = 6.065, p = 0.0255) and a significant effect of time 

(F1,16 = 6.427, p = 0.0221); however, there was not a significant difference in DUSP6 
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levels between DEX and vehicle injections at 6 hours (Tukey’s HSD - 44 kDa - p = 

0.4935; 42 kDa – p = 0.3136) or 24 hours (Tukey - 44 kDa – p = 0.4685; 42 kDa – p > 

0.99). In female mice, there was no significant effect of DEX injection (F1,24 = 0.5697, p 

= 0.4577) or time on DUSP6 levels (F1,24 = 3.400, p = 0.0776).  
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Figure 3.10: In vivo regulation of ERK phosphorylation and DUSP6 by restraint stress 

or DEX injection. Male and female mice were treated with restraint stress, vehicle injection, 

or DEX injection, and half brains were collected 6 or 24 hours later and used for Western 

blotting. ERK phosphorylation did not significantly change after restraint stress in male or 

female mice (A). DUSP6 steady state levels significantly decreased in female mice 24 hours 

after restraint stress. This effect did not occur in males. In untreated animals, female mice 

displayed higher levels of DUSP6 compared to male mice (B). No significant differences 

were seen between vehicle injection and DEX injection at 6 hours or 24 hours after treatment 

in male mice (C). No significant differences were seen between vehicle injection and DEX 

injection 6 hours or 24 hours after treatment in female mice (D). * indicates p < 0.05 

compared to untreated control and ** indicates p <0.01 compared to untreated control. † 

indicates p < 0.05 compared to male untreated control. Data represent means ± SEM (n = 5 

independent animals/treatment group for A; n = 4 independent animals/treatment group for 

B; n = 3 independent animals/treatment group for C; n = 4 independent animals/treatment 

group for D).  
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4 DISCUSSION 

4.1 Experiment 1: Glucocorticoid regulation of gene expression in 

the mHippoE-14 and mHippoE-18 cell lines  

The increase of FKBP5 expression in response to dexamethasone (DEX) 

indicates both mHippoE-14 and mHippoE-18 cells express functional glucocorticoid 

receptors (GRs) (Figure 3.2 A and B). This finding contributes to the characterization of 

these novel cell lines and is essential knowledge for the interpretation of the results 

presented in this thesis. While still relatively novel, the mHippoE cell lines have been 

used most often in studies examining estradiol neuroprotection and receptor activation 

(Gingerich et al., 2010; Evans et al., 2016) or neuronal ionic currents (Huang et al., 

2018; Lai et al., 2019; So et al., 2019; Yang et al., 2019; Lo et al., 2021), and the effects 

of glucocorticoids (GCs) in these systems is relatively unexplored. The FKBP5 

expression result confirms the suitability of both mHippoE-14 and mHippoE-18 cells as 

a model for investigating stress and GR responsivity. The mHippoE cell lines may also 

be useful for translational research, as differences in FKBP5 expression in response to 

DEX have been used to assess disease states in mice and humans (Menke et al., 2013; 

Skupio et al., 2015). To support this translational approach, the nature of  the FKBP5 

response to DEX in these cell lines at time points beyond 24 hours may be useful, as 

chronic DEX administration has been used in rodent models of depression, and 

elevated FKBP5 expression has been associated with depressive-like behaviour in 

these rodent models (Sigwalt et al., 2011; Skupio et al., 2015). Beyond the interests of 

this thesis, functional GRs in the mHippoE cell lines support other conclusions made in 

the MacLusky lab (Nicholson, 2019), and potentially suggests an important point of 

consideration for future data generated in these cell lines.  
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An effect of DEX on GR expression occurs in the mHippoE-14 cell line only 

While both cell lines have functional GRs, DEX only affected GR expression in 

the mHippoE-14 cell line (Figure 3.2 E and F). Although the ANOVA indicated a 

significant effect of treatment in this cell line, post-hoc comparisons did not reveal a 

significant difference between DEX and control at any of the time points (6, 12, or 24 

hours of exposure to DEX). The trend was towards an increase in GR expression over 

time (Figure 3.2 E). This result is consistent with some literature, as DEX has been 

show to increase GR protein levels in murine primary microglial cells (Dey and Bishayi, 

2019). DEX pretreatment leads to an upregulation of GRs in guinea pig cochlea that 

have been exposed to a 90 dB noise treatment (Heinrich et al., 2016). However, there 

are also circumstances where DEX leads to downregulation of GR. For example, in 

primary cortical type 1 astrocytes derived from rats, short term DEX exposure (1-6 

hours) upregulates GR protein levels, while longer exposure (> 12 hours) 

downregulates GR protein levels (Unemura et al., 2012). Therefore, the experimental 

context and cell type are both important when predicting how DEX will regulate GR.  

In the present study, the difference seen between mHippoE-14 cells and 

mHippoE-18 in GR expression may be due to sex, or differences in receptor isoforms, 

leading to differential regulation of GR in the presence of DEX. There are 5 

characterized splice variants in the Nr3c1 locus: GRα, GRβ, GRγ, GRA and GRP, and 

each splice variant has 8 distinct initiation sites (A, B, C1, C2, C3, D1, D2 and D3), 

leading to 40 different potential isoforms of GR protein (Cain and Cidlowski, 2015). In 

murine placentae, 8 distinct GR isoforms have been identified (Cuffe et al., 2017). Of 
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these isoforms, 6 were altered in a sex and cellular compartment-dependent manner 

when exposed to prenatal DEX (Cuffe et al., 2017). Furthermore, at baseline the 

expression of GR isoforms differed between males and females, with protein expression 

of GRα-A and GRP occurring approximately 2-fold higher in placentae of females 

compared to males (Cuffe et al., 2017). Notably, the mHippoE cell lines are also of 

murine origin. While hippocampal neurons may have a completely different isoform 

profile than placentae, it is still possible that there are sex differences in GR isoforms 

between the two cell lines, especially when considering that the two cell lines are clonal 

and are derived from two neurons with distinct receptor profiles (Gingerich et al., 2010; 

Nicholson, 2019).  

Beyond GR isoform differences, it is worth considering that other receptors in the 

two cell lines could mediate different responses in terms of GR expression. This could 

occur due to DEX or GR interactions with receptors unique to the mHippoE-14 cell line. 

