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Thesis Abstract 

 

 Stress is part of our daily life. One of the major cell types involved in the stress 

response are the catecholaminergic cells in the brain, the peripheral nervous system and 

the adrenal medulla. These cells, which produce adrenaline, noradrenaline and 

dopamine, are subject to a range of controls each of which is involved in the stress 

response. The major subject of this thesis is the effect of stress on one of these controls 

namely biosynthesis of the catecholamines. Tyrosine hydroxylase (TH) is the rate-

limiting enzyme in catecholamine biosynthesis. TH is itself subject to a range of 

regulatory mechanisms, including feedback inhibition by the catecholamines, 

phosphorylation of serine residues (Ser19, Ser31 and Ser40) which can contribute 

directly or indirectly to enzyme activation, as well as mRNA expression and protein 

synthesis which determine the availability of TH. In response to stress 

catecholaminergic cells are depolarized and extracellular calcium enters leading to the 

release of catecholamines from these cells and also to the activation of signal 

transduction pathways that lead to an increase in TH phosphorylation and TH activity. 

When catecholamines are released from cells during the stress response it has been 

shown that the concomitant increase in TH activity and catecholamine synthesis 

maintains catecholamine levels in the cells at a constant level. The phosphorylation of 

each serine residue does not affect TH activity equally. Ser19 phosphorylation does not 

increase TH activity directly, Ser31 phosphorylation increases TH activity modestly and 

Ser40 phosphorylation, which relives the feedback inhibition by catecholamines, 

increases TH activity substantially. Three phases of TH activation (acute, sustained and 

chronic) have been identified and the regulatory mechanisms for each phase have been 
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extensively characterized in vitro and in situ. The acute phase involves TH 

phosphorylation which occurs and is mostly reversed over the first hour after exposure 

to stress. The sustained phase also involves TH phosphorylation via different 

mechanisms but it occurs from 1 to 24 h after exposure to stress. The chronic phase 

involves mRNA synthesis and TH protein synthesis and this occurs from 4 to 72 h after 

exposure to stress. To date, there have been only limited studies that have investigated 

the acute phase of TH activation in response to stress and no studies that have 

investigated the sustained phase in vivo. Only the chronic phase of TH activation in 

response to stress has been extensively investigated in vivo.  

 

The work presented in this thesis aimed to systematically investigate the 

different phases of TH activation, especially the acute and sustained phases, by 

measuring TH phosphorylation and TH protein at different time points in response to a 

range of stressors in vivo. The adrenal medulla and the locus coeruleus (LC) where 

chosen as representative catecholaminergic cells for these studies. We have compared 

the profile of TH phosphorylation and TH protein elicited by two stressors tentatively 

classified as physical (footshock or glucoprivation stress) and two stressors tentatively 

classified as psychological (immobilization or social defeat stress) in the adrenal 

medulla and the LC over a 1 h period. We found that the different stressors all induce 

the acute phase of TH activation, but provide different temporal profiles of TH 

phosphorylation at Ser19, Ser31 and Ser40, without TH protein synthesis in the adrenal 

medulla and the LC over the first hour in vivo. The physical stressors both activated the 

catecholaminergic cells to a greater extent when compared to the psychological 

stressors. We have also compared the profile of TH phosphorylation and TH protein 

elicited by three different stressors social defeat, glucoprivation or LPS stress in the 
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adrenal medulla at 24 h. It should be noted that the LPS studies were undertaken with 

neonatal rats. We found that social defeat or glucoprivation stress do not induce 

sustained phosphorylation. However, LPS stress induces the sustained phase of TH 

activation by inducing sustained TH phosphorylation at Ser31 and Ser40 without TH 

protein synthesis being increased in neonatal rats’ adrenal medulla at 24 h. The reason 

for the difference is unknown, but it is possible that sustained phosphorylation only 

occurs in neonatal animals or perhaps LPS stress activates the adrenal via a different set 

of intracellular messengers to the other stressors. Whatever the mechanism this is the 

first study to demonstrate that the sustained phase of TH activation occurs in vivo.  

 

Overall we provided evidence that different catecholaminergic cells respond 

differently in term of the temporal profiles of TH phosphorylation at Ser19, Ser31 and 

Ser40, presumably due to differences in the frequency of cell firing and/or the nature of 

the neurotransmitters released onto these cells, which in turn led to differential 

activation of signal transduction pathways. In addition, we demonstrated that the 

activation of TH is associated with the enzymes phosphorylation at Ser31 and Ser40 in 

vivo, an effect that had previously been demonstrated mainly in cultured cells. This 

thesis has substantially improved our understanding of the mechanism of action of the 

catecholaminergic cells in mediating stress responses in vivo. 
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1.1 Stress and catecholamines 

 

 Stress is part of our daily life and for decades researchers have been trying to 

define stress in scientific terms. In this thesis, stress is defined as per the definition by 

Goldstein and Kopin, 2007 “a condition in which expectations, whether genetically 

programmed, established by prior learning, or deduced from circumstances, do not 

match the current or anticipated perceptions of the internal or external environment, 

and this discrepancy between what is observed or sensed and what is expected or 

programmed elicits patterned, compensatory responses” (Goldstein, 2003; Goldstein & 

Kopin, 2007).  

 

A stressor is a stimulus, whether it is real or perceived which potentially can 

have detrimental outcomes to the homeostasis and the well being of an individual. The 

physiological and behavioural responses evoked by stressors involve multiple organ 

systems. First, the sensory systems detect information contained in the potential stress 

and relay this information to the processing systems in the brain including the locus 

coeruleus (LC), hippocampus, amygdala and pre-frontal cortex (de Kloet et al., 2005). 

Then, the sensory and processing systems mediate a variety of responses by the effector 

systems such as the autonomic nervous system and the endocrine system (Carrasco & 

Van de Kar, 2003; Charmandari et al., 2005). One of the major cell types involved in 

the stress response are the catecholaminergic cells. Catecholamines (dopamine, 

noradrenaline and adrenaline) have many functions and influence almost every tissue 

(Goldstein, 2003). Dopamine acts as a neurotransmitter in the central catecholaminergic 

neurons (Bjorklund & Dunnett, 2007). It also has some autocrine and/or paracrine roles 

in the peripheral catecholaminergic system (Goldstein et al., 1995). Noradrenaline and 
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adrenaline act as neurotransmitters in the central catecholaminergic neurons (Moore & 

Bloom, 1979). Noradrenaline also acts as neurotransmitter in the sympathetic division 

of the autonomic nervous system. Both noradrenaline and adrenaline act as hormones 

when released into the circulatory system (Goldstein, 2003; de Diego et al., 2008).  

 

The catecholaminergic systems are activated rapidly in response to stressors 

(Figure 1.1) (Sabban & Kvetnansky, 2001; Sabban et al., 2004; de Diego, et al., 2008; 

Kvetnansky et al., 2009). One of the central catecholaminergic neurons that are very 

responsive to stress is the ascending noradrenergic neurons of the LC. Stress triggers the 

activation of the LC and the release of noradrenaline onto target sites such as the ventral 

tegmental area (VTA), striatum, thalamus and prefrontal cortex (PFC) (Stanford, 1995). 

The LC influences the hypothalamic-pituitary-adrenocortical (HPA) axis by the 

activation of paraventricular nucleus (PVN) of the hypothalamus, although its 

contribution is minor compared with other catecholaminergic neurons (Young et al., 

2005). The activation of the PVN triggers the release of corticotrophin-releasing 

hormone which, in turn, stimulates the anterior pituitary gland (APG) to release 

adrenocorticotropic hormone (ACTH). ACTH stimulates the adrenal cortex to produce 

and release the stress hormone, cortisol (corticosterone in rodent) into the circulatory 

system (Douglas, 2005). Other stress hormones include adrenaline and noradrenaline. 

The sympathetic ganglion cells, the stellate ganglia, synthesize and release 

noradrenaline and this is the major source of plasma noradenaline. Stress triggers the 

activation of the splanchnic nerve and stimulates the adrenal medulla to produce and 

release adrenaline and noradrenaline into the circulatory system (Wakade, 1981). The 

adrenal medulla chromaffin cells contribute the majority of plasma adrenaline and about 

30 % of plasma noradrenaline (Kvetnansky, et al., 2009). Once released into the 



Chapter 1 

 20 

circulatory system, some of the major functions of these stress hormones are to increase 

heart rate, blood pressure, ventilation rate and depth of respiration as well as production 

of plasma glucose for rapid energy and heat generation (Charmandari, et al., 2005). 

Through these actions, these stress hormones mediate the “fight or flight response” 

contributing to the maintenance of homeostasis.  

 

There are two possible outcomes in response to stressors. First, short-term 

stressors trigger an adaptive response which promotes survival and heath by enabling 

individuals to cope with emergencies. Second, long-term (or repetitive) stressors cause 

continual release of the stress hormones which can contribute to the development of 

diseases in susceptible individuals. In fact, two-thirds of the diseases that are reported 

are either related to or induced by stress (Sabban & Kvetnansky, 2001). This thesis will 

focus on the effects of a range of short-term stressors on parts of the 

catecholaminergic systems especially the adrenal medulla and the LC. Although 

the stressors will be short-term we will focus on the time course of the responses 

after exposure to the stressor and for up to 48 h after exposure to the stressor.  
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Figure 1.1: The adaptive stress responses. Stress induces 1) the release of 

corticosterone from the adrenal cortex via activation of HPA axis, 2) the release of 

noradrenaline from the sympathetic ganglion and 3) the release of adrenaline and 

noradrenaline from the adrenal medulla via activation of splanchnic nerve. Modified 

from Kvetnansky, et al., 2009.  
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1.2 Control of catecholaminergic cells  

 

Intracellular catecholamines exist either stored inside vesicles or free in the 

cytosol. The intracellular catecholamine levels vary between different cell types 

(adrenal medulla chromaffin cells vs. catecholaminergic neurons). The cytosolic 

catecholamine levels in the adrenal medulla chromaffin cells were determined to be 

between 2 to 50 たM and in the catecholaminergic neurons (PC12 cells and cultured 

midbrain dopaminergic neurons) were determined to be less than 100nM (Mosharov et 

al., 2006). The intracellular catecholamine levels are dependent on a range of control 

mechanisms including vesicular packaging of catecholamines, reuptake of 

catecholamines from the extracellular milieu, breakdown and biosynthesis of the 

catecholamines (Figure 1.2). 

 

Cytosolic catecholamines are packed into vesicles by specific carrier proteins 

called vesicular monoamine transporters 1/2 (VMAT1/2) (Henry et al., 1994). Adrenal 

medulla chromaffin cells express both isoforms with VMAT1 predominating in rodents 

and VMAT2 predominating in humans. In contrast, catecholaminergic neurons express 

only VMAT2. As the vesicular catecholamine levels (approximately 550 mM) are 

higher than the cytosolic catecholamine levels, VMAT transports cytosolic 

catecholamines into vesicles using an active transport mechanism. Vesicular packaging 

of catecholamines is not a static process as a substantial amount of vesicular 

catecholamines leak from the vesicles back into the cytosol (Eisenhofer et al., 2004). 

 

 Reuptake of catecholamines from the extracellular milieu can contribute to 

intracellular catecholamine levels in neurons. Released dopamine and noradrenaline are 
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able to be taken back into the neurons by the dopamine and noradrenaline transporters 

(Giros & Caron, 1993; Mandela & Ordway, 2006). In adrenal medulla chromaffin cells, 

released adrenaline and noradrenaline are less likely to be taken back into the cells 

although monoamine transporters are present (Wakade et al., 1996). This is due to 

adrenaline and noradrenaline rapidly diffusing into the circulatory system and therefore 

having limited access to the monoamine transporters. This represents a major difference 

between the two cell types, with reuptake of catecholamines from the extracellular 

milieu being a significant contributor to intracellular catecholamine levels in neurons, 

while having a less important role in adrenal medulla chromaffin cells. 

 

 Cytosolic catecholamines are subject to oxidative deamination by monoamine 

oxidase (MAO), degradation by catechol-O-methyltransferase (COMT) and auto-

oxidation (Eisenhofer, et al., 2004). MAO catalyses the breakdown (deamination) of 

catecholamines leading to the production of aldehydes, which are then further 

metabolized to carboxylic acids or alcohols. MOA inhibitors were one of the first 

antidepressant drugs. Catecholaminergic cells also contain COMT which breaks down 

adrenaline and noradrenaline into metanephrine and normetanephrine. Catecholamines 

can also undergo auto-oxidation with production of toxic catechol-quinones along with 

hydrogen peroxide (Eisenhofer, et al., 2004). Breakdown of catecholamines is an 

important additional mechanism for the control of intracellular catecholamine levels.  

 

The final mechanism for control of intracellular catecholamine levels is the 

biosynthesis of the catecholamines. This is very tightly regulated 1) to ensure that there 

are sufficient catecholamines for vesicular packaging following catecholamine release 

via exocytosis, 2) to maintain sufficient basal catecholamine biosynthesis to compensate 
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for breakdown and 3) to ensure that catecholamines do not accumulate in the cells 

because of their potential toxicity. In response to stress, the catecholaminergic cells are 

activated by depolarization of the cells, leading to an influx of extracellular calcium via 

voltage-sensitive calcium channels. The influx of extracellular calcium causes the 

secretion of catecholamines from the cells (de Diego, et al., 2008). When the 

catecholamines are released, it has been shown that there is no significant change in 

their levels within the catecholaminergic cells. This is because in parallel to 

catecholamine secretion there is also a concomitant increase in the rate of catecholamine 

biosynthesis (Wakade et al., 1988; Zigmond et al., 1989). This thesis will focus only on 

the biosynthesis of catecholamines.  
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Figure 1.2: Catecholaminergic cells controls. The intracellular catecholamine levels 

are dependent on a range of control mechanisms, including vesicular packaging of 

catecholamines by vesicular monoamine transporters (VMAT), reuptake of 

catecholamines from the extracellular milieu by dopamine or noradrenaline transporters 

(e.g. DAT), breakdown by oxidative deamination, chemical degradation and auto-

oxidation and biosynthesis of catecholamines.  
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1.3 Biosynthesis of catecholamines 
 

The biosynthesis of catecholamines requires a number of enzymes. 