For example, expression of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor subunit 4 (AMPAR4) occur in the mHippoE-14 cell line exclusively (Gingerich 

et al., 2010; Nicholson, 2019). There is a relationship between AMPARs and GCs. 

Prenatal stress has been shown to inhibit expression of some AMPAR subunits (GluR1-

3) in the hippocampus of offspring rats (Lu et al., 2017), while acute stress in adulthood 

upregulates AMPAR activation in midbrain dopamine (DA) neurons (Dong et al., 2004). 

In the study conducted by Dong and colleagues (2004), an increase in AMPAR activity 

was related to an increase in the proportion of AMPAR excitatory postsynaptic current 

to N-methyl-D-aspartate receptor (NMDAR) excitatory postsynaptic current 

(AMPAR:NMDAR ratio). In ventral tegmental area (VTA) DA neurons in rats, DEX also 
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induced an increase the AMPAR:NMDAR ratio, and this effect was dependent on GR 

activation (Daftary et al., 2009). Activation of AMPARs in mHippoE-14 cells could be 

facilitated by culture conditions. FBS has been shown to contain high glutamate levels, 

which in a 10% medium supplementation would exceed glutamate levels found in 

cerebrospinal fluid (Ye and Sontheimer, 1998).  

 While the evidence indicates GCs affect AMPAR through GR, it has not been 

established whether this relationship affects GR expression. It is worth noting that the 

functionality of AMPARs in mHippoE-14 cells has been demonstrated (Lai et al., 2019), 

and no such data has been published for the mHippoE-18 cell line. This suggests there 

may be differences in receptor functionality between the two cell lines that transcend 

sex, and these may contribute to the observed difference in GR expression, and more 

broadly differences in response to DEX. At the same time, the lack of significant 

biologically meaningful comparisons (a significant difference between DEX and control 

within a time point) make it difficult to assert this difference is occurring. A major 

limitation of this analysis is the fact that a test for homogeneity of variance was not 

performed. There is a noticeable difference the size of the standard error between 

treatment groups, which suggests that this data may have statistically significant 

inequality of variance. To correct this problem, Levene’s test could be used, and a 

transformation could be applied to the data if necessary. This could dramatically alter 

the statistical significance indicated in ANOVA. As such, it is important to note this 

limitation for all gene expression analyses.  

It may be worth pursuing fully characterizing the nature of AMPARs in the 

mHippoE-14 and mHippoE-18 cell lines. AMPARs exist as tetramers, consisting of two 



   
 

77 
 

dimers of subunit 1, 2, 3, or 4 (Sobolevsky, 2015). While many AMPARs in the CNS 

include a subunit 2 dimer, neither the mHippoE-14 nor the mHippoE-18 express this 

subunit (Nicholson, 2019). AMPARs that do not contain subunit 2 are permeable to 

calcium (Rozov et al., 2018). An increase in AMPARs that are permeable to calcium are 

found in neurons after exposure to an addictive drug such as cocaine, which may make 

these cell lines useful in investigating cellular changes that occur during addiction 

(Lüscher and Malenka, 2011).   

DEX does not affect FKBP4 and Hsp90α expression in mHippoE cells 

Results of the qPCR study did not detect any effect of DEX on FKBP4 and 

Hsp90α expression, and this was observed in both cells lines (Figure 3.2 C, D, G and 

H). The results of FKBP4 are not surprising. There are very few studies that 

demonstrate a link between FKBP4 and stress related disorders (Szczepankiewicz et 

al., 2020).  One such study investigated MDD in HIV- and HIV+ patients, which found 

increased FKBP4 expression was associated with MDD, but only in HIV+ patients (Tatro 

et al., 2009). In another study, a chronic mild stress induced rat model of depression 

showed increased FKBP4 in the hypothalamus, but no changes were seen in the 

hippocampus (Szczepankiewicz et al., 2020). Interestingly, DEX treatment did not alter 

FKBP4 expression in a myeloma cell line (Rees-Unwin et al., 2007) or in lymphoblastoid 

cell lines derived patients that had and had not experienced childhood trauma (Yeo et 

al., 2017). It appears that FKBP4 may be regulated by stress in a cell type specific way, 

but this regulation may not be the direct result of GC action.   

For Hsp90α expression, a lack of change in the presence of DEX is consistent 

with some of the literature. In human myocardial tissue that  underwent surgical stress, 
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no variations in Hsp90α expression were seen (Storti et al., 2003). Like FKBP4, viral 

infection does appear to alter the Hsp90α response: in epithelioma papulosum cyprini 

(EPC) cells that have been infected with viral hemorrhagic septicemia virus (VHSV), 

DEX downregulated Hsp90α expression (Kim et al., 2017). As in the case of FKBP4, 

this appears to be a case of the importance of cellular and molecular context in 

governing whether expression will change. Given the mHippoE-14 and mHippoE-18 cell 

lines were not infected with a virus and were only exposed to a single dose of DEX over 

a relatively short period, the lack of change in FKBP4 and Hsp90α is expected.  

DEX effect on DUSP6 expression in mHippoE cell lines 

There were no significant differences detected in DUSP6 expression; however, 

the data showed great variance. The small sample size did not make the data robust to 

this variance, as data robustness to variance is influenced by sample size (Biau et al., 

2008). A greater sample size and a test for inhomogeneity of variance would improve 

our ability to interpret this data. The means of the groups trended towards a decrease in 

DUSP6 expression in DEX treated samples 6 and 12 hours after DEX treatment in both 

cell lines (Figure 3.2 I and J). A decrease in DUSP6 at the mRNA level would be 

consistent with the decrease in DUSP6 protein that we observed in both cell lines 

(Figure 3.7). Downregulation in the presence of DEX would also be consistent with the 

reduction in DUSP6 protein levels that has been demonstrated in the presence of 

oxidative stress induced by H2O2 (Mendell and MacLusky, 2019). Finally, 

downregulation of DUSP6 mimics stress susceptibility in female mice, and at the level of 

gene expression differences are seen between control patients and patients with MDD 

(Labonte et al., 2017). It is reasonable to assume that DUSP6 mRNA expression may in 
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fact be downregulated in response to the synthetic GC DEX, but that this could not be 

distinguished due to the small sample size and variability in the data. It was the 

variability in DUSP6 expression that first made us question our culture conditions, and 

seek conditions that are more favourable to reproducibility.  

Experimental considerations for interpreting gene expression  

There are limitations to the data generated from qPCR. It is noteworthy that 

GPER mRNA could not be detected at high concentrations in this study. GPER protein 

has been detected in both mHippoE cell lines (Nicholson, 2019), and several studies 

have investigated the effect of proteins, hormones, or synthetic drugs on GPER in these 

cell lines (Evans et al., 2016; Evans, 2019; Nicholson, 2019). Conclusively, 

semiquantitative PCR has revealed strong GPER expression in mHippoE-14 and 

mHippoE-18 cells in other investigations (Gingerich et al., 2010). This suggests that 

there are technical limitations which should be kept in mind when interpreting the 

results.  

 The variability of DUSP6 response to DEX led us to consider the culture 

conditions we used for experimentation (Figure 3.3). For the gene expression assay, 

cell lines were maintained in DMEM containing 10% FBS, and experimentation occurred 

in 1% CS-FBS. Determining the appropriate composition and abundance of serum for 

culturing is cell line depended; however, in some studies conducted in other cell lines, 

1% FBS serum use has been characterized as serum starvation, used to induce protein 

degradation and cell death (Cockle and Dean, 1984; Yu et al., 2008; Sun et al., 2011). 

Cell survival is related to cell metabolism, and it has been suggested that differences in 

the metabolic performance of a cell line could be a primary cause of irreproducibility of 
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experimental outcomes  (Campanella et al., 2021). Furthermore, it has been 

demonstrated that serum free and serum containing medium can have differential 

impacts on gene expression in monolayer cell culture (Tuschl and Mueller, 2006). Most 

important to our study is the fact that serum starvation has been used to study cellular 

stress responses (Arrington and Schnellmann, 2008; Levin et al., 2010). Our 

investigation of physiological stress is compounded with cellular stress, which could 

dramatically impact the results. It appears that the switch to a low concentration of CS-

FBS led to cell death and changes in gene expression, and was in itself a stressor, 

which account for the variability seen in the data and should be considered when 

interpreting the results in the gene expression assays (Tavaluc et al., 2007).  

4.2 Experiment 2: Serum factor depletion effect over time on DUSP6 

protein steady state levels and ERK and JNK phosphorylation in 

immortalized hippocampal neurons 

To determine more optimal experimental conditions, serum concentrations of 5 or 

10% CS-FBS in media (herein referred to as simply 5% CS-FBS and 10% CS-FBS) 

were investigated across 66 hours. ERK phosphorylation, JNK phosphorylation, and 

DUSP6 steady state levels were assessed in these media. In 5% CS-FBS medium, 

there were no significant changes in DUSP6 levels (Figure 3.4 A). The lack of significant 

differences may in part be due to replicate variability (Figure 3.4 B). Despite the lack of 

significant differences in DUSP6 levels, ERK phosphorylation significantly decreased 

compared to baseline after 28 hours (Figure 3.4 C and D). Phosphorylated ERK is a 

negative regulator of DUSP6, and as such an increase in DUSP6 levels was expected 

(Wang et al., 2010). A reciprocal response of DUSP6 to ERK phosphorylation did occur 

in the 10% CS-FBS medium. ERK phosphorylation decreased over time in 10% CS-
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FBS medium (Figure 3.5 C and D), and DUSP6 levels significantly increased over time: 

DUSP6 was significantly higher after 66 hours of treatment when compared to DUSP6 

levels at 0, 18, and 28 hours (Figure 3.5 A and B). Phosphorylation of JNK also 

decreased in 10% CS-FBS medium (Figure 3.5 E and F), but not in 5% CS-FBS 

medium (Figure 3.4 E and F).  

Charcoal stripping deplete serum factors and decreases protein phosphorylation  

The reduction of ERK phosphorylation in 5% and 10% CS-FBS and JNK 

phosphorylation in 10% CS-FBS are likely the result of depletion of serum factors. The 

dramatic shift from 10% FBS medium to 1% CS-FBS medium in the gene expression 

assays led to cell death, despite the fact that serum starvation in the 16 to 18 hours 

range has previously been used to prepare cells for experimentation (Benziane et al., 

2009; Gingerich et al., 2010; Evans et al., 2016). Still, replacing FBS with CS-FBS in the 

medium does affect cellular pathways. Charcoal stripping removes a wide range of 

peptides and small molecules, including growth factors, vitamins, and lipophilic 

molecules like steroid hormones (eg. androgens and estrogens) (Sikora et al., 2016; 

Liang et al., 2020). It is routinely used in hormone studies, to mimic hormone free 

conditions and avoid interference from serum factors (Liang et al., 2020). This can 

drastically change cellular metabolism and response. Indeed, CS-FBS has been shown 

to induce changes in biological signalling cascades of cultured cells (Tu et al., 2018).  

A decrease in ERK phosphorylation over time occurred in both 5% and 10% CS-

FBS, suggesting the change in serum factors from charcoal stripping led to a decrease 

in MAPK/ERK signalling. Serum factors such as estradiol, progestins, thyroid hormones, 

and insulin-like growth factor 2 (IGF-2) activate ERK1/2 through phosphorylation, and 
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these are depleted by charcoal stripping  (Vicent et al., 2006; Chiloeches et al., 2008; 

Felice et al., 2012; Evans et al., 2016; Tu et al., 2018). The DUSP6 response in 10% 

CS-FBS medium is likely caused by the decrease in ERK phosphorylation; however, a 

biological explanation for why this same DUSP6 response did not occur in 5% CS-FBS 

medium is difficult to determine. It may be due to the variability in the data that no 

significant difference was observed, as in some samples there was a pronounced 

increase in DUSP6 levels over time (Figure 3.4 B).  

The depletion of serum factors is likely also responsible for the decrease in JNK 

phosphorylation seen in cells transferred to 10% CS-FBS. JNK is a downstream target 

of GPER, and the presence of estrogens in the media would lead to JNK 

phosphorylation (Kim et al., 2016). The addition of CS-FBS would decrease estrogens 

in the media, and correspondingly we could see a decrease in JNK phosphorylation 

over time. It is curious that the decrease in JNK phosphorylation did not reach statistical 

significance in 5% CS-FBS, despite the clear trend. This may be a similar case to 

DUSP6 steady state levels in 5% CS-FBS, variability in the data could be a factor. The 

small sample size (n = 3) may also impact the statistical outcome (Biau et al., 2008).  