Catecholamines are synthesised from the precursor amino acid L-tyrosine in a common 

biosynthetic pathway (Figure 1.3). First, L-tyrosine is hydroxylated to 

dihydrooxyphenylalanine (L-DOPA) by tyrosine hydroxylase (TH) in the cytoplasm 

(Nagatsu et al., 1964). The hydroxylation of L-tyrosine to L-DOPA is catalysed by TH 

together with tetrahydrobiopterin (BH4) and oxygen (O2). The ferrous ion (Fe
2+

) bound 

to TH is oxidized to ferric ion (Fe
3+

) resulting in the formation of dihydrobiopterin 

(BH2) and water (H2O) (Fitzpatrick, 1999).  

 

Then, L-DOPA is decarboxylated to dopamine by aromatic L-amino acid 

decarboxylase (AAAD) in the cytoplasm. Dopamine is transported into vesicles where it 

is hydroxylated to noradrenaline by dopamine-く-hydroxylase (DBH). Then, 

noradrenaline is transported back in the cytoplasm and is methylated to adrenaline by 

phenylethanolamine N-methyl transferase (PNMT). Catecholamines are stored in 

vesicles and are released when the central catecholaminergic neurons and the adrenal 

medulla chromaffin cells are activated (Kumer & Vrana, 1996; Tank et al., 2008; 

Kvetnansky, et al., 2009). When the catecholamines are released, there is a concomitant 

increase in TH activity and the biosynthesis of catecholamines (Wakade, et al., 1988; 

Zigmond, et al., 1989). This thesis will focus on TH, the rate-limiting enzyme in the 

biosynthesis of catecholamines.  
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Figure 1.3: Biosynthetic pathway of catecholamines. Dopamine, noradrenaline and 

adrenaline are synthesised from L-tyrosine by the enzymes, tyrosine hydroxylase (TH), 

aromatic amino acid decarboxylase (AADC), dopamine く-hydroxylase (DBH) and 

phenylethanolamine N-methyl transferase (PNMT) (shown in red). Dopamine and 

adrenaline are synthesised in the cytoplasm whereas noradrenaline is synthesised in the 

vesicle. The catecholamines that are present in a particular cell are dependent on the 

enzymes that are expressed in the cell. 
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1.4 Tyrosine hydroxylase  

 

TH is the rate-limiting enzyme in catecholamine biosynthesis (Nagatsu, et al., 

1964). For details on TH structure, see review articles (Nagatsu, 1995; Nakashima et al., 

2009; Daubner et al., 2011). Briefly, TH is found in the central catecholaminergic 

neurons, the sympathetic neurons and the adrenomedullary cells. This iron-containing 

enzyme belongs to a family of biopterin-dependent amino acid hydroxylases which 

includes tryptophan hydroxylase and phenylalanine hydroxylase (Goodwill et al., 1998). 

TH contains four subunits with a molar mass of approximately 240 kDa (Kumer & 

Vrana, 1996). In rats, each TH subunit has 498 amino acids with a molar mass of 55904 

Da (Grima et al., 1985). Each TH subunit has a central catalytic domain, a C-terminal 

association domain, and an N-terminal regulatory domain containing the 

phosphorylation sites. In all species, TH is coded for by a single gene. In the adrenal 

medulla, protein analysis showed that in humans there were four TH isoforms and in 

most other species including rats (which are the focus of this thesis) there was only one 

isoform. The multiple isoforms in humans are formed by generation of splice variants 

from a single gene to form multiple mRNAs (Haycock, 2002b).  

 

 As the rate limiting enzyme in the biosynthesis of catecholamines, TH activity is 

primarily responsible for determining the cytosolic catecholamine levels. It is regulated 

by a range of different mechanisms. 

 

TH activity is regulated primarily by feedback inhibition. TH contains two 

distinct catecholamine binding sites which are regulated by different mechanisms. First, 

catecholamine binding to the low affinity site competes with BH4 for binding to the 
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active site. Evidence suggests that TH is subsaturated with respect to BH4 in vitro 

(Mosharov, et al., 2006) and in situ (Gordon et al., 2008; Gordon et al., 2009). 

Therefore, inhibition of BH4 binding will have a direct effect on TH activity. The low-

affinity binding site is thought to maintain equilibrium of cytosolic catecholamine levels 

within a narrow range (Gordon, et al., 2008; Gordon, et al., 2009) and is not regulated 

by phosphorylation. In addition, TH contains a high-affinity binding site in which the 

catecholamines bind almost irreversibly (Ramsey & Fitzpatrick, 1998) (Figure 1.4). 

When catecholamines bind covalently to the ferric ion (Fe
3+

) at the high affinity site, 

TH structure is stabilized and TH activity is inhibited by decreasing Vmax and increasing 

the KM for BH4. The feedback inhibition cannot be reversed by changes in cytosolic 

catecholamines, but can be reversed by TH phosphorylation at the N-terminal regulatory 

domain. TH phosphorylation by protein kinases causes a conformational change in TH 

structure which leads to dissociation of the inhibitory catecholamines (Kumer & Vrana, 

1996) and an increase in TH activity. Decrease of TH activity occurs when the protein 

phosphatases, phosphatase PP2A (and PP2C to a lesser extent) dephosphorylate TH 

(Dunkley, et al., 2004) and catecholamines rebind to the enzyme. In response to acute 

stressors, TH phosphorylation becomes a major regulatory mechanism for TH activity 

as it controls the amount of TH available for catecholamine synthesis without having to 

change the amount of TH protein present in the cell.  
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Figure 1.4: Feedback inhibition and phosphorylation of TH. TH activity is primarily 

regulated by feedback inhibition by catecholamines. When catecholamines bind to the 

catalytic site, TH structure is stabilized leading to inactivation of the enzyme. 

Phosphorylation by protein kinase(s) allows the dissociation of catecholamine from the 

high-affinity binding site, which returns TH to its active form. 

 

 

TH activity is also regulated by the amount of TH protein present in the cells. 

This is primarily controlled by activation of transcription factors, which over time 

increases TH mRNA expression and TH protein synthesis (Kumer & Vrana, 1996). 

However, TH protein levels can also be regulated by enzyme stability, transcriptional 

regulation, RNA stability, alternative RNA splicing and translational activity. Changes 

in TH gene expression has been the focus of extensive research and a comprehensive 

review has been undertaken (Kvetnansky, et al., 2009). Therefore, this will not be 

discussed in depth in this thesis. This thesis will focus primarily on the short-term 

regulatory mechanisms of TH activity and especially TH phosphorylation.  
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1.5 TH phosphorylation 

 

 TH can be phosphorylated by a variety of kinases at several serine residues 

(Ser8, Ser19, Ser31 and Ser40) in the N-terminal regulatory domain. TH 

phosphorylation has been a topic of extensive research in vitro and in situ. A 

comprehensive review of TH phosphorylation, TH activity and the biosynthesis of 

catecholamines has been undertaken (Dunkley, et al., 2004).  

 

Briefly, no stimuli has been identified that can reproducibly increase TH 

phosphorylation at Ser8 in vitro or in situ. Ser8 is phosphorylated to a very low 

stoichiometry and has not been shown to effect TH activity in vivo (Dunkley, et al., 

2004). Therefore, this site will not be further discussed in this thesis. Much of the focus 

in TH research has gone into determining the functional roles of TH phosphorylation at 

the remaining three serine residues (Figure 1.5).  

 

 
Figure 1.5: The effects of the activation of different protein kinases on TH 

phosphorylation and TH activation. The activation of CaMPKII mediates Ser19 

phosphorylation but does not lead to TH activation (not shown in vivo). The activation 

of ERK1/2 mediates Ser31 phosphorylation and leads to TH activation (shown in the 

brain and the heart in vivo). The activation of PKA mediates Ser40 phosphorylation and 

leads to TH activation (strong evidence in vivo).  

TH
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2009) 
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(Nunez et al., 2007; 
Almela et al., 2008; 
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Ser19 can be phosphorylated by Ca
2+

/calmodulin-dependent protein kinase II 

(CaMPKII) in vitro (Tsutsui et al., 1994). Depolarizing stimuli lead to increases in 

intracellular Ca
2+

 have been shown to activate CaMPKII and TH phosphorylation at 

Ser19 in situ (Padmanabhan & Prasad, 2009). Ser19 phosphorylation alone does not 

increase TH activity in vitro and in situ (Haycock et al., 1998; Salvatore et al., 2001). 

There is evidence that with the presence of the 14-3-3 protein, CaMPKII phosphorylates 

TH at Ser19 which results in an increase in TH activity in vitro (Toska et al., 2002). It 

remains unknown whether this phenomenon actually occurs in vivo, and if it has any 

functional relevance. Although Ser19 is known to be controlled under regulatory 

mechanisms in vitro and in situ and is phosphorylated to high stoichiometry under basal 

conditions in the adrenal medulla and the brain in vivo (Salvatore et al., 2000; Saraf et 

al., 2007), the functional roles of TH phosphorylation at Ser19 remain unclear. Further 

discussion of the possible functional roles of TH phosphorylation at Ser19 is provided 

(below).  

 

Ser31 can be phosphorylated by extracellular signal-regulated protein kinases 

1/2 (ERK1/2) (Haycock et al., 1992; Haycock, 2002a) and cyclin-dependent kinase 

(CDK) in vitro and in situ (Moy & Tsai, 2004). Ser31 phosphorylation alone increases 

TH activity (about 2 fold) in vitro (Haycock, et al., 1992; Sutherland et al., 1993). TH 

phosphorylation at Ser31 does not lead to dissociation of inhibitory catecholamines 

(Haycock, et al., 1992), but leads to a decrease in KM value for BH4 in situ (Gordon, et 

al., 2009). Depolarizing stimuli have been shown to activate ERK1/2 and TH 

phosphorylation at Ser31. When depolarizing stimuli are used, Ser31 phosphorylation 

only appears to play a role in increasing TH activity and the biosynthesis of 
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catecholamines at times after that due to Ser40 phosphorylation in situ (Dunkley, et al., 

2004). Ser31 is phosphorylated to variable stoichiometry levels under basal conditions 

in the adrenal medulla and the brain in vivo (Salvatore, et al., 2000; Saraf, et al., 2007). 

TH activity is activated 1.5 to 3-fold by phosphorylation via ERK in vivo. There is 

strong evidence that the activation of ERK1/2 mediates TH phosphorylation at Ser31 

and leads to TH activation and the biosynthesis of catecholamines in the brain (Nunez, 

et al., 2007; Nunez, et al., 2008) and the heart (Almela, et al., 2008) in vivo. TH 

phosphorylation at Ser31 is important in the regulation of TH activation and the 

biosynthesis of catecholamines in vivo. Further discussion of the other functional roles 

of TH phosphorylation at Ser31 is provided (below). 

 

 Ser40 can be phosphorylated by cAMP-dependant protein kinase (PKA) in vitro 

and in situ (Dunkley, et al., 2004). Ser40 can also be phosphorylated many other protein 

kinases in vitro and in situ (Dunkley, et al., 2004). Ser40 phosphorylation alone 

increases TH activity (about 40 fold) and the biosynthesis of catecholamines in situ, 

especially in response to the activation of the PKA pathway (Dunkley, et al., 2004). TH 

phosphorylation at Ser40 leads to a conformational change in TH structure and 

dissociation of inhibitory catecholamines in vitro (Figure 1.4). In catecholamine-free 

TH, Ser40 phosphorylation has minimal effects on TH activity. However in 

catecholamine-bound TH, Ser40 phosphorylation increases TH activity by dissociation 

of inhibitory catecholamines (Ramsey & Fitzpatrick, 1998). Ser40 is phosphorylated to 

quite low stoichiometry levels compared to Ser19 and Ser31 under basal conditions in 

the adrenal medulla and the brain in vivo (Salvatore, et al., 2000; Saraf, et al., 2007). TH 

activity is activated perhaps 20-fold by phosphorylation by PKA in vivo (Daubner, et al., 

2011). There is strong evidence that the activation of PKA mediates TH 
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phosphorylation at Ser40 and leads to TH activation and the biosynthesis of 

catecholamines in vivo (Dunkley, et al., 2004; Almela, et al., 2008; Raghuraman, et al., 

2009).  

 

While Ser19 phosphorylation does not directly increase TH activity and Ser31 

phosphorylation modestly increases TH activity, Ser19 and Ser31 phosphorylation also 

have indirect effects on TH activity. TH phosphorylation at Ser19 increases the rate of 

TH phosphorylation at Ser40 (about 3 fold) in vitro and in situ (Bevilaqua et al., 2001; 

Toska, et al., 2002; Bobrovskaya et al., 2004). TH phosphorylation at Ser31 increases 

the rate of TH phosphorylation at Ser40 (9 fold) in vitro and in situ in a similar way to 

that described for Ser19 (Lehmann et al., 2006). TH phosphorylation at Ser40 has been 

shown to have no effect on the rate of TH phosphorylation at Ser19 or Ser31. The 

hierarchical effects of TH phosphorylation at Ser19 and Ser31 are accomplished by the 

conformational changes in TH structure (to a more open conformation) and increase the 

rate of TH phosphorylation at Ser40 and TH activity (Lehmann, et al., 2006). It should 

be noted that the hierarchical effects of TH phosphorylation at Ser19 and Ser31 

occurred with catecholamine-free TH and have not been tested with catecholamine-

bound TH in vitro. There is strong evidence that Ser19 phosphorylation may facilitate 

Ser40 phosphorylation in the brain in vivo (Yu et al., 2011; Salvatore & Pruett, 2012). 