Cell culture considerations beyond fetal bovine serum  

Untreated FBS is demonstrably variable; however, CS serum has lot to lot 

variability which occurs due to variation in source material and in stripping methods 

(Sikora et al., 2016; van der Valk et al., 2018). Some lots of CS serum exhibit only 

partial hormone deprivation when compared with others (Sikora et al., 2016). To 

overcome this challenge, some researchers have used dextran-coated charcoal to re-

strip the CS-FBS they receive from the supplier prior to experimentation (Beinhauer et 
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al., 2015). Others have decided to forgo serum all together, and instead use chemically 

defined medium for cell culture (van der Valk et al., 2018). Estrogen residue as a result 

of incomplete depletion is a concern with CS-FBS (Cao et al., 2009), but serum is not 

the only potential source of estrogenic activity in cell culture experimentation: phenol red 

in DMEM (Berthois et al., 1986) and dishes and plates used in cell culture (Ishikawa et 

al., 2001) have also been shown to contain ER agonists. It is worth noting other 

limitations associated with cell culture. One well documented phenomenon is the 

difference between ambient O2 in vivo and in cell culture conditions.  Typical cell culture 

conditions are hyperoxic. O2 levels are equilibrated between 18-19%, or 18.5 kPa 

(partial pressure of O2, pO2), in a standard incubator with 5% CO2 (Keeley and Mann, 

2018; Abbas et al., 2021). In contrast, in vivo O2  is around 5%, with pO2 in the 

hippocampus and dentate gyrus around 0.5-3.5 kPa (Keeley and Mann, 2018; Abbas et 

al., 2021). The effect of physiological normoxia (defined as pO2 of 3-5 kPa) on several 

neuronal cell cultures, including SH-SY5Y cells, has been investigated (Villeneuve et 

al., 2013; Keeley and Mann, 2018). Generally, in neuronal cells, normoxic culture 

decreases the formation of ROS, hyperpolarizes mitochondrial membrane potential, and 

increases survival during prolonged culture (Villeneuve et al., 2013; Keeley and Mann, 

2018). Such considerations are important when comparing in vitro and in vivo work. 

Ultimately, factors outside of serum may affect experimental outcomes. Measures 

should be taken to reduce interference, and when they cannot be reduced, they must 

factor in to interpreting the outcome of the results. Despite these limitations, cell culture 

is still a useful technique for looking at molecular changes and regulation of systems.  

After the addition of CS-FBS media, 18 to 42 hours is a stable expression window for 
DUSP6 and ERK and JNK phosphorylation 
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While differences in protein phosphorylation and DUSP6 levels did occur in 5% 

and 10% CS-FBS, not all of them are meaningful for the purpose of experiments in this 

thesis. In 5% CS-FBS and 10% CS-FBS, all significant differences in ERK 

phosphorylation are between 0 hours and later time points (28, 42, 66 hours; Figure 3.4 

C and D; Figure 3.5 C and D). Likewise, all significant differences in JNK 

phosphorylation in 10% CS-FBS occur between 0 hours and later time points (42 and 

66 hours; Figure 3.5 E and F). There is always an incubation period when using CS-

FBS; no experimentation occurs upon the addition of CS-FBS medium (0 hours). It is 

expected that there would be differences between the 0 hour and later time points: this 

is the point of using CS-FBS. What is more meaningful to the studies is that the 18-hour 

incubation period appears to be sufficient as a starting point for experimentation. Time 

in charcoal stripped media prior to experimentation can vary widely, with some 

researchers going as far as a 3 day incubation period prior to experimentation (Sikora et 

al., 2016). In our application, treatment began after 18 hours in CS-FBS, and cells were 

collected 24 hours later (42 hours after the addition of CS-FBS). Within this range, 

phosphorylation of ERK and JNK is stable. Similarly, significant increases in DUSP6 

steady state levels only occurred 66 hours after the addition of CS-FBS (Figure 3.5 A 

and B). In the studies in this thesis, 66 hours is significantly longer than any duration of 

treatment.  

4.3 Experiment 3: Glucocorticoid regulation of DUSP6 steady state 

levels in immortalized hippocampal neurons  

 DEX downregulated DUSP6 protein levels at 24 hours (Figure 3.6 C; 3.8 A and 

B). This result is consistent with DUSP6 downregulation after 24 hours of oxidative 

stress exposure in SH-SY5Y cells (Mendell and MacLusky, 2019). This demonstrates 
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that DUSP6 responds to GCs specifically, signifying that DUSP6 will respond to multiple 

kinds of stressors. The response in both mHippo cell lines indicates that this 

downregulation is not inherent to either of the sexes, and that the difference observed 

by Labonte et al. (2017) is likely a combination of physiological and hormonal factors 

that impact the whole organism. Additionally, Labonte and colleagues observed 

downregulation of DUSP6 in the ventral medial prefrontal cortex (vmPFC); in their 

assessment, the hippocampus was not investigated. Our results do not preclude the 

possibility that there are regional differences in DUSP6 regulation. Our results also 

suggest that chronic debilitation, as seen in patients with MDD and mice exposed to 21 

days of chronic stress, is not necessary to elicit a DUSP6 response. Changes in DUSP6 

in response to GCs occurred relatively rapidly, indicating an important role for this gene 

in regulating acute stress.  

 DEX affected DUSP6 steady state levels in both cell lines after 10 minutes of 

treatment as well. While 10 minutes is not an ideal time point to look at changes in 

protein levels, these results will be addressed. In both the male and the female cell line, 

DEX upregulated DUSP6 within 10 minutes, and downregulated DUSP6 at 24 hours 

(Figure 3.7 A and B; 3.8 A and B). This suggests biphasic regulation of DUSP6 by GCs. 

A direct comparison to the work completed by Mendell and MacLusky (2019) and 

Labonte et al. (2017) cannot be made. In one case, DUSP6 levels were assessed in 

SH-SY5Y cells at 24 hours only (Mendell and MacLusky, 2019). In the other, all mice 

were sacrificed after 21 days of chronic stress (Labonte et al., 2017). The present 

investigation appears to be unique in that multiple time points were assessed. However, 

the results as they appear are consistent with what is already known about stress 
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responses. Biphasic responses of other genes to GCs (specifically corticosterone) have 

been reported (Mak et al., 2009). Furthermore, biphasic responses at the behavioural 

and neuronal level in response to stress have been noted for decades (Joëls and de 

Kloet, 1992; Sapolsky et al., 2000). The reality of a biphasic response in gene 

expression to GCs may help explain the well-established inverted U shaped pattern of 

response we see in behaviour to stress (Kademian et al., 2005).  

There are also mechanistic considerations for DUSP6 regulation over time. In the 

case of DUSP6, a stressor of short duration may lead to the rapid activation of ERK 

through phosphorylation, thereby increasing DUSP6 expression (Zhang et al., 2010). 

However, prolonged activation of ERK by GCs may target DUSP6 for proteasomal 

degradation (Marchetti et al., 2005). This pattern may be cyclic. Previously proposed 

models of DUSP6 regulation suggest activated ERK will initially diminish as a result of 

DUSP6 action, but then a subsequent decrease of DUSP6 will occur as a result of 

proteasomal degradation. This will allow ERK signalling to increase once again, and the 

cycle repeats (Ahmad et al., 2018). Our data are temporally limited, and it is not 

possible to conclusively determine if the downregulation of DUSP6 we see at 24 hours 

is indicative of sustained downregulation or a point of downregulation in a cycle.  

While biphasic responses to GCs are well characterized, a biphasic response to 

DEX specifically is notable. Precise mechanisms that allowed this to occur were not 

assessed, which opens the interpretation to informed speculation. It has been 

suggested that biphasic responses to GCs are mediated in part through differential 

actions of MR and GR. These receptors are colocalized in the hippocampus and affect 

the response to GCs (Joëls and de Kloet, 1992; Reul et al., 2000). It has been 
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hypothesized that in neurons, MRs mediate steroid actions that enhance cellular 

excitability, whereas GRs may suppress neuronal activity (Joëls and de Kloet, 1992). 

However, DEX  selectively binds GR in vivo, which would presumably restrict the 

observed effects on DUSP6 regulation from being mediated by MR (Reul et al., 2000). 

Indeed, during the time these experiments were conducted, it was assumed that DEX 

binding of MR was negligible.  

In actuality, DEX has been shown to bind hippocampal MRs with high affinity in 

vitro in cells obtained from rat, mouse, human, and dog (Reul et al., 2000). These 

experiments being conducted in vitro increase the likelihood that DEX is not selective to 

GR in this experimental context.  If DEX had differential affinities and dissociation rates 

for MRs and GRs during the experiments, this could contribute to the observed biphasic 

response. Indeed, the highest levels of MR are found within the hippocampus, from 

which the mHippoE cell lines are derived (Reul et al., 2000; Gingerich et al., 2010). 

Expression of MR has been demonstrated through conventional PCR in the mHippoE 

cell lines (Nicholson, 2019). It would be interesting to determine the relative expression 

of GR and MR in these cell lines, and their relative occupancy by DEX, to interpret the 

observed DUSP6 response. Of course, DEX may regulate DUSP6 through ERK 

activation, in which case specific differences between GR and MR binding may not be 

relevant. While a precise mechanism is not clear, these results, specifically the 

downregulation of DUSP6 at 24 hours, are noteworthy.   
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4.4 Experiment 4: 3α-diol rescues DEX induced downregulation of 

DUSP6 in male, but not female, immortalized hippocampal 

neurons  

 The most interesting finding in the work completed in this thesis regards the 

effect of 3α-diol on DUSP6 levels. In both cell lines, 3α-diol treatment alone did not 

change DUSP6 at 10 minutes or 24 hours (Figure 3.7 A and B; 3.8 A and B); however, 

an effect of 3α-diol in combination with DEX was found in the mHippoE-18 cell line. At 

24 hours, the combination treatment rescued the DEX induced DUSP6 downregulation, 

such that DUSP6 protein levels did not differ significantly between vehicle and 

combination treatments. DEX treatment alone decreased DUSP6 protein levels in these 

cells (Figure 3.7 B). In the mHippoE-14 cell line, combination treatment did not rescue 

DUSP6 protein levels (Figure 3.8 B).  This suggests that 3α-diol has a sex-specific 

effect, with its regulatory role occurring in males.  

Before commenting on this observation, the effects at 10 minutes must be 

addressed. The results at the 10-minute treatment might suggest that 3α-diol regulates 

DUSP6 in a differential way depending on sex. After 10 minutes of treatment, DEX 

significantly increased DUSP6 levels in both cell lines. In mHippoE-18 cells, the DEX + 

3α-diol combination treatment also significantly increased DUSP6 steady state levels, 

with a corresponding decrease in ERK phosphorylation (Figure 3.7 B). In contrast, in 

mHippoE-14 cells, there was no significant increase in the combination treatment, 

suggesting 3α-diol prevented a DEX-induced increase in DUSP6 levels in these cells 

(Figure 3.8 B). Such an interpretation would indicate that while in the male cell line 3α-

diol prevents decreases in DUSP6, in the female cell line 3α-diol prevents increases in 

DUSP6. However, 10 minutes is quite a short period of time for protein changes to 
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occur. Assessing post-translational modifications after 10 minutes may be appropriate 

when investigating rapid and transient events, such as phosphorylation, but it is not the 

most appropriate choice for investigating changes in protein steady state level. It is 

prudent to remain skeptical of all changes in DUSP6 levels that were found at 10 

minutes, as their actual molecular validity is questionable. As such, the effects of 3α-diol 

will be interpreted as male-specific for the remainder of the discussion.  

These results should be interpreted in the context of embryonic development. 

The observed sex difference may be due to the embryonic context our cellular model 

was derived from. In mice, the prenatal increase in T production by fetal testis (prenatal 

T surge) occurs around embryonic day 16-18 (E16-18) (O’Shaughnessy et al., 1998, 

2006). The prenatal T surge has been shown to masculinize, or defeminize, the brain 

(MacLusky and Naftolin, 1981; Beyer et al., 1994). Given these cell lines were 

generated from E18 mice, it is possible that the sex specific response to 3α-diol is 

patterned by the prenatal T surge. One 5α-reduced metabolite of T, 5α-

androstanedione, has been shown to be a potent negative regulator of this activity in 

males (Hutchison et al., 1997). An interesting extension of this is that as a 3α-hydroxy, 

5α-reduced T metabolite, 3α-diol may function as a negative regulator of developmental 

masculinization in the male brain. This hypothesis is consistent with the idea that 3α-

hydroxy, 5α-reduced structures function as major modulators of the effects of their 

precursors (Mendell, 2018). It does not preclude the possibility that 3α-diol does not 

show a sex-specific effect in adulthood.  