However, the functional roles of the hierarchical effects of TH phosphorylation at Ser19 

and Ser31 remain unclear in vivo. Therefore, this will not be discussed in depth in this 

thesis.  

 

 Ser19, Ser31 and Ser40 can be dephosphorylated by phosphatase PP2A (Haavik 

et al., 1989). Only Ser19 and Ser40 can be dephosphorylated by phosphatase PP2C 
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(Leal et al., 2002). Generally, depolarizing stimuli and increases in intracellular Ca
2+

 

cause activation of protein kinases. Subsequently, the continually increasing levels of 

Ca
2+

 cause the activation of protein phosphatases (Robinson & Dunkley, 1985; 

Padmanabhan & Prasad, 2009). There is strong evidence that the activation of protein 

phosphatases mediates TH dephosphorylation of the three serine residues and lead to 

inactivation of TH by catecholamines binding and feedback inhibition of the enzyme in 

vivo (Saraf, et al., 2007; Padmanabhan & Prasad, 2009).  

 

The major focus of this thesis will be on the measurement of the 

phosphorylation of TH at Ser19, Ser31 and Ser40 in response to stress. If there is a 

change in the phosphorylation (or dephosphorylation) of any of these sites it will 

confirm that the cells must have been altered in some way by the stressors. The only 

way that phosphorylation of Ser19, Ser31 and Ser40 can be altered is by the action of 

protein kinases or protein phosphatases acting on these sites, assuming total TH protein 

levels are unchanged. Therefore any observed change will provide some insight into the 

possible signal transduction processes going on within the catecholaminergic cells in 

response to the stressors.  Any changes in TH phosphorylation, especially at Ser40 will 

also provide insight into the activation state of TH. As TH is the rate limiting enzyme 

TH phosphorylation is also likely to correlate with the rate of catecholamine 

biosynthesis, assuming cofactor levels and the activity of other enzymes in the pathway 

are not substantially altered. Overall, measurement of TH phosphorylation at Ser19, 

Ser31 and Ser40 will provide an indication of 1) the state of activation of 

catecholaminergic cells, 2) the possible signal transduction pathways activated 

within these cells and 3) the state of TH activation.  
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1.6 The three phases of TH activation 

 

Three phases of TH activation have been identified (acute, sustained and 

chronic) (Figure 1.6). In each phase, TH is subject to different regulatory mechanisms 

each of which can lead to altered TH activity. The regulatory mechanisms of the three 

phases of TH activation have been extensively studied in vitro and in situ but they have 

not all been extensively studied in vivo.  

 

1.6.1 The acute phase of TH activation 

 

 Briefly, the acute phase of TH activation is mediated by TH phosphorylation at 

Ser19, Ser31 and Ser40 (Kumer & Vrana, 1996). In adrenal medulla chromaffin cell 

cultures in vitro, incubation (<1 h) with nicotine leads to TH phosphorylation which 

follows a pattern: Ser19 phosphorylation is rapidly increased to maximal levels within 1 

min and then dephosphorylation occurs; Ser40 phosphorylation begins more slowly 

than Ser19 reaching a plateau by 4 min, without any subsequent dephosphorylation; 

Ser31 phosphorylation is delayed until 4 min but rapidly increased up to 10 min. Ser19, 

Ser31 and Ser40 phosphorylation is then returned to basal levels by 1 h (Haycock, 

1993). During the acute phase, TH phosphorylation at Ser31 and Ser40 leads to TH 

activation and the biosynthesis of catecholamines (Dunkley, et al., 2004).  

 

1.6.2 The sustained phase of TH activation 

 

 While TH phosphorylation is considered to be a short-term regulator of TH 

activity, it has been demonstrated that TH phosphorylation at Ser40 is able to extend 
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past the acute phase of TH activation to the sustained phase. The sustained phase of TH 

activation is mediated primarily by TH phosphorylation at Ser40. In adrenal medulla 

chromaffin cell cultures in vitro, sustained incubation (1 – 24 h) with nicotine leads to 

TH phosphorylation which follows a pattern: Ser19 and Ser31 phosphorylation are very 

low but above the unstimulated control levels at 24 h; Ser40 phosphorylation is 

decreased to below acute levels from 1 to 8 h (but still significantly above basal levels) 

and then is substantially increased from 8 to 24 h. Sustained activation of PKC together 

with inhibition of protein phosphatases mediate the sustained TH phosphorylation at 

Ser40 (Bobrovskaya et al., 2007a; Bobrovskaya et al., 2007b). During the sustained 

phase, TH phosphorylation at Ser40 leads to TH activation and the biosynthesis of 

catecholamines (Bobrovskaya, et al., 2007a; Bobrovskaya, et al., 2007b). This increase 

in Ser40 phosphorylation occurred in response to nicotine, angiotensin, histamine and 

PACAP but did not occur in response to bradykinin and muscarine. The sustained phase 

plays an important role in the regulation of TH activity between the acute and chronic 

phases. The hallmarks of this phase are 1) TH phosphorylation of Ser40 is increased, 2) 

TH protein is not altered and 3) the signal transduction pathways activation are different 

from those which occur in the acute phase.  

 

1.6.3 The chronic phase of TH activation 

 

 The chronic phase of TH activation is mediated primarily by the activation of 

transcription factors, which over time increases TH mRNA expression and TH protein 

synthesis (Kumer & Vrana, 1996). The increased TH protein levels provide more 

enzymes for activation and can increase in the rate of catecholamine biosynthesis. In 

adrenal medulla chromaffin cell cultures in vitro, chronic incubation (48 h) with 
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nicotine leads to increased TH protein synthesis and TH activity (Craviso et al., 1992). 

During the chronic phase, TH mRNA expression and TH protein synthesis lead to TH 

activation and the biosynthesis of catecholamines (Kumer & Vrana, 1996). 

 

 
Figure 1.6: The three phases of TH activation. The acute phase of TH activation is 

characterised by TH phosphorylation at Ser31 and Ser40. The sustained phase of TH 

activation is characterised by TH phosphorylation only at Ser40. The chronic phase of 

TH activation is characterised by TH mRNA expression and TH protein synthesis.  
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As mentioned earlier, the regulatory mechanisms of the three phases of TH 

activation have been extensively studied in vitro and in situ. Only the chronic phase of 

TH activation has been extensively studied in vivo. The acute and sustained phases of 

TH activation have not been extensively investigated in vivo. This thesis will 

investigate the different phases of TH activation, especially the acute and sustained 

phases, in response to short-term stress in vivo.  
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1.7 The rodent stress models 

 

The effects of a range of stressors on the regulation of TH have been studied in 

vivo in many different rodent stress models. We can classify these stressors into two 

categories:  

 

1) Physical stressor is defined as real threat to health and well-being. This type of 

stressor causes actual disturbance of homeostasis. (e.g. pain, changes in 

metabolic or immunity status and drug effects)  

2) Psychological stressor is defined as an emotional or perceived threat to health 

and well-being. This type of stressor is due to an individual’s pre-programmed 

evolutionary goals being put at risk. In this case, the level of the stimulus and its 

impacts on the individual depend on the interpretation, perception and cognitive 

processing of the stressor (Dayas et al., 2001; Kvetnansky, et al., 2009). (e.g. 

social defeat and aversive environmental stimuli)  

 

Stressors can be classified as either short-term or long-term (often repetitive). Stressors 

also differ in their intensity. Stressors induce different responses in different 

catecholaminergic cells, with responses varying according to the nature of the stressors 

and the time at which the responses are analysed.  

 

This thesis will focus on 5 different rodent stress models (footshock, 

immobilization, glucoprivation, social defeat or LPS stress) under short-term conditions. 

1) Footshock stress is employed by placing the rat in a footshock chamber, where 

an electrical current is passed through the shock grid of the chamber resulting in 
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the rat receiving this shock. The shock is 1 mA, 1 s pulse per min for the times 

specified. 

2) Immobilization stress is produced by physically confining the rat inside a wire 

mesh. The mesh is used as it does not heat the animal as occurs in other 

protocols, but it effectively maintains the rat in a confined space.  

3) Glucoprivation stress is induced by 2-deoxyglucose, which interferes with 

normal glucose metabolism and essentially initiates a hypoglycaemic-like 

response.  

4) Social defeat stress is based on initial occupation by a male rat in a cage which 

is called the resident. Then, a smaller, naïve male rat, which is called the intruder, 

is introduced into the cage. Social defeat occurs when the resident attacks the 

intruder and establishes its dominancy. In this study we are investigating the 

intruder rats’ response to social defeat.  

5) LPS stress (protocol used in this thesis) when rat is challenged with LPS 

injection on postnatal days three and five. It is a commonly used model of early 

life bacterial driven immune response as the response to LPS mimics many of 

the responses to bacterial infection. 

 

Therefore, these stressors can be tentatively classified into two categories; physical 

stressors (footshock, glucoprivation or LPS stress) and psychological stressors 

(immobilization or social defeat stress). The rodent stress models, footshock (Henn & 

Vollmayr, 2005) and social defeat stress (Rygula et al., 2006), have been shown to be 

useful models in the study of chronic stress and depression. Immobilization and 

glucoprivation stress have been used to study a range of neural and endocrine responses 

such as plasma ACTH, corticosterone, adrenaline and noradrenaline (Pacak & Palkovits, 
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2001). LPS stress has been used to study immediate and long-term physiological and 

behavioural alterations (Walker et al., 2009; Walker et al., 2011). These rodent stress 

models were used in many studies but information on the different phases of TH 

activation, particularly in the acute and sustained phases is limited.  

 

To date, there have been limited studies that have investigated the acute phase of 

TH activation in vivo. Salvatore et al. (2000) investigated the effects of haloperidol, an 

antipsychotic drug, on TH phosphorylation in different rat brain regions in vivo. 

Haloperidol increased TH phosphorylation at Ser19, Ser31 and Ser40 (1.6 - 2 fold) at 

±30 min (animals were decapitated 30 to 40 min) in the terminal field regions (striatum 

and accumbens) after intraperitoneal injection. The effects of haloperidol in the cell 

body regions (SN and VTA) differed from those in the terminal fields (striatum and 

accumbens). Although different rat brain regions were investigated, only one time point 

was measured and the changes in TH activity were not measured in the same study 

(Salvatore, et al., 2000). Jedynak et al. (2002) investigated the effect of cocaine (30 

mg/kg) on different rat brain regions (amygdala, caudate, accumbens and VTA) over 

different time points in vivo. An acute administration of cocaine decreased TH 

phosphorylation at Ser19 and Ser40 at 15 and 40 min and Ser31 at 15, 40 and 120 min 

in the caudate and accumbens after injection. The decreases in TH phosphorylation 

were paralleled by decreases in TH activity in all locations (Jedynak et al., 2002). Both 

studies show that the acute phase of TH activation is mediated by different patterns in 

TH phosphorylation at Ser19, Ser31 and Ser40, without any changes in TH protein 

levels. However, the effects of a range of short-term stressors have not been 

investigated in the adrenal medulla and the LC in vivo using such an approach.  
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To date, there have been no studies that have specifically investigated the 

sustained phase of TH activation in vivo. However, Yu et al. (2011) investigated the 

effects of intracerebroventricular administration of ouabain, a Na/K-ATPase inhibitor 

on striatum over different time points (1, 2, 4 and 8 h) in vivo. Intracerebroventricular 

administration of ouabain (1 mM) increased and sustained TH phosphorylation at 19, 31 

and 40, without any change in TH protein levels between 1 to 8 hr after the treatment 

(Yu, et al., 2011). It is possible that ouabain may have led to sustained phosphorylation 

at 24 h but this was not measured.  

 

Extensive studies have investigated the changes in TH mRNA expression and 

TH protein synthesis in the chronic phase of TH activation in vivo. For details on TH 

mRNA and/or TH protein changes in vivo, see review articles (Sabban & Kvetnansky, 

2001; Sabban & Serova, 2007; Kvetnansky, et al., 2009). Most studies were focussed on 

long-term (repetitive) stressors and measurements were made at later time points (> 48 

h). This will not be discussed in depth in this thesis.  

 

Inconsistencies have been reported in the correlation between TH mRNA, TH 

protein and TH activity levels especially in response to short-term stressors in vivo. This 

suggests that neither the changes in TH mRNA nor the changes in TH protein levels 

indicate the extent of TH activation. In response to stressors, TH mRNA increases 

rapidly. Changes in TH mRNA levels are due to the activation of transcription factors. 

However, due to the post-transcription regulation the changes in TH mRNA levels are 

often inconsistent with the changes in TH protein levels (Wong & Tank, 2007). During 

short-term stressors, increases in TH mRNA levels are transient, and do not lead to 

significant increases in TH protein levels (Wong & Tank, 2007). Only with long-term 
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(usually repetitive) stressors do increases in TH mRNA levels lead to significant 

increases in TH protein levels (Sabban & Kvetnansky, 2001; Wong & Tank, 2007; Tank, 

et al., 2008). Single immobilization stress (2 h) drastically increases TH mRNA levels 

in adrenal medulla at 3 to 24 h but TH protein and TH activity levels are not increased 

at that time (Nankova et al., 1994; Xu et al., 2007). Similar results were observed using 

a different rodent stress model. Glucoprivation stress (induced by 2-deoxy-D-glucose, 

500 mg/kg) increases TH mRNA levels in adrenal medulla at 5 h. However, TH protein 

and TH activity levels are not increased (Rusnak et al., 1998). Therefore, it can be 

concluded from theses studies that TH mRNA expression is not always an accurate 

representation of subsequent TH protein expression in vivo.  

 

In addition, TH protein levels do not always correlate with TH activity (Tank, et 

al., 2008). Glucoprivation stress (induced by 2-deoxy-D-glucose, 500 mg/kg) increases 

TH activity levels in adrenal medulla at 5 h but TH protein levels are not increased. 