The observed sex difference may be the result of the T surge; however, there 

may be innate molecular differences in these embryonic cells that precede the T surge. 
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For example, differences in the activity of neurosteroidogenic enzymes precede the T 

surge: at E15, aromatase activity is higher in males than females (Hutchison et al., 

1997; Cisternas et al., 2017). This difference correlates with differential responses to 

gonadal steroid hormones (Cisternas et al., 2017). A similar response may be occurring 

in the case of 3α-diol; differences in enzymatic activity may alter the observed response. 

Furthermore, there is no guarantee that 3α-diol is not being metabolized in our 

experiments. Neither cell line was treated with enzyme blockers, nor was the activity of 

the enzymes involved in 3α-diol metabolism assessed. It could be the case that 3α-diol 

is undergoing alternative rates of metabolism in these cells. Specifically, the extent of 

3α-HSD activity is not known in either cell line; potent 3α-HSD activity could convert 3α-

diol to DHT. If this was the case, 3α-diol may not be directly responsible for the 

observed effects. One cell line could back-convert 3α-diol to DHT while the other cell 

line could maintain 3α-diol levels: the difference between the two cell lines could simply 

be due to differential impacts of DHT and 3α-diol. The effects of DHT and 3α-diol have 

been shown to be distinct (Edinger and Frye, 2004). Therefore, the sex difference may 

be attributable to differences in enzymatic activity between these cell lines.  

Differences in enzymatic activity could exist that are not a reflection of an actual 

sex difference. The distinct morphologies of the two cell lines, in combination with their 

distinct receptor profiles, indicate that the mHippoE-14 and mHippoE-18 cells are 

unique cell types isolated from heterogeneous populations (Gingerich et al., 2010). This 

means that the two cell lines differ on more than the basis of sex, and a difference in 

enzymatic activity could be attributable to a difference in cell type. If this was the case, it 

is possible that a  DUSP6 response to 3α-diol may be observable in females. Indeed, 
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research in our lab supplementing male and female 3xTg-AD mice with 3α-diol indicates 

that females do in fact respond to 3α-diol. Several factors may impact the difference 

between the in vivo and in vitro work, including age, duration of treatment, and the 

difference between an immortalized clonal cell line and a heterogeneous hippocampal 

cell population.  

In the mHippoE-18 cell line, ERK phosphorylation was significantly different in 

each treatment group at 24 hours (Figure 3.7 C and D). The order of greatest to least 

amount of phosphorylated ERK relative to total ERK is as follows: vehicle control, 3α-

diol, DEX, and DEX + 3α-diol (Figure 3.7 D). As expected, DEX + 3α-diol treatment 

reduced ERK phosphorylation relative to DEX treatment alone. A similar effect has been 

observed from cotreatment with H2O2 + 3α-diol compared to H2O2  alone (Mendell and 

MacLusky, 2019). This suggests that the protective effect of 3α-diol on ERK activation 

occurs in response to both physiological and oxidative stresses; however, unlike H2O2, 

DEX itself decreased ERK phosphorylation, while simultaneously decreasing DUSP6. 

Other data from our lab indicates that DUSP6 and ERK phosphorylation do not always 

have a reciprocal relationship to one another (Pacosz, 2021). This may be some sort of 

temporally regulated response whereby the decrease in ERK phosphorylation we see 

was preceded by an increase at a time point not analyzed. In any case, it can be said 

that the relationship between DUSP6 and ERK phosphorylation is not as simple as one 

increasing and the other decreasing. It has previously been reported that 3α-diol 

treatment alone does not affect ERK phosphorylation in cell culture (Mendell et al., 

2016). This result was found in a female neuroblastoma cell line, so this difference may 

be due to sex, or some unique molecular mechanism that the SH-SY5Y and embryonic 
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hippocampal cell lines do not share. Future work should confirm if a difference in ERK 

phosphorylation is seen in the female embryonic hippocampal cell line: the results of 

this may help inform future experiments to determine 3α-diol’s mechanism of action.  

4.5 Experiment 5: Glucocorticoid and restraint stress regulation of 

DUSP6 steady state levels and ERK phosphorylation in male and 

female CD1 mice  

 Two major limitations exist in the data taken from the in vivo experiments. First, it 

was impossible to take precise coronal sections from the frozen brain tissue. Under 

ideal circumstances, coronal sections would be taken, hippocampal tissue would be 

punch dissected from the coronal sections, and protein would be extracted from this 

tissue. Alternatively, if it is determined prior to sacrifice that the hippocampus is the only 

region of brain tissue desired, the hippocampus can be removed in its entirety in one 

segment and frozen separately. This would be done to increase the likelihood of 

determining meaningful differences in protein steady state levels, because a single 

brain region is being investigated. 

In this case, a larger proportion of the brain was used. Two cuts in each half 

brain aimed to remove the olfactory bulb, most rostral portion of the cortex and 

underlying structures, hindbrain, and some midbrain prior to protein extraction. The 

remaining tissue was homogenized together. This tissue did contain the hippocampus, 

but it also likely included thalamus, hypothalamus, overlying cortex, and a small portion 

of midbrain. DUSP6 is widely expressed in the murine brain from embryonic day 10 

onward, according to the Mouse Genome Informatics database (Liu, 2008; MGI: 

1914853, http://www.informatics.jax.org/ marker/MGI:1914853). It is possible that 

regulation of DUSP6 is regionally specific. Homogenizing multiple brain regions together 
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means that any changes in DUSP6 in specific brain regions cannot be detected. In 

addition to any specific differences between brain regions being missed, it is possible 

that we did not detect differences between groups that do in fact exist. Gene expression 

in brain regions is differentially impacted by DEX (Aguilar-Valles et al., 2005; Frahm et 

al., 2018), and significant DUSP6 downregulation in females with MDD is specific to the 

vmPFC (Labonte et al., 2017). Therefore, it is possible that DUSP6 is differentially 

regulated in different brain regions in response to DEX. If this were the case, the result 

of this study may not show a significant difference at all.  