Previous studies showed that chronic cold stress evokes significant increases in TH 

protein levels without inducing changes in TH activity (Fluharty et al., 1983; Baruchin 

et al., 1990). Therefore, it can be concluded from these studies that TH protein 

expression may not always represent the state of TH activation. This may be as a result 

of the newly synthesised TH protein being expressed in the absence of Ser40 

phosphorylation, thus rendering them inactive a feedback inhibition mechanism by 

catecholamines.  

 

Recent studies have investigated the effects of long-term stressors (morphine 

withdrawal and intermittent hypoxia rodent models) on catecholaminergic cells by 

measuring TH phosphorylation at Ser19, Ser31 and Ser40 and TH protein in vivo 
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(Nunez, et al., 2007; Almela, et al., 2008; Nunez et al., 2009; Raghuraman, et al., 2009). 

Presumably, the increased TH protein levels provide more TH for activation and the 

increased TH phosphorylation at Ser31 and Ser40 levels leads to TH activation and the 

biosynthesis of catecholamines. 

 

 Overall, TH activity, TH phosphorylation, TH mRNA and TH protein levels 

were used to investigate different regulatory mechanisms of TH in the 

catecholaminergic cells in vivo. No studies have systematically investigated the 

effects of a range of short-term stressors on the catecholaminergic system 

especially the adrenal medulla and the LC by measuring TH phosphorylation at 

different time points in vivo. No studies have investigated the sustained phase of 

TH activation in vivo. 
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1.8 Rationale and aims 

  

The overall aim of this thesis is to systematically investigate the acute and 

sustained phases by measuring TH phosphorylation and TH protein in the adrenal 

medulla and different brain regions, especially the LC, at different time points 

(<48 h) in response to a range of short-term stressors in vivo. To do this we have 

proposed two hypotheses to test: 

1. Different stressors will each induce the acute phase of TH activation 

2. Some stressor(s) will induce the sustained phase of TH activation 

 

1. Different stressors will induce different patterns of TH phosphorylation without 

any change in TH protein in the adrenal medulla and the LC over a 1 hour period 

as depicted in Figure 1.7.  

Rationale: TH is the rate-limiting enzyme in the catecholamine biosynthesis and is 

subject to a range of regulatory mechanisms (such as feedback inhibition by 

catecholamines, phosphorylation of the three serine residues, mRNA expression and 

protein synthesis). These regulatory mechanisms have been extensively studied in vitro 

and in situ. The acute phase of TH activation has not been systematically investigated in 

vivo by using different stressors and then measuring TH phosphorylation at a range of 

time points for up to an hour. 

 

The catecholaminergic neurons in the brain that have previously been shown to be 

involved in responses to most types of stressors are the noradrenergic neurons of the LC. 

The LC is involved in the transfer of stress signals from the periphery to specific 

forebrain areas and in the overall coordination and organization of the stress responses. 
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The chromaffin cells of the adrenal medulla receive direct input from the splanchnic 

nerve and as a consequence secrete the stress hormones (adrenaline and noradrenaline) 

into the blood.  

 

 
Figure 1.7: Different stressors will induce different patterns of TH 

phosphorylation without any change in TH protein in the adrenal medulla and the 

LC over 1 hr period. Numbers represent the chapters in this thesis when these stressors 

are investigated.  

 

Therefore, we have compared the profile of TH phosphorylation at Ser19, Ser31 and 

Ser40 and TH protein elicited by two stressors tentatively classified as physical 

(footshock or glucoprivation stress) and two stressors tentatively classified as 

psychological (immobilization or social defeat stress) in the adrenal medulla and the LC 

over a 1 h period. The LC provides information on brain processing of the stress 

responses and the adrenal medulla provides information on the peripheral responses to 

the stressors. 
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2. Some stressor(s) will induce TH phosphorylation at Ser40 without any change in 

TH protein in the adrenal medulla at 24 h as depicted in Figure 1.8. 

Rationale: We have shown that the sustained phase of TH activation exists but we have 

only measured in vitro. The sustained phase plays a potentially important role in the 

regulation of TH activity between the acute and chronic phases which are well 

established. The hallmarks of the sustained phase are 1) TH phosphorylation at Ser40 is 

increased, 2) TH protein is not altered and 3) the signal transduction pathways are 

different from those which occur in the acute phase. The sustained phase of TH 

activation has not been found in vivo and the types of stressors which could elicit it have 

not been investigated. 

 

Therefore, we have compared TH phosphorylation at Ser40 and TH protein levels 

elicited by three different stressors (glucoprivation, social defeat or LPS stress) in the 

adrenal medulla at 24 h.  
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Figure 1.8: Some stressors will induce TH phosphorylation at Ser40 without any 

change in TH protein in the adrenal medulla at 24 h. Numbers represent the chapters 

in this thesis when these stressors are investigated.  

 

Outcomes: By examining the changes in TH phosphorylation, activity and protein 

levels in the adrenal medulla and in different brain regions, this study will provide 

evidence of the biological changes that are common in the stress response and those that 

are specific to a particular stressor. This will put us in a better position to better 

understand the mechanism(s) of normal stress and potentially how in some instances 

this can lead to stress-related diseases. It may also provide insights into how to alleviate 

stress related pathologies.  
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3.1 Abstract: 

 

Stress activates the hypothalamo-pituitary-adrenalcortical (HPA) axis, the sympathetic-

adrenomedullary system and downstream metabolic pathways. Our aim was to 

investigate the relationships between these stress responses over a 40 min period after 

exposure of rats to footshock stress. Here we explored the effects of footshock on; 

plasma adrenocorticotropic hormone (ACTH), corticosterone and glucose, body 

temperature, as well as adrenal medulla protein kinase activity and tyrosine hydroxylase 

(TH) synthesis, phosphorylation and activity. There were significant increases in plasma 

ACTH at 20 min and corticosterone at 20 and 40 min. There were significant increases 

in plasma glucose at 20 and 40 min and body temperature was increased between 10 

and 40 min. Extracellular signal-regulated kinases 2 (Erk2) was activated between 10 

and 40 min, whereas protein kinase A (PKA) was activated only at 40 min. TH protein 

and Ser19 phosphorylation levels were not altered. Ser31 phosphorylation was 

increased between 10 and 40 min, whereas Ser40 phosphorylation was increased only at 

40 min. TH activity was increased at 20 and 40 min. These findings indicate that acute 

footshock led to HPA axis activation, causing the release of ACTH and corticosterone, 

sympathetic-adrenomedullary system activation, causing activation of protein kinases 

(Erk2 and PKA), Ser31 and Ser40 phosphorylation and an increase in TH activity. 

These effectors led to activation of downstream metabolic pathways leading to an 

increase in plasma glucose and an increase in body temperature. 
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Abbreviations: 

ACTH  adrenocorticotropic hormone 

CaMPKII Ca
2+

/calmodulin-dependent protein kinase 

CRH  corticotrophin releasing hormone 

Erk  extracellular signal-regulated kinases 

HPA  hypothalamo-pituitary-adrenalcortical 

PAGE  polyacrylamine gel electrophoresis 

PKA  protein kinase A 

SDS  sodium dodecyl sulfate 

Ser  serine residue 

TBST  Tris-buffered saline with Tween 

TH  tyrosine hydroxylase 
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3.2 INTRODUCTION 

 

Stress induces activation of the hypothalamo-pituitary-adrenalcortical (HPA) axis, the 

sympathetic-adrenomedullary system and downstream metabolic pathways (Odio and 

Maickel, 1985, Marquez et al., 2002, Kvetnansky et al., 2009). The HPA axis is 

controlled by the activation of the locus coeruleus during the stress response (Young et 

al., 2005). Activation of the locus coeruleus results in release of noradrenaline which 

activates the paraventriclar nucleus in the hypothalamus to release vasopressin and 

corticotrophin releasing hormone (CRH) which, in turn, stimulate the anterior pituitary 

gland to produce pro-opiomelanocortin and release adrenocorticotropic hormone 

(ACTH) into plasma. Cortisol (corticosterone in rodents) is synthesised and released 

from the adrenal cortex into plasma in response to ACTH (Douglas, 2005). The firing 

rate of the locus coeruleus neurons has been shown to be increased by footshock stress 

(Stanford, 1995). Likewise, the sympathetic-adrenomedullary system is controlled by 

the activation of the splanchnic nerve. Activation of the splanchnic nerve results in 

release of adrenaline and noradrenaline from the adrenal medulla into plasma (Wakade, 

1981). The firing rate of the splanchnic nerve has been shown to be increased by 

footshock stress as well (de Diego et al., 2008, Kvetnansky et al., 2009).  

Once secreted into plasma, some of the major functions of glucocorticoids and 

catecholamines are to increase blood pressure, heart rate, ventilation rate and depth of 

respiration as well as glycogenolysis and gluconeogenesis, which leads to an increase in 

plasma glucose and oxygen use for rapid energy and heat generation during the stress 

response (Rhoades and Pflanzer, 2003, Charmandari et al., 2005).  

 

During the stress response, catecholamines are secreted from the sympathetic-

adrenomedullary system (Kvetnansky et al., 2004). Despite the fact that catecholamines 
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are released their cellular levels remain constant (Wakade et al., 1988). This suggests 

that the rate of catecholamine synthesis is coupled to cellular secretion. The 

catecholamine biosynthetic pathway is activated during stress to replenish the released 

catecholamines. Tyrosine hydroxylase (TH) is the rate-limiting enzyme in the 

biosynthetic pathway of catecholamines (Nagatsu et al., 1964, Dunkley et al., 2004). 

During the stress response, TH activity is increased (Kvetnansky et al., 1970) and many 

stressors, including footshock stress have been shown to increase TH activity in the 

brain and adrenal medulla (Stone et al., 1978, Chang et al., 2000). TH regulation is 

distinctive at different time points. In response to stress, TH activity is regulated either 

by 1) acute activation via the influx of the extracellular calcium into the cells that leads 

to activation of protein kinases that increase TH phosphorylation and the dissociation of 

inhibitory catecholamine or 2) chronic activation via mRNA expression and protein 

synthesis (Kumer and Vrana, 1996). TH phosphorlyation at serine residues 19, 31 and 

40 (Ser19, Ser31 and Ser40) is involved in acute TH activation. Ser19 can be 

phosphorylated by Ca
2+

/calmodulin-dependent protein kinase (CaMPKII), Ser31 can be 

phosphorylated by extracellular signal-regulated kinases 1/2 (Erk1/2) and Ser40 can be 

phosphorylated by a range of protein kinases including protein kinase A (PKA) 

(Dunkley et al., 2004). Ser19 phosphorylation does not increase TH activity directly 

(Sutherland et al., 1993), Ser31 phosphorylation increases TH activity about 2 fold 

(Haycock, 2002, Jedynak et al., 2002, Nunez et al., 2007) and Ser40 phosphorylation, 

which abolishes the feedback inhibition by catecholamines, increases TH activity up to 

40 fold (Dunkley et al., 2004). Thus, TH activity is highly modulated during stress and 

can be used to investigate the stress response.  
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The aim of this study was to investigate the effects of acute footshock stress in 

vivo on the HPA axis, the sympathetic-adrenomedullary system and downstream 

metabolic pathways. Footshock stress which is primarily a physical stressor (pain) when 

used acutely (Dayas et al., 2001) activates the HPA axis (Odio and Maickel, 1985, 

Belda et al., 2004) and sympathetic-adrenomedullary system (Melia and Duman, 1991, 

Chang et al., 2000, Ong et al., 2011). Footshock stress also increases plasma glucose 

(Odio and Maickel, 1985), which can be mediated by plasma glucocorticoids and/or 

catecholamines. These changes can be utilized to measure the stress response in the 

animals. The relationship between these pathways in response to acute footshock stress 

has yet to be determined. We therefore investigated the effects of acute footshock stress 

on the HPA axis, the sympathetic-adrenomedullary system and downstream metabolic 

pathways in vivo in male rats by measuring plasma ACTH, corticosterone and glucose, 

body temperature, as well as adrenal medulla protein kinase activity and TH synthesis, 

phosphorylation and activity.  
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3.3 EXPERIMENTAL PROCEDURES 

 

Materials 

 

EGTA, reduced glutathione, dithiothreitol (DTT), dehydroxybenzylamine (DHBA), 

noradrenaline bitartrate salt, adrenaline hydrochloride, methanol, ammonium molybate, 

sodium pyrophosphate, sodium vanadate, く-glycerolphosphate, microcystin, sodium 

chloride, Tris, Tween-20, bovine serum albumin, sodium azide, く-actin antibody, 

catalase, く-mercaptoethanol and activated charcoal were from Sigma Chemical Co. (St 

Louis, MO, USA). Sodium 1-octanesulfonate was from Tokyo Chemical Industry 

(Tokyo, Japan). Activated alumina was from Wako Pure Chemical Industries, Ltd 

(Osaka, Japan). Disodium EDTA was from Merck Pty Limited (Kilsyth, Victoria, 

Australia). Protease inhibitor cocktail tablets were from Roche Diagnostics Australia 

(Castle Hill, NSW, Australia). Sodium dodecyl sulphate (SDS)-polyacrylamide gel 

electrophoresis (PAGE) reagents were from Bio-Rad Laboratories (Hercules, CA, USA). 

PageRuler Prestained Protein Ladder was from Thermo Fisher Scientific (Rockford, IL, 

USA). Anti-rabbit immunoglobulin (horseradish peroxidase-linked whole antibody 

from donkey) and anti-mouse immunoglobulin (horseradish peroxidase-linked whole 

antibody were from sheep) and 3,5-[
3
H]-L-tyrosine were  from GE Health Care (Little 

Chalfont, UK). Total-TH antibody and phospho-specific TH antibodies (pSer19, pSer31 

and pSer40) were generated and were tested for specificity as described (Gordon et al., 

2009). Total-p44/42 MAPK (Erk1/2) antibody, phospho-p44/42 MAPK (Erk1/2) 

antibody and phospho-PKA substrate antibody were from Cell Signalling technology 

(Beverly, MA, USA). Anti-sheep antibody (horseradish peroxidise-linked whole 

antibody from rabbit) was from Pierce Biotechnology (Rockford, IL, USA). L-tyrosine 
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was from DBH Biochemicals (Poole, UK). Tetrahydrobiopterin was supplied by Dr. 