The second issue involves the lack of relevant controls for the males. In the 

females, there is an untreated control group at each time point. This was done to ensure 

that differences in the estrus cycle hormones were not confounded with the effect of 

time. However, in the males, there is no untreated control group that was sacrificed at 

24 hours. While male mice do not have an estrus cycle, the levels endogenous 

corticosteroids fluctuate over the course of 24 hours (Hayes et al., 2010). For this 

reason, a time-matched untreated control group at 24 hours is necessary. The lack of 

an untreated control group at 24 hours also introduced collinearity into the data when 

doing a male and female comparison, complicating the analysis.  

The tissue obtained for these investigations was derived from an experiment that 

was not related to this thesis. Our intent was to not allow tissue to go to waste. 

However, a properly designed experiment is essential before drawing any conclusions. 

This experiment needs to be redone with isolated brain regions, and possibly with 

gonadectomized (GDX) animals with 3α-diol replacement. Such a design would allow us 

to comment on the role of 3α-diol in regulating the physiological stress response in vivo. 
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Furthermore, in the future, loading male and female samples on to the same 

nitrocellulose membrane will allow for a direct male-female comparison.  These 

modifications would address the current limitations.  

With the limitations in mind, a few comments can be made. We found a 

significant decrease in DUSP6 protein levels 24 hours after 30 minutes of restraint 

stress in the female, but not male, treatment group (Figure 3.10 B). There was a 

corresponding trend to increased ERK phosphorylation in the females after 24 hours, 

but this was not statistically significant (Figure 3.10 A). These data are consistent with 

the findings of Labonte et al. (2017), which demonstrated that in female mice, chronic 

stress downregulated DUSP6 protein levels, and this DUSP6 downregulation correlated 

with increased ERK signalling and pyramidal neuron excitability. The fact that DUSP6 

was a sex-specific hub gene from an RNAseq experiment in female patients with MDD 

is consistent with a sex-specific effect of DEX on DUSP6 steady state levels in mice. 

What this study provides beyond the findings of Labonte et al. (2017) is a demonstration 

of this effect occurring rapidly in vivo. While Labonte et al. (2017) demonstrated that 

chronic stress downregulates DUSP6, our data indicate that acute stress is sufficient to 

downregulate DUSP6. Our data suggest that DUSP6 levels may rapidly change in 

response to GCs in the female brain, thereby providing one potential molecular link 

between susceptibility to depression and stress.   

These data are also consistent with the in vitro experiments with DEX, with 3α-

diol preventing the DEX-induced decrease in DUSP6 protein levels in the males only 

(Figure 3.7 A and B). If 3α-diol can prevent DUSP6 downregulation in vitro, perhaps the 

presence of 3α-diol in the male brain contributed to the lack of significant changes in 
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DUSP6 seen in males in vivo. We hypothesize that 3α-diol stabilizes ERK signalling in 

these brains. Indeed, no significant changes were seen in ERK phosphorylation in the 

males in response to restraint stress (Figure 3.10 A).  

The experiment as it was conducted is not sufficient for determining if this effect 

occurred because of 3α-diol specifically. Intact males will have high plasma and brain 

levels of androgens; the observed effects may have been the consequence of T or 

DHT, or a combination of these androgens working together. Furthermore, an entirely 

different androgen may be responsible. In one study that found a correlation between 

3α-diol plasma levels and mood, a positive correlation between dehydroepiandrosterone 

(DHEA) and 3α-diol levels was also found (Barbaccia et al., 2000). DHEA has 

demonstrated anxiolytic, antidepressant, and anti-glucocorticoid effects. In male rats 

that have undergone adrenalectomy and GDX, DHEA sulfate levels rise in the brain in 

response to stress conditions (Corpéchot et al., 1981). Furthermore, the results of a 

longitudinal study in Taiwan have indicate an association between lower levels of DHEA 

and poorer health status, including increases in depressive symptoms in men (Goldman 

and Glei, 2007). This association is not apparent for women (Goldman and Glei, 2007). 

It may be worthwhile for future investigations to consider DHEA as a modulator of 

DUSP6 levels, and its role in the intact male mouse brain must be considered if this 

experiment were to be replicated.  

4.6 Future Directions 

  A natural extension of the work completed in this thesis, and more broadly the 

work completed in our laboratory, is to question what mechanism of action allows 3α-

diol to exert its effects on DUSP6. 3α-hydroxy, 5α-reduced neurosteroids have 
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demonstrated activity at membrane receptors; likely, the DUSP6 response is the result 

of a rapid intracellular signalling cascade from a membrane-bound receptor (Mendell, 

2018). While the protection of 3α-diol against oxidative stress occurs independently 

from the GABAA receptor, this does not preclude the possibility of its involvement in the 

presence of GCs. More interestingly, the focus of our lab naturally points to sex steroid 

receptors that bind estrogen.  

It has been demonstrated that 3α-diol has weak estrogenic activity at ERα and 

ERβ , with a greater affinity for ERβ  (Kuiper et al., 1997). Indeed, ERβ  is responsible 

for some of the actions of 3α-diol in the dorsal hippocampus (Edinger and Frye, 2007). 

Often, the actions of 3α-diol at ERs are overlooked, as its affinity for both receptors is 

significantly lower than that of estradiol. However, assays for receptor affinities for ERα 

and ERβ were conducted with cytosolic solution: the affinity for 3α-diol may increase for 

membrane-bound ERs (Kuiper et al., 1997). Membrane-bound ERs have been identified 

as responsible for the non-genomic actions of estrogens (Fuentes and Silveyra, 2019). 

Such membrane-bound ERs have unique binding affinities for their ligands (Lin et al., 

2013). Currently, the cellular distribution of ERs in the mHippoE-18 cell line is unknown. 

A rapid fixation protocol followed by immunocytochemistry and confocal microscopy 

would provide valuable information on the localization of ERs in this cell line. This may 

assist in determining if it is reasonable to assess the action of 3α-diol at membrane-

bound receptors.  

Another possibility for nongenomic action at the membrane is GPER. The 

possibility of 3α-diol being a GPER ligand is currently being investigated in our lab. 

There is mounting evidence that the role of GPER is specifically important under stress 
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conditions. Crucially, both mHippoE cell lines express GPER; however, DEX 

significantly downregulates GPER in the mHippoE-14 cell line only (Nicholson, 2019). If 

the actions of 3α-diol are GPER mediated, it could be the case that sufficient levels of 

the receptor are necessary for 3α-diol’s effects on DUSP6. This could be the reason 3α-

diol only rescued DUSP6 levels in the mHippoE-18 cell line. If 3α-diol is a GPER ligand, 

it may be questioned whether estradiol produces a similar effect on DUSP6 protein 

levels.  Estradiol itself has been shown to have antidepressant effects (de Novaes 

Soares et al., 2001).  However, in the in vivo study, DUSP6 levels decreased in females 

after restraint stress. Furthermore, chronic stress downregulates DUSP6 levels in intact 

female mice (Labonte et al., 2017). What could be the explanation for this?  