Schirck's Laboratory (Jona, Switzerland). Optiphase HiSafe scintillation cocktail was 

from Perkin-Elmer (Waltham, MA, USA).  

 

Animal protocols 

 

All animal protocols were approved by the University of Newcastle Animal Care and 

Ethics Committee and performed in accordance with the New South Wales Animal 

Research Act and the “Australian code of practice and use of animals for scientific 

purposes”. Adult male Sprague-Dawley rats (300-400 g) were obtained from Animal 

Resources Centre (ARC), Perth, Australia. Rats were maintained in group housing 

(n=4) under standard laboratory conditions in temperature controlled rooms (21±1°C), 

reverse 12 h light cycle with darkness from 02:00 to 14:00 h, food and water ad libitum.  

Rats were handled and habituated by placing them in a footshock chamber (San Diego 

Instruments, CA, USA) for 7 days prior to experiments, in order to reduce the stress 

associated with handling and exposure to a novel environment. Sham rats were placed 

into a programmable footshock chamber for 10 min (n=6), 20 min (n=6) or 40 min 

(n=6), but did not receive any footshocks. Footshock rats were placed into a 

programmable footshock chamber and received a series of footshocks (1 mA, 1 sec 

pulse per 1 min) for 10 min (n=6), 20 min (n=6) or 40 min (n=6). Immediately after the 

protocol, rats were administered intraperitoneally with sodium pentobarbital 80 mg/kg 

(Lethabarb Euthanasia Injection, Virbac Pty. Ltd, Milperra, NSW, Australia) and core 

temperatures were measured by insertion of a digital thermometer into the rat rectum 

(approximately 3.0 cm). Once the rats showed a lack of response to painful stimuli (foot 

pinch reflex) (<5 min), blood and tissue samples were collected.  
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Blood and tissue collection 

 

Blood samples were collected by cardiac puncture and were mixed immediately into 

tubes containing 4 mM EGTA and 4 mM reduced glutathione. Blood samples were 

centrifuged at 1800 RPM for 10 min at 4°C. Resulting plasma samples were then 

centrifuged at 2700 RPM for 10 min at 4°C. Plasma samples were kept in dark 

container and frozen at -80°C until further analysis. Whole adrenal glands were 

dissected and adrenal cortex was removed using a surgical scalpel. The adrenal medulla 

samples were kept frozen at -80°C until further analysis. 

 

Plasma samples analysis 

 

Plasma glucose levels were measured using blood glucose meter (Accu-chek Performa, 

Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s 

instructions. Plasma ACTH levels were determined using ACTH double antibody 
125

I 

radioimmunoassay kit (MP Biomedicals Australia, Seven Hills, NSW, Australia) 

according to the manufacturer’s instructions. The reported recovery of exogenous 

ACTH is 100 % and the intra- and inter-assay variability of 3.9 % and 6.8 %, 

respectively. Plasma corticosterone levels were determined using corticosterone double 

antibody 
125

I radioimmunoassay kit (MP Biomedicals Australia) according to the 

manufacturer’s instructions. The reported recovery of exogenous ACTH is 100 % and 

the intra- and inter-assay variability of 8 % and 10 %, respectively. Plasma 

catecholamine extractions were performed as previously described with some 

modifications (Anton and Sayre, 1962). Briefly, 500µl of plasma was placed into a 2 
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mL tube containing 30 mg of activated alumina, 1 mL of 1.5 M Tris buffer pH 8.6, 100 

µL of 0.1 M disodium EDTA and 0.5 ng of DHBA. The DHBA was used as an internal 

standard. The mixtures were gently mixed for 10 min and were washed 3 times using 1 

mL of de-ionized water. The catecholamines were extracted using 200 µL elution 

solution (2 % acetic acid containing 100 µM disodium EDTA). Plasma noradrenaline 

and adrenaline levels were measured using HTEC-500 Complete Stand-Alone HPLC-

ECD systems (Eicom Corporation, Kyoto Japan). Analytical conditions were as 

follows: detector, +450 mV potential against a Ag/AgCl reference electrode; column, 

Eicompak CA-5ODS, 2.1 × 150 mm; mobile phase (0.1 M phosphate buffer pH 5.7 

containing 50 mg/L disodium EDTA, 700 mg/L sodium 1-octanesulfonate and 12 % 

methanol) at a flow of 0.23 mL/min. The specific retention time for each compound was 

determined using noradrenaline and adrenaline standards. The catecholamines levels 

were calculated from the peak height ratio relative to DHBA using PowerChrom v2.6.3 

software (eDAQ Pty Ltd, NSW Australia).  

 

Adrenal medulla sample preparation 

 

Adrenal medulla samples were sonicated in 100 たL of homogenizing buffer (2 mM 

potassium phosphate buffer pH 7.4, 1 mM EGTA, 1 x protease inhibitor cocktail tablet, 

1 mM DTT, 80 たM ammonium molybate, 1 mM sodium pyrophosphate, 1 mM sodium 

vanadate, 5 mM く-glycerolphosphate, 2 たM microcystin, final concentration) with a 

microsonicator (UP50H, Hielscher Ultrasonics GmbH, Teltow, Germany) for 3 x 30 sec 

pulses at 4°C. Samples were centrifuged at 16000 RPM for 20 min at 4°C. The clear 

supernatants were collected and protein concentrations were determined by Pierce BCA 

protein assay kit (Thermo Fisher Scientific) according to the manufacturer's instructions. 
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Samples were diluted with homogenizing buffer to equalize protein concentrations (5 

mg/mL), were aliquoted and were kept frozen at -80°C for further analysis.  

 

Western Blotting 

 

Western blotting were performed as previously described with some modifications (Ong 

et al., 2011). Aliquots (one-half volume) of the adrenomedullary samples were mixed 

with sample buffer (1 % SDS, 10 % glycerol, 0.5 % DTT, minimal bromophenolblue, 

final concentration). 30 たg of each samples were subjected to SDS-PAGE gel 

electrophoresis and were transferred to nitrocellulose membranes (Hybond ECL, GE 

Health Care). Nitrocellulose membranes were stained with Ponceau S (0.5 % ponceau in 

1 % acetic acid) to assess the efficacy of the transfer. Membranes were washed in Tris-

buffered saline with Tween (TBST) (150 mM sodium chloride, 10 mM Tris, 0.075 % 

Tween-20, pH 7.5) and incubated with blocking solution (5 % bovine serum albumin, 

0.04 % sodium azide in TBST) for 2 h at 25ºC. Membranes were washed in TBST and 

incubated with primary antibodies (total- and phospho-TH, く-actin, total- and phospho-

p44/42 MAPK (Erk1/2) and phospho-PKA substrate) for 1 h at 25ºC. Membranes were 

washed in TBST and incubated with horse-radish peroxidase-linked anti-IgG secondary 

specific antibodies for 1 h at 25ºC. Membranes were visualized on Fugifilm Las-3000 

imaging system (Fuji, Stamford, CT, USA) using detection reagents (Amersham ECL 

Plus Western Blotting Detection Reagents, GE Health Care). The density of the bands 

was measured using a MultiGauge V3.0 (Fuji, Stamford, CT, USA). Total-Erk1/2 

protein, phospho-PKA and total-TH protein levels were normalized to く-actin. Phospho-

Erk1/2 levels were normalized to total-Erk1/2 protein levels. Site-specific phospho-TH 
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at pSer19, pSer 31 and pSer40 levels were normalized to total-TH protein levels and 

were expressed as a fold increase relative to the sham samples. 

 

TH activity assay 

 

TH activity was measured using a method based on the tritiated water release assay with 

slight modification (Reinhard et al., 1986, Briggs et al., 2011). Briefly, aliquots of the 

adrenomedullary samples were mixed in the reaction mixture (50 たg sample, 2 mM 

potassium phosphate pH 7.4, 36 たg catalase, 0.008 % く-mercaptoethanol, 24 たM L-

tyrosine, 1 たCi 3,5-[
3
H]-L-tyrosine, final volume 50 たL). The 50 たL reactions were 

initiated with the addition of 100 たM tetrahydrobiopterin in 5 mM HCl. Control 

representing background reactions were added with 5 mM HCl but did not contain 

tetrahydrobiopterin. Assays were performed for 20 min at 30°C and were stopped by 

addition of 700 たl charcoal slurry (7.5 % activated charcoal in 1 M HCl). Mixtures were 

vortexed for 1 min and were centrifuged at 16000 RPM for 10 min at 30°C. 350 たl 

supernatants were added to 3 mL scintillation cocktail and were vortexed for 10 sec. 

Mixtures were assayed by scintillation spectrometry for 20 min per sample. TH activity 

assays which were performed under these conditions were linear. The changes in TH 

activity were normalized to total-TH protein levels and expressed as a fold increase 

relative to the sham samples.  

 

Statistical analysis 

 

The data for sham and footshock groups were expressed as a fold increase of the mean 

(M) ± SEM for each group relative to the mean of the sham group. These data were 
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analysed by using Prism 5 for Windows (Version 5.04, GraphPad Software, Inc., CA, 

USA). Two-Way ANOVA was used to determine whether there were any significant 

effects of footshock treatment and/or time across the groups. Additional Bonferroni post 

tests were used to analyse differences between sham and footshock groups at each of the 

time points (10, 20 and 40 min), where an overall footshock treatment or time effects 

was found. The significant differences shown on the graphs with asterisks (*) refer to 

the post hoc tests for footshock treatment effects. All differences were considered to be 

significant at p<0.05.  
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3.4 RESULTS 

 

The effect of footshock on plasma ACTH, corticosterone, noradrenaline, 

adrenaline, glucose levels and body temperature 

 

The plasma samples were analysed for ACTH, corticosterone, noradrenaline, adrenaline 

and glucose levels. There was a significant effect of footshock (F(1,27)=22.4, p<0.001) 

and time (F(2,27)=4.7, p<0.05) on plasma ACTH levels (Fig. 1A). Post hoc analysis 

indicated that footshock caused a significant increase in ACTH levels relative to sham 

treatment at 20 min (5.2 fold, p<0.001) (Fig. 1A). There was a significant effect of 

footshock (F(1,27)=15.0, p<0.001) and time (F(2,27)=8.6, p<0.01) on plasma 

corticosterone levels (Fig. 1B). Post hoc analysis indicated that footshock caused a 

significant increase in corticosterone levels relative to sham treatment at 20 min (1.4 

fold, p<0.05) and 40 min (1.5 fold, p<0.05) (Fig. 1B). There was no effect of footshock 

or time on plasma noradrenaline (Fig. 1C) or adrenaline (Fig. 1D) levels. There was a 

significant effect of footshock (F(1,27)=40.0, p<0.001) and time (F(2,27)=26.0, p<0.001) 

on plasma glucose levels (Fig. 1F). Post hoc analysis indicated that footshock caused a 

significant increase in glucose levels relative to sham treatment at 20 min (1.6 fold, 

p<0.001) and 40 min (1.2 fold, p<0.05) (Fig. 1F).  There was a significant effect of 

footshock (F(1,27)=61.0, p<0.001) but not time on body temperature (Fig. 1E). Post hoc 

analysis indicated that footshock caused a significant increase in body temperature 

relative to sham treatment at 10 min (sham, 37.8°C to footshock, 38.6°C, p<0.001), 20 

min (sham, 37.7°C to footshock, 38.3°C , p<0.01) and 40 min (sham, 37.5°C to 

footshock, 38.6°C, p<0.001) (Fig. 1E). 
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The effect of footshock on protein kinase activation in the adrenal medulla 

 

The adrenal medulla samples were analysed by immunoblotting with antibodies that 

recognise total-Erk1/2 protein, phospho-Erk1/2 and phospho-protein kinase A (PKA) 

substrates. Erk1 (p44) and Erk2 (p42) protein appeared as two bands corresponding to 

molecular masses of 44 and 42 kDa respectively (Fig. 2A). The results for total-Erk1 

and total-Erk2 levels were calculated relative to く-actin levels (Fig. 2B & 2C) and the 

results of phospho-Erk1 and phospho-Erk2 levels were calculated relative to total-Erk1 

and total-Erk2 levels respectively (Fig. 2D & 2E). Phospho-PKA substrates appeared as 

several bands (Fig. 3A). The results for phospho-PKA substrates levels (quantified as 

optical density of all bands for each lane) were calculated relative to く-actin levels (Fig. 

3B).  There was no effect of footshock or time on total-Erk1 (Fig. 2B) and total-Erk2 

(Fig. 2C) levels. There was a significant effect of footshock (F(1,27)=13.4, p<0.01) but 

not time on phospho-Erk1 levels (Fig. 2D). Post hoc analysis indicated that footshock 

caused a significant increase in phospho-Erk1 levels relative to sham treatment at 10 

min (1.9 fold, p<0.05) (Fig. 2D). There was a significant effect of footshock 

(F(1,27)=26.4, p<0.001) but not time on phospho-Erk2 levels (Fig. 2E). Post hoc analysis 

indicated that footshock caused a significant increase in phospho-Erk2 levels relative to 

sham treatment at 10 min (1.5 fold, p<0.05), 20 min (1.5 fold, p<0.05) and 40 min (1.5 

fold, p<0.05) (Fig. 2E). There was a significant effect of footshock (F(1,27)=5.9, p<0.05) 

but not time on phospho-PKA substrates levels (Fig. 3B). Post hoc analysis indicated 

that footshock caused a significant increase in phospho-PKA substrates levels relative to 

sham treatment at 40 min (1.8 fold, p<0.05) (Fig. 3B). 
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The effect of footshock on total-TH protein, site-specific phospho-TH and TH 

activity in the adrenal medulla 

 

The adrenal medulla samples were analysed by immunoblotting with antibodies that 

recognise total-TH and site-specific phospho-TH at Ser19, Ser31 or Ser40. Total-TH 

protein and phospho-TH appeared as single bands corresponding to molecular masses of 

approximately 60 kDa (Fig. 4A). The results for total-TH levels were calculated relative 

to く-actin levels (Fig. 4B) and the results of phospho-TH levels were calculated relative 

to total-TH levels because the ratios more accurately represent phosphorylation states 

and account for variability in total-TH among samples (Fig. 4C, 4D & 4E). There was 

no effect of footshock or time on total-TH levels (Fig. 4B). There was also no effect of 

footshock or time on pSer19 levels (Fig. 4C). There was a significant effect of 

footshock (F(1,27)=29.5, p<0.001) but not time on pSer31 levels (Fig. 4D). Post hoc 

analysis indicated that footshock caused a significant increase in pSer31 levels relative 

to sham treatment at 10 min (1.7 fold, p<0.01), 20 min (1.5 fold, p<0.05) and 40 min 

(1.5 fold, p<0.05) (Fig. 4D). There was a significant effect of time (F(2,27)=4.9, p<0.05) 

but not footshock on pSer40 levels (Fig. 4E). Post hoc analysis indicated that footshock 

caused a significant increase in pSer40 levels relative to sham treatment at 40 min (1.5 

fold, p<0.01) (Fig. 4E).  

 

TH activity was assayed in the same adrenal medulla samples. The results for 

TH activity levels were calculated relative to total-TH levels. There was a significant 

effect of footshock (F(1,27)=45.2, p<0.001) on TH activity levels (Fig. 5). Post hoc 

analysis indicated that footshock caused a significant increase in TH activity levels 
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relative to sham treatment at 20 min (2.1 fold, p<0.01) and 40 min (2.8 fold, p<0.001) 

(Fig. 5). 
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3.5 DISCUSSION 

 

In this study, we demonstrated that acute footshock stress can alter the HPA axis and the 

sympathetic nervous system leading to: 1) the release of ACTH from the anterior 

pituitary gland and corticosterone from the adrenal cortex, 2) splanchnic nerve 

activation of the adrenomedullary catecholaminergic cells, including activation of 

protein kinases (Erk1/2 and PKA), TH phosphorylation at Ser31 and Ser40 and an 

increase in TH activity, 3) activation of metabolic pathways including an increase in 

plasma glucose and an increase in body temperature. Taken together, our results suggest 

that acute footshock triggers adaptive responses which assist the animals to cope with 

the stressor.  

 

Footshock stress (1 mA, 1 sec pulse per 1 min) evokes the release of ACTH and 

corticosterone into plasma consistent with previous studies (Odio and Maickel, 1985, 

Smith et al., 1991, Marquez et al., 2002, Belda et al., 2004). The HPA axis driven stress 

response starts when the paraventricular nucleus of the hypothalamus produces CRH 

and vasopressin, which stimulate the anterior pituitary gland to synthesize pro-

opiomelanocortin and release ACTH into plasma which initiates the synthesis and 

release of corticosterone from the adrenal cortex into plasma (Douglas, 2005). Our data 

are in general agreement with previous studies which showed that footshock stress 

evokes significant increases in plasma ACTH levels by 20 min and corticosterone levels 

between 20 min and 40 min. However, the sham animals in this study have higher 

baseline when compared to “basal or control” groups from previous studies (Belda et al., 

2004). The reason for the difference is plasma samples were collected by cardiac 

puncture in this study whereas, a tail-nick procedure was used in the studies mentioned 
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above. Plasma ACTH and corticosterone levels were significantly increased at 30 min 

after footshock stress (0.5 mA, 6 sec pulse per 90 sec) was initiated (Belda et al., 2004) 

and plasma corticosterone levels peaked at 30 min after footshock stress (0.5 mA, 2 sec 

pulse, 1 pulse per 10 min) was initiated and was sustained up to 4 h (Odio and Maickel, 

1985). Therefore, the activation of the HPA axis is critical in response to the stress of 

acute footshock.  

 

Footshock stress evokes an increase in plasma glucose and body temperature. 

Two distinct systems are activated rapidly in order to maintain the stress response 

including the HPA axis and the sympathetic adrenomedullary catecholaminergic system. 

Activation of the HPA axis results in the secretion of the glucocorticoids from the 

adrenal cortex, whereas activation of the adrenomedullary catecholaminergic system 

results in the secretion of the catecholamines from the adrenal medulla. Once they are 

secreted into the circulation, both glucocorticoids and catecholamines mediate 

glycogenolysis and gluconeogenesis, which leads to an increase in blood glucose and 

oxygen use for rapid provision of energy and this contributes to heat generation during 

the stress response (Rhoades and Pflanzer, 2003, Charmandari et al., 2005). The time 

course of footshock stress (0.5 mA, 2 sec pulse, 1 pulse per 10 min) on plasma glucose 

has been investigated; there was a slight, but not statistically significant, increase at 30 

min footshock stress, while a significant increase was observed 1 and 2 h after initiation 

of the footshock stress (Odio and Maickel, 1985). Plasma adrenaline and noradrenaline 

levels were significantly increased at 5 min immediately after footshock stress (2.5 mA, 

0.4 sec pulse per 5 sec) (McCarty and Kopin, 1978). We found an increase in plasma 

glucocorticoids (ACTH and corticosterone) but not in plasma catecholamines 

(adrenaline and noradrenaline). This finding suggested that the increase in plasma 
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glucose and body temperature is most likely mediated by plasma glucocorticoids, 

although the catecholamines could have been increased before the earliest time we 

measured at 10 min. 

 

Our data are consistent with our previous studies which showed that footshock 

stress has no significant effects on TH protein levels in the adrenal medulla over the 

first 40 min (Ong et al., 2011). TH is regulated acutely by protein phosphorylation and 

chronically by protein synthesis (Kumer and Vrana, 1996). Previous studies showed that 

TH protein changes are only detectable in the adrenal gland many hours after exposure 

to stressors (Watanabe et al., 1995, Rusnak et al., 2001, Tank et al., 2008), with the 

earliest detectable change being 6 h after a 2 h immobilization stress. Therefore, TH 

protein levels cannot be used to detect acute changes in adrenomedullary 

catecholaminergic cells. 

 

Footshock stress has no significant effects on Ser19 phosphorylation in the 

adrenal medulla over the first 40 min. Previous studies showed that changes in Ser19 

phosphorylation are detectable sec to min after exposure to receptor activators in bovine 

adrenal chromaffin cell cultures; Ser19 was rapidly phosphorylated due to the 

depolarization of the cells leading to the entry of extracellular calcium via voltage 

sensitive calcium channels and activation of the CaMPKII (Haycock, 1993, Dunkley et 

al., 2004). Ser19 is then rapidly dephosphorylated (Haycock, 1993, Dunkley et al., 

2004), presumably due to the continually increasing levels of calcium and activation of 

protein phosphatases (Robinson and Dunkley, 1985, Haycock, 1993). We recently 

showed that Ser19 phosphorylation was significantly decreased in vivo after 10 and 20 

min of footshock stress (Ong et al., 2011). The fact that in the earlier study the rats were 
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not habituated to the footshock chamber prior to the footshock protocols suggests that 

there is a significant effect of exposure to a novel environment on Ser19 

phosphorylation. We have also shown that in adrenal medulla Ser19 phosphorylation 

was able to be increased in response to a different stressor namely hypotension elicited 

by injection of hydralazine (10 mg/kg) after 5 min (Unpublished data). In the current 

study we did not find any changes in Ser19 phosphorylation in adrenal medulla 

suggesting that footshock stress itself does not alter Ser19 phosphorylation levels. 

 

Footshock stress evokes an increase in Erk1/2 and Ser31 phosphorylation in the 

adrenal medulla between 10 min and 40 min. In bovine adrenal chromaffin cell cultures 

Ser31 is always phosphorylated more slowly than both Ser19 and Ser40, presumably 

because Erk1/2 require a number of precursor kinases to be activated before they 

become activated (Haycock et al., 1992, Haycock, 1993, 2002, Dunkley et al., 2004). 

Ser31 is not readily dephosphorylated over the next hour as the Ser31 phosphatases are 

not calcium sensitive and dephosphorylation requires inactivation of the protein kinases 

before dephosphorylation can occur under basal Ser31 phosphatase activity (Dunkley et 

al., 2004).  Recently, we have showed that both Erk1/2 and Ser31 phosphorylation are 

significantly increased at 20 and 60 min in the adrenal medulla in response to another 

stressor namely glucoprivation elicited by 2-deoxy-D-glucose (2DG) (400mg/kg) 

(Bobrovskaya et al., 2010). In this study we did not find any changes in total-Erk1/2 

protein, but there were increases in Erk1 phosphorylation in response to footshock stress 

at 10 min and Erk2 phosphorylation at 10, 20 and 40 min. Our data are consistent with 

our previous studies which showed that Ser31 phosphorylation was increased in 

response to footshock stress at 10, 20 and 40 min (Ong et al., 2011) and they confirm 

that these changes were not due to exposure to a novel environment. These findings 
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suggested that footshock stress has a rapid and long lasting effect on Erk2 activation and 

Ser31 phosphorylation in the adrenal medulla.  

 

Our data showed that footshock stress evokes an increase in PKA substrates and 

Ser40 phosphorylation in the adrenal medulla, but only after 40 min. In bovine adrenal 

chromaffin cell cultures Ser40 is phosphorylated by a large number of protein kinases, 

including PKA, at an intermediate time between Ser19 and Ser31 (Haycock, 1993, 

Dunkley et al., 2004, Bobrovskaya et al., 2007). Ser40 is then very slowly 

dephosphorylated over 1 h (Dunkley et al., 2004). We did not find any changes in Ser40 

phosphorylation in response to footshock stress in the adrenal medulla in our previous 

study (Ong et al., 2011). Ser40 can be phosphorylated in vivo as we have recently 

shown that both PKA and Ser40 phosphorylation are significantly increased at 20 and 

60 min in response to another stressor glucoprivation elicited by 2-deoxy-D-glucose 

(2DG) in the adrenal medulla (Bobrovskaya et al., 2010). In addition, Ser40 

phosphorylation is significantly increased in response to immunity challenge elicited by 

lipopolysaccharide (LPS) at 4 h (Sominsky et al., 2012). These findings suggested that 

footshock stress has a delayed effect on PKA activation and that PKA is likely to 

mediate Ser40 phosphorylation.  

 

Our data showed that footshock stress evokes an increase in TH activity at both 

20 and 40 min. Erk1 and Erk2 are known to mediate Ser31 phosphorylation which 

increases TH activity in vitro and in vivo (Haycock, 2002, Jedynak et al., 2002, Nunez 

et al., 2007). Ser40 phosphorylation plays a major role in modulating TH activity as it is 

known to abolish the feedback inhibition of TH caused by catecholamine binding and 

this results in a 40-fold increase in TH activity in vitro and there is evidence that Ser40 
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phosphorylation in vivo increases TH activity (Dunkley et al., 2004). Our results suggest 

that both Ser31 and Ser40 phosphorylation of TH contribute to the increases in TH 

activity, as Ser31 phosphorylation increases activity at 20 min when Ser40 is not 

increased, while Ser40 further increases TH activity at 40 min when there is no further 

increase in Ser31 phosphorylation. These increases in TH activity are presumably 

required to provide more catecholamines as a result of increased secretion. Plasma 

catecholamines levels were significantly increased at 10 min immediately after 

footshock stress (1.0 mA, 0.5 sec pulse per 5 sec) (Konarska et al., 1989). However, we 

did not find an increase in plasma catecholamines at 10, 20 and 40 min as had been 

observed in previous studies. This could be due to either footshock stress used here do 

not lead to any changes in catecholamine secretion or lead to an increase in 

catecholamine secretion earlier than the time points investigated here.  

 

In conclusion our study provides evidence that acute footshock stress leads to 

the activation of the HPA axis as measured by an increase in plasma ACTH and 

corticosterone levels. Footshock stress also leads to activation of the adrenomedullary 

catecholaminergic cells as measured by an increase in Erk1/2 and PKA signalling 

pathways, which in turn contribute to an increase in TH activity via Ser31 and Ser40 

phosphorylation. Footshock stress also leads to an increase in plasma glucose and body 

temperature. Identification of these pathways is of major importance in understanding 

the adaptive responses to the footshock stress.  
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Fig. 1: Effect on plasma ACTH, corticosterone, noradrenaline, adrenaline and glucose 

levels 10, 20 and 40 min after footshock treatment (n=6 per group). *p<0.05, **p<0.01, 

***p<0.001 

 

Fig. 2: Effect on total- and phospho-Erk1/2 levels in adrenal medulla 10, 20 and 40 min 

after footshock treatment (n=6 per group). A) Representative immunoblots show the 

effect of 10 min footshock treatment on total- and phospho-Erk1/2. The loading controls 

were performed by analysis of く-actin. *p<0.05 

 

Fig. 3: Effect on phospho-PKA substrates levels in adrenal medulla 10, 20 and 40 min 

after footshock treatment (n=6 per group). A) Representative immunoblots show the 

effect of 40 min footshock treatment on phospho-PKA substrates. The loading controls 

were performed by analysis of く-actin. *p<0.05 

 

Fig. 4: Effect on total- and phospho-TH (pSer19, pSer31 and pSer40) levels in adrenal 

medulla 10, 20 and 40 min after footshock treatment (n=6 per group). A) Representative 

immunoblots show the effect of 40 min footshock treatment on total- and phospho-TH. 