There are two important considerations. First, estradiol and GPER agonists 

activate different signalling mechanisms in the hippocampus (Kim et al., 2016). 

Therefore, 3α-diol acting as a GPER ligand could elicit a completely different response 

than estradiol. Second, there may be an unfavourable interaction between stress 

treatment timing and phase of the females’ estrus cycle. In the case of Labonte et al. 

(2017), it is not documented if the estrus cycle of these animals was tracked. Not only 

can phase of the estrus cycle affect the stress response, but chronic stress can halt the 

estrus cycle (Baron and Brush, 1979; An et al., 2020). If estradiol levels were 

consistently low due to chronic stress treatment, this may have created a permissive 

environment for DUSP6 downregulation. In our in vivo experiment, mice were treated in 

metestrus, when serum estradiol levels are relatively low (Nilsson et al., 2015). The 

results may be specific to this phase of estrus cycle.  
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It is possible that if the mice were treated just before proestrus, when serum 

estradiol is at its highest, a different effect would be observed. One experiment that 

approximates these conditions occurred in our lab, wherein female Sprague-Dawley 

rats were treated with DEX in their drinking water and were sacrificed in proestrus. 

DUSP6 protein levels were assessed in the CA1 region of the hippocampus. Rats that 

received DEX treatment had increased DUSP6 protein levels compared to untreated 

controls (Pacosz, 2021). This suggests that estradiol may rescue DUSP6 levels.  

Admittedly, monitoring stage of the cycle is not sufficient to attribute DUSP6 

upregulation to estradiol alone: some androgens, such as T and androstenedione, are 

at their highest levels in proestrus (Nilsson et al., 2015). To confirm estradiol is 

responsible for DUSP6 upregulation, additional experiments are necessary. To begin, a 

design similar to the follow up studies for the DEX + 3α-diol experiment could be used. 

If an effect is demonstrated, the mHippoE cell lines could provide a model to investigate 

specific mechanisms of action. Conceivably, this simple design could allow us to 

investigate steroids beyond estradiol as well. Future investigations should determine the 

mechanism of action for 3α-diol in the presence of GCs and identify if other 

neurosteroids have similar effects.  

4.7 Conclusions 

 The novel mHippoE-18 and mHippoE-14 cell lines provide a valuable model for 

studying GC responses in vitro. The results of the mRNA study suggest that these cell 

lines have similar and largely overlapping innate molecular responses to GCs. Perhaps 

the most valuable finding from the mRNA study is that a stable culture system is 

necessary, and that the mHippoE cell lines are not sufficiently supported by culture 
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media containing 1% CS-FBS. Using culture media with 10% CS-FBS is more 

appropriate, as the cell lines are habitually cultured in media with 10% FBS outside of 

experimentation. This provides a consistency in the serum factors supplied. The results 

in this thesis, in combination with other work conducted in our lab, indicate that DUSP6 

is marking cellular stress. DEX downregulates DUSP6 in both cell lines. Importantly, 3α-

diol can rescue DUSP6 levels from downregulation by DEX; however, this only occurs 

in the male cell line. This establishes 3α-diol as protective against physiological stress 

and indicates that a sex difference in 3α-diol response may be programmed prior to 

birth. A similar phenomenon is observed in adult intact mice, where restraint stress 

downregulates DUSP6 in females but not males. More work is required to determine the 

validity of these in vivo results, and to determine if 3α-diol plays a similar role in vivo as 

it does in vitro.  
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Supplementary Table 2.1: Antibody table. Antibodies used in western blotting experiments 

Target Antigen 
Sequence 

Antibody  
Name 

Supplier, 
Catalog No.  

Species 
raised in, 
monoclonal 
or polyclonal 

Dilution 
Used 

α-tubulin Epitope located 
at the C-
terminus of α-
tubulin 

Monoclonal anti- 
α-tubulin clone 
B-5-1-2 

Sigma-
Aldrich,  
T5168 

Mouse, 
monoclonal 

1: 200 
000 

β-actin Raised against 
gizzard Actin of 
avian origin 

β-actin Antibody 
(C4) 

Santa Cruz 
Biotechnology 
Inc., sc-47778 

Mouse, 
monoclonal 

1:5000 

DUSP6 Synthetic 
peptide within 
Human DUSP6 
aa 350 to the C-
terminus 

Recombinant 
Anti-DUSP6 
antibody 
[EPR129Y] 

Abcam, 
(ab76310) 

Rabbit, 
monoclonal 

1:500 

ERK 1/2 C-terminus of 
rat p44 MAPK 

p44/42 MAPK 
(Erk1/2) 
antibody 

Cell Signaling 
Technology, 
#9102 

Rabbit 
polyclonal 

1:2000 

Phospho- 
ERK 1/2 

Phosphopeptide 
corresponding 
to region 
around 
Thr202/Tyr204 
of human p44 
MAPK 

Phospho-p44/42 
MAPK (Erk1/2) 
(Thr202/Tyr204) 
antibody 

Cell Signaling 
Technology, 
#9101 

Rabbit 
polyclonal 

1:2000 

JNK Aa 1-424 
representing full 
length JNK2 
p54 of human 
origin 

JNK Antibody 
(D-2) 

Santa Cruz 
Biotechnology 
Inc., sc-7435 

Mouse, 
monoclonal 

1:500 

Phospho- 
JNK 

p46 and p54 
SAPK/JNK dual 
phosphorylation 
at 
Thr183/Tyr185  

Phospho-
SAPK/JNK 
(Thr183/Tyr185) 
Antibody 

Cell Signaling 
Technology, 
#9251 

Rabbit, 
polyclonal 

1:2000 

Anti-rabbit 
secondary  
antibody 

 Anti-rabbit IgG, 
HRP linked 
antibody 

Cell Signaling 
Technology, 
#7074 

Goat 1:2500 

Anti-mouse 
secondary 
antibody 

 Anti-mouse IgG, 
HRP linked 
antibody 

Cell Signaling 
Technology, 
#7076 

Horse 1:2500 