The loading controls were performed by analysis of く-actin. *p<0.05, **p<0.01 

 

Fig. 5: Effect on TH activity levels 10, 20 and 40 min after footshock treatment (n=6 

per group). **p<0.01, ***p<0.001 
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7.1 Overview  

 

Stress is a major burden in our society. One of the major cell types involved in 

the stress response are the catecholaminergic cells (Kvetnansky et al., 2009). Stress 

triggers the activation of the catecholaminergic cells and the release of catecholamines. 

When the catecholamines are released, it has been shown that there is no significant 

change in their levels within the catecholaminergic cells. This is because in parallel to 

catecholamine secretion there is also a concomitant increase in the rate of catecholamine 

biosynthesis (Wakade et al., 1988; Zigmond et al., 1989). TH is the rate-limiting 

enzyme in catecholamine biosynthesis and is subjected to a range of regulatory 

mechanisms (such as feedback inhibition by catecholamines, phosphorylation of the 

three serine residues, mRNA expression and protein synthesis) (Kumer and Vrana, 

1996). There are three phases of TH activation (acute, sustained and chronic) when 

these regulatory mechanisms offer several levels of control over enzyme activity. These 

mechanisms come into play to maintain homeostasis in response to stress, but 

dysregulation of these regulatory mechanisms plays a central role in the development of 

diseases such as hypertension, stroke, obesity, autoimmune and inflammatory disorder 

in vulnerable individuals.  

 

This thesis comprises 5 individual research chapters which aimed at 

investigating the different phases of TH activation, particularly in the acute and 

sustained phases by measuring TH phosphorylation and TH protein in the adrenal 

medulla and the brain at different time points in response to a range of short-term 

stressors in vivo (Figure 7.1).  
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Figure 7.1: The three phases of TH activation. The acute phase of TH activation is 

characterised by TH phosphorylation at Ser31 and Ser40. It was examined in Chapters 2 

– 5. The sustained phase of TH activation is characterised by TH phosphorylation only 

at Ser40. It was examined in Chapters 4 – 6. The chronic phase of TH activation is 

characterised by TH protein synthesis. It was examined in Chapters 4 – 6.  
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We have proposed two hypotheses in Chapter 1. Here we summarize our findings in 

relation to these hypotheses.  

 

Hypothesis 1. We confirmed that different stressors will induce different patterns 

of TH phosphorylation without any change in TH protein levels in the adrenal 

medulla and the LC over a 1 hr period.  

 

Hypothesis 2. We confirmed that one stressor (LPS) will induce TH 

phosphorylation at Ser40 without any change in TH protein in the adrenal medulla 

at 24 hr 

 

On the basis of these findings we found that different stressors induce different 

responses in different catecholaminergic cells in terms of their temporal profile of TH 

phosphorylation at Ser19, Ser31 and Ser40 and TH protein synthesis, with responses 

varying according to the nature of the stressors and the time at which the responses are 

analysed.  
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7.2 The acute phase of TH activation 

 

 Initial studies in this thesis were aimed at examining the acute phase of TH 

activation in vivo. This phase is mediated by TH phosphorylation at Ser19, Ser31 and 

Ser40, without any change in TH protein levels. This phase lasts up to approximately 1 

h after which TH phosphorylation and TH activity return to basal levels (Kumer and 

Vrana, 1996).  

 

In adrenal chromaffin cell cultures in vitro, acute incubation (<1 h) with nicotine 

leads to TH phosphorylation which follows a pattern: Ser19 phosphorylation is rapidly 

increased to maximal levels within 1 min and then dephosphorylation occurs; Ser40 

phosphorylation begins more slowly that Ser19 reaching a plateau by 4 min, without 

any subsequent dephosphorylation; Ser31 phosphorylation is delayed until 4 min but 

rapidly increased up to 10 min. Ser19, Ser31 and Ser40 phosphorylation is then returned 

toward basal levels by 1 h (Haycock, 1993). To date, there have been limited studies 

that have investigated the acute phase of TH activation in vivo. We have compared the 

profile of TH phosphorylation at Ser19, Ser31 and Ser40 and TH protein elicited by two 

stressors tentatively classified as physical (footshock or glucoprivation stress) and two 

stressors tentatively classified as psychological (immobilization or social defeat stress) 

in the adrenal medulla and the LC over a 1 h period (see Chapters 2 – 5). 

 

Adrenal medulla  

 

Collectively, the results of the thesis show that the acute phase of TH activation 

is mediated by different patterns in TH phosphorylation at Ser19, Ser31 and Ser40, 
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without any change in TH protein levels in the adrenal medulla over 1 h period in 

response to a range of short-term stressors (Table 7.1). In Chapter 2, immobilization 

stress did not alter TH phosphorylation at Ser19, increased TH phosphorylation at Ser31 

only at 20 min and did not alter TH phosphorylation at Ser40. In contrast, footshock 

stress decreased TH phosphorylation at Ser19 at 10 and 20 min, increased TH 

phosphorylation at Ser31 at 10, 20 and 40 min and did not alter TH phosphorylation at 

Ser40. In Chapter 3, footshock stress did not alter TH phosphorylation at Ser19, 

increased TH phosphorylation at Ser31 at 10, 20 and 40 min and increased TH 

phosphorylation at Ser40 at 40 min. The reason for these differences in the effects of 

footshock stress (Chapters 2 & 3) must be related to whether the rats were habituated or 

not to the footshock chamber prior to the footshock stress protocols. The fact that in 

Chapter 2 the rats were not habituated to the footshock chamber prior to the footshock 

protocols suggests that the stress of exposure to a novel environment contributed to the 

changes in TH phosphorylation at Ser19. Whereas, in Chapter 3 prior habituation to the 

footshock chamber contributed to the changes in TH phosphorylation at Ser40. In 

Chapter 4, glucoprivation stress did not alter TH phosphorylation at Ser19, increased 

TH phosphorylation at Ser31 at 20 min and 1 h and increased TH phosphorylation at 

Ser40 at 20 min and 1 h. In Chapter 5 social defeat did not alter TH phosphorylation at 

Ser19, Ser31 and Ser40 at 10 min. Overall, the physical stressors (footshock and 

glucoprivation stress) activate the adrenal medulla to a greater extent compared to the 

psychological stressors (immobilization and social defeat stress). The fact that TH 

phosphorylation at Ser31 and Ser40 was increased in the physical stressors would 

suggest that TH activity is likely to be increased as Ser31 and Ser40 phosphorylation 

increases TH activity directly. 
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Stressors 

Phospho

-TH 5 min 10 min 20 min 40 min 60 min 

Immobilization 

2 

Ser19 

Ser31 

Ser40 

 No 

No 

No 

No 

rr 

No 

No 

No 

No 

 

Footshock 

2 

Ser19 

Ser31 

Ser40 

 ttt 

r 

No 

tt 

r 

No 

No 

rr 

No 

 

Footshock 

3 

Ser19 

Ser31 

Ser40 

 No 

rr 

No 

No 

r 

No 

No 

r 

r 

 

Glucoprivation 

4 

Ser19 

Ser31 

Ser40 

No 

No 

No 

 No 

rrr 

rr 

 No 

rrr 

r 

Social defeat 

5 

Ser19 

Ser31 

Ser40 

 No 

No 

No 

   

Table 7.1: TH phosphorylation in the adrenal medulla in vivo. Numbers represent 

research chapters. Arrows indicate increases or decreases. “No” indicates no changes.  
 

 

Locus coeruleus 

 

Collectively, the results of the thesis also show that the acute phase of TH 

activation is mediated by different patterns in TH phosphorylation at Ser19, Ser31 and 

Ser40, without any change in TH protein levels in the LC over 1 h period in response to 

a range of short-term stressors (Table 7.2). In Chapter 2, immobilization stress did not 

alter TH phosphorylation at Ser19, increased TH phosphorylation at Ser31 only at 10 

min and did not alter TH phosphorylation at Ser40. In contrast, footshock stress 
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decreased TH phosphorylation at Ser19 at 40 min, increased TH phosphorylation at 

Ser31 at 20 and 40 min and did not alter TH phosphorylation at Ser40. In Chapter 5 

social defeat did not alter TH phosphorylation at Ser19, increased TH phosphorylation 

at Ser31 and Ser40 at 10 min. Overall, the psychological stressors (immobilization and 

social defeat stress) have a rapid and short lasting effect on TH phosphorylation in the 

LC, whereas the physical stressor (footshock stress) has a delayed effect on TH 

phosphorylation in the LC. 

 

 

Table 7.2: TH phosphorylation in the LC in vivo. Numbers represent research 

chapters. Arrows indicate increases or decreases. “No” indicates no changes.  
 

 

Results (presented in Chapters 2 – 5) have shown here that the pattern of TH 

phosphorylation at Ser19, Ser31 and Ser40 varies considerably in the adrenal medulla 

and the LC, and is dependent on both the type of stressor and the time when the 

response is analysed.  
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7.3 The sustained phase of TH activation  

 

 Subsequent studies in this thesis were aimed at examining the sustained phase of 

TH activation in vivo. This phase is mediated by TH phosphorylation at primarily at 

Ser40, also without any change in TH protein levels. This phase occurs from 1 to 24 h 

(Bobrovskaya et al., 2007a; Bobrovskaya et al., 2007b).  

 

In adrenal chromaffin cell cultures in vitro, sustained incubation (1 – 24 h) with 

nicotine leads to TH phosphorylation which follows a pattern: Ser19 and Ser31 

phosphorylation are very low but significantly above the unstimulated control levels at 

24 h; Ser40 phosphorylation is decreased below acute levels from 1 to 8 h (but still 

significantly above basal levels) and then substantially increased from 8 to 24 h 

(Bobrovskaya et al., 2007a; Bobrovskaya et al., 2007b). The hallmarks of this phase are 

1) TH phosphorylation of Ser40 is increased, 2) TH protein is not altered and 3) the 

signal transduction pathways activation is different from the acute phase. To date, there 

have been no studies that have investigated the sustained phase of TH activation in vivo. 

We have compared the profile of TH phosphorylation at Ser19, Ser31 and Ser40 and 

TH protein elicited by two stressors tentatively classified as physical (glucoprivation or 

LPS stress) and one stressor tentatively classified as psychological (social defeat stress) 

in the adrenal medulla at 24 h (in Chapters 4 – 6). 

 

Collectively, the results of the thesis show that the sustained phase of TH 

activation only occurs in the adrenal medulla at 24 h in one of the rodent stress models 

used, namely LPS stress (Table 7.3). In Chapter 4, glucoprivation stress did not alter TH 

phosphorylation at Ser40 but increased TH protein at 24 h. In Chapter 5, social defeat 
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stress decreased TH phosphorylation at Ser40 but did not alter TH protein at 24 h. In 

Chapter 6, LPS stress increased TH phosphorylation at Ser40 and TH activity, but did 

not alter TH protein in neonatal adrenal medulla at 24 h. The differences are due to the 

different rodent stress models. Although glucoprivation and LPS stress are classified as 

physical stressors, glucoprivation stress causes disturbance in metabolic status and LPS 

stress causes disturbance in immunity status.  

 

Stressors  24 h 

The sustained 

phase of TH 

activation 

 

Glucoprivation 

4 

Ser40 

 

TH protein 

No 

 

rrr 

NO 

 

Social defeat 

5 

Ser40 

 

TH protein 

t 

 

No 

NO 

 

LPS 

6 

Ser40 

 

TH protein 

rrr 

 

No 

YES 

Table 7.3: The effects of different stressors on TH phosphorylation at Ser40 and 

TH protein in the adrenal medulla in vivo. Numbers represent research chapters. 

Arrows indicate increases or decreases. “No” indicates no changes. 
 

 

Results (presented in Chapters 4 – 6) have shown here that TH phosphorylation 

at Ser40 occurs for up to 24 h and leads to TH activation independent of TH protein 

synthesis, suggesting that the sustained phase of TH activation occurs in vivo. This 

phenomenon that was defined in vitro has also been shown for the first time to occur in 

vivo (although only in one rodent stress model).  
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7.4 The chronic phase of TH activation 

 

The chronic phase of TH activation is mediated primarily by the activation of 

transcription factors, which over time increases TH mRNA expression and TH protein 

synthesis leading to increased TH activity (Kumer and Vrana, 1996).  

 

In adrenal chromaffin cell cultures in vitro, chronic incubation (48 h) with 

nicotine leads to increased TH protein synthesis and TH activity (Craviso et al., 1992). 

To date, there have been extensive studies that have investigated the chronic phase of 

TH activation in vivo. Therefore, this phase was not a major focus of this thesis.  

 

Nevertheless, the results of this thesis show that the chronic phase of TH 

activation occurs in the adrenal medulla in the rodent stress models used. In Chapter 4, 

glucoprivation stress increased TH protein in the adrenal medulla at 24 h. In Chapter 6, 

LPS stress increased TH protein in adrenal medulla at 48 h, but did not increase TH 

activity. This may be because the newly synthesised TH protein binds to catecholamines 

and becomes inactivated before it is able to be phosphorylated at Ser40 which is 

required to keep it active. The increase in TH protein without an increase in activity 

may represent a regulatory mechanism to increase the capacity of the adrenal gland to 

response to subsequent stressors. Results (presented in Chapters 4 & 6) have shown that 

the chronic phase of TH activation is detectable earlier in glucoprivation stress 

compared to LPS stress. 
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7.5 The advantages of measuring TH phosphorylation   

 

Overall, we provided evidence that different catecholaminergic cells respond 

differently in terms of the temporal profiles of TH phosphorylation at Ser19, Ser31 and 

Ser40 presumably due to differences in the frequency of cell firing and/or the nature of 

the neurotransmitters released onto the cells. In addition, we demonstrated that the 

activation of the enzyme is associated with TH phosphorylation at Ser19, Ser31 and 

Ser40 in vivo, an effect that had previously been demonstrated in cultured cells. We also 

demonstrated that TH phosphorylation at either Ser31 and/or Ser40 can contribute to 

increases in TH activity in vivo. 

 

The results of the thesis show that different stressors induce the acute phase of 

TH activation but provide different patterns in TH phosphorylation at Ser19, Ser31 and 

Ser40, without TH protein synthesis in the adrenal medulla and the LC over 1 h period. 

Different patterns in TH phosphorylation at Ser19, Ser31 and Ser40 suggest that cell 

activation varies in different catecholaminergic cells (the adrenal medulla chromaffin 

cells vs. the LC neurons), that there is a unique pattern of protein kinases activated and 

that there is a difference in the probability of catecholamine biosynthesis being activated.  

 

In response to stressors, both the adrenal medulla chromaffin cells and 

catecholaminergic neurons are activated by depolarization of the cells, leading to an 

influx of extracellular calcium via voltage-sensitive calcium channels (de Diego et al., 

2008). The influx of extracellular calcium causes the exocytosis of catecholamines from 

the cells (as neurotransmitters from neurons and as hormones from the adrenal medulla 

chromaffin cells) (de Diego et al., 2008) and the activation of various signal 
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transduction pathways in the cells (Sabban and Kvetnansky, 2001; Salvatore et al., 

2001; Wong and Tank, 2007). When catecholamines are released from cells there is a 

concomitant increase in TH activity in order to replenish the released catecholamines 

(Wakade et al., 1988; Zigmond et al., 1989). TH is primarily regulated by a feedback 

inhibition mechanism by the catecholamines (Spector et al., 1967) and phosphorylation 

at three key serine residues in vivo (Dunkley et al., 2004).  

 

 Depolarizing stimuli and increases in intracellular Ca
2+

 have been shown to 

activate CaMPKII and TH phosphorylation at Ser19 (Padmanabhan and Prasad, 2009). 

However, Ser19 phosphorylation alone does not increase TH activity in vitro and in situ 

(Haycock et al., 1998; Salvatore et al., 2001). The functional roles of TH 

phosphorylation at Ser19 remain unclear in vivo. Depolarizing stimuli have been shown 

to activate ERK1/2 and TH phosphorylation at Ser31. There is strong evidence that the 

activation of ERK1/2 mediates TH phosphorylation at Ser31 and leads to TH activation 

and an increase in the biosynthesis of catecholamines in vivo (Nunez et al., 2007; 

Almela et al., 2008; Nunez et al., 2008). Depolarizing stimuli have been shown to 

activate PKA and TH phosphorylation at Ser40. There is strong evidence that the 

activation of PKA mediates TH phosphorylation at Ser40 and leads to TH activation 

and an increase in the biosynthesis of catecholamines in vivo (Dunkley et al., 2004; 

Almela et al., 2008; Raghuraman et al., 2009). On the basis of our understanding of 

these phenomena, this thesis presents evidence to support the advantages of measuring 

TH phosphorylation at different time points in vivo. In adrenal medulla chromaffin cells 

(Figure 7.2) and catecholaminergic neurons (Figure 7.3), changes in TH 

phosphorylation over time provide information on: 
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1) The extent of cell activation. TH phosphorylation was found to be a sensitive 

and reliable marker for cell activation at times between 10 min to 1 h after the 

stimulus. We were able to detect subtle differences between cell types not seen 

with other cell activation markers such as c-Fos which is optimal after 2 h, TH 

mRNA which is optimal from 6-18 h and TH protein which is optimal from 24-

48 h.  

2) The nature of the signal transduction pathways activated. TH 

phosphorylation at Ser31 occurs most likely via ERK1/2 activation and TH 

phosphorylation at Ser40 occurs most likely via PKA activation in the adrenal 

chromaffin cells.  

3) The extent of TH activation. TH phosphorylation at either Ser31 or Ser40 can 

contribute to increases in TH activity in the adrenal chromaffin cells.  
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Figure 7.2: TH phosphorylation at Ser19, Ser31 and Ser40 in adrenal medulla 

chromaffin cells in vivo. Numbers in squares represent information provided by 

changes in TH phosphorylation. “Yes” indicates that this was supported by the data 

provided. “?” indicates that this still requires further investigation. 1 was evaluated in 

Chapters 2 – 6, 2 in Chapters 3 & 4 and 3 in Chapters 3 & 6.  
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Figure 7.3: TH phosphorylation at Ser19, Ser31 and Ser40 in catecholaminergic 

neuron in vivo. Numbers in squares represent information provided by changes in TH 

phosphorylation. “Yes” indicates that this was supported by the data provided. “?” 
indicates that this still requires further investigation. Hypothesis 1 was tested in 

Chapters 2 & 5. 
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7.5.1 TH phosphorylation indicates the extent of cell activation 

 

TH phosphorylation is a sensitive and reliable marker for the extent of cell 

activation in adrenal chromaffin cells and brain catecholaminergic neurons in vivo. Cell 

activation is defined as changes or modifications of the cell “basal” conditions. These 

changes or modifications include the frequency of cell firing, the nature of the 

neurotransmitters released onto these cells. Different neurotransmitters lead to 

activation of different receptors, which then lead to activation of different second 

messengers and changes in TH phosphorylation. Collectively, the results in this thesis 

(Chapters 2 - 5) demonstrate that a range of stressors induce very different patterns in 

TH phosphorylation at Ser19, Ser31 and Ser40 in the adrenal medulla (Table 7.1) and 

the LC (Table 7.2) over a 1 h period immediately following exposure to a stressor. 

These results facilitate an understanding of two issues: 

 

1) Whether cell activation occurs or not?  

2) If cell activation occurs, is the cell activation different in terms of either the 

quantitative aspects (large or small changes) or the time point (when the 

differences occur)? 

 

In the adrenal medulla, footshock stress (Chapters 2 & 3) caused cell activation 

at 10, 20 and 40 min, immobilization stress (Chapter 2) caused transient cell activation 

only at 20 min, glucoprivation (Chapter 4) caused cell activation at 20 and 60 min and 

social defeat (Chapter 5) did not cause any acute cell activation. In LC, footshock stress 

caused cell activation at 20 and 40 min, while immobilization stress and social defeat 

caused transient cell activation (only at 10 min). Results in Chapter 2 demonstrate that 
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footshock and immobilization stress lead to different extents of cell activation in the 

adrenal medulla and LC as the quantitative extent of the TH phosphorylation changes 

differed at 10, 20 and 40 min. Results in Chapter 4 demonstrate that social defeat stress 

leads to different extents of cell activation in the adrenal medulla, LC, SN and VTA at 

10 min. The reason for these differences in response must be related to the nature of the 

neurotransmitters released onto these cells and the extent of calcium entry, or the 

different frequency of cell firing that occurs with these different stressors. In summary, 

cell activation varies in different catecholaminergic cells and is very dependent on both 

the type of stressors and the time when the response is analysed. 

 

7.5.2 TH phosphorylation indicates the nature of the signal transduction pathways 

activated 

 

TH phosphorylation indicates the nature of the signal transduction pathways 

activated in the adrenal chromaffin cells in vivo. Collectively, the results of the thesis 

(Chapters 3 & 4) demonstrate that TH phosphorylation at Ser31 is most likely through a 

mechanism of ERK1/2 activation and TH phosphorylation at Ser40 is most likely 

through a mechanism involving PKA activation in the adrenal medulla (Table 7.4). 

Results in Chapter 3 demonstrate that footshock stress caused ERK1/2 activation and 

increased TH phosphorylation at Ser31 in the adrenal medulla at 10, 20 and 40 min. 

Footshock stress also caused PKA activation and increased TH phosphorylation at 

Ser40 in the adrenal medulla at 40 min. Results in Chapter 4 demonstrate that 

glucoprivation stress caused ERK1/2 activation at only 60 min but increased TH 

phosphorylation at Ser31 in the adrenal medulla at both 20 and 60 min. Detailed 

discussion on why TH phosphorylation at Ser31 is increased but not ERK1/2 activation 
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at 20 min is available in Chapter 4. Glucoprivation stress also caused PKA activation 

and increased TH phosphorylation at Ser40 in the adrenal medulla at 20 and 60 min. 

However, these results simply reflect the possible signal transduction pathways that are 

likely to mediate TH phosphorylation in the adrenal medulla. A comprehensive 

investigation of all of the protein kinases that are known to mediate TH phosphorylation 

is required to confirm the identity of the protein kinases involved.  

 

Stressors  10 min 20 min 40 min 60 min 

 

Footshock 

3 

Signalling 

pathways 

ERK1/2 

PKA 

Phospho-TH 

Ser31 

Ser40 

 

 

rr 

No 

 

rr 

No 

 

 

r 

No 

 

r 

No 

 

 

r 

r 

 

r 

r 

 

 

Glucoprivation 

4 

Signalling 

pathways 

ERK1/2 

PKA 

Phospho-TH 

Ser31 

Ser40 

 

 

 

No 

r 

 

rrr 

rr 

 

 

 

r 

r 

 

rrr 

r 

Table 7.4: The effects of footshock and glucoprivation stress on signalling 

pathways activation and TH phosphorylation at Ser31 and Ser40 in the adrenal 

medulla in vivo. Numbers represent research chapters. Arrows indicate increases or 

decreases. “No” indicates no changes. 
 

 

It should be mentioned that we did not investigate the relationship between 

CaMPKII activation and TH phosphorylation at Ser19 in the adrenal medulla. CaMPKII 

is activated more rapidly by depolarizing stimuli in a Ca
2+

-dependent manner. Ser19 is 
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more rapidly phosphorylated and dephosphorylated (within 1 min) and therefore, it is 

less of a focus in experiments that were done here (>5 min). It should also be mentioned 

that we did not investigate the signal transduction pathways activated in the brain 

catecholaminergic neurons. The obstacle is the difficulty in isolating specific brain 

catecholaminergic neurons by using the “slice and punch” method used in this thesis 

and the presence of all of the protein kinases in most cells of the brain including both 

neuronal and glial cells. Therefore, other methods such as laser capture microdissection 

which can isolate specific TH containing neurons are required in future investigations, 

but a large number of cells would have to be pooled to be able to see any changes that 

might have taken place in vivo.  

 

7.5.3 TH phosphorylation indicates the extent of TH activation 

 

TH phosphorylation suggests TH activation in the adrenal chromaffin cells in 

vivo. Collectively, the results of the thesis (Chapters 3 & 6) demonstrate that TH 

phosphorylation at Ser31 and Ser40 contribute to the increases in TH activity seen in 

the adrenal medulla (Table 7.5). Results in Chapter 3 demonstrate that footshock stress 

caused TH phosphorylation at Ser31 at 20 min (1.5 fold) and 40 min (1.5 fold) and TH 

phosphorylation at Ser40 at 40 min (1.5 fold). Therefore, Ser31 phosphorylation 

increased TH activity at 20 min (2.1 fold) when Ser40 was not increased, while Ser40 

further increased TH activity at 40 min (2.8 fold) when there is no further increase in 

Ser31 phosphorylation. Results in Chapter 6 demonstrate that LPS stress caused TH 

phosphorylation at Ser31 at 24 h (1.5 fold) and TH phosphorylation at Ser40 at 4 h (1.5 

fold) and 24 h (2.0 fold). Therefore, Ser40 phosphorylation increased TH activity at 4 h 
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(2.0 fold) while Ser40 (and Ser31) phosphorylation further increased TH activity at 24 h 

(2.2 fold).  

 

Stressors  10 min 20 min 40 min 

  

Footshock 

3 

Phospho-TH 

Ser31 

Ser40 

 

TH activity 

 

rr 

No  

 

No 

 

r 

No 

 

rr  

 

r 

r 

 

rrr 

  4 h 24 h 48 h 

LPS 

6 

Phospho-TH 

Ser31 

Ser40 

 

TH activity 

 

No 

rrr  

 

rr 

 

rrr 

rrr 

 

rrr  

 

No 

No 

 

No 

Table 7.5: The effects of footshock and LPS stress on TH phosphorylation at Ser31 

and Ser40 and TH activity in the adrenal medulla in vivo. Numbers represent 

research chapters. Arrows indicate increases or decreases. “No” indicates no changes. 
 

 

As mentioned earlier, in vitro, TH phosphorylation at Ser19 does not increase 

TH activity directly, TH phosphorylation at Ser31 increases TH activity about 2 fold 

and TH phosphorylation at Ser40 increases TH activity up to 40 fold, by abolishing the 

feedback inhibition by catecholamines (Dunkley et al., 2004). However, results in 

Chapters 3 & 6 demonstrate that the same extent of increase in TH phosphorylation at 

Ser31 and Ser40 leads to similar increases in TH activity. The lack of correlation of the 

results in vivo with those in vitro maybe due to two reasons: 1) the sensitivity of the 

phospho-specific TH antibodies and 2) the stoichiometry of TH phosphorylation in vivo. 

Under basal conditions, TH is phosphorylated at Ser31 to variable stoichiometery levels 

(about 30 %) whereas TH is phosphorylated at Ser40 to quite low stoichiometery levels 
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compared to Ser31 (about 5 %) (Salvatore et al., 2000; Saraf et al., 2007). Therefore, 1.5 

fold increases in Ser31 phosphorylation (about 45 %) is much more than 1.5 fold 

increases in Ser40 phosphorylation (about 7.5 %). It appears that a 1.5 fold increase in 

TH phosphorylation at Ser31 (about 45 %), increases TH activity in the adrenal 

chromaffin cells in vivo. It also appears that a 1.5 fold increase, even though TH 

phosphorylation at Ser40 is about 7.5 % is sufficient to increase TH activity in the 

adrenal chromaffin cells in vivo. Thus, TH phosphorylation at Ser31 and Ser40 

contribute to the increases in TH activity and most likely contribute to catecholamine 

biosynthesis in the adrenal medulla. The investigation of TH phosphorylation and TH 

activity in the brain catecholaminergic system is not presented in this thesis as our 

laboratory and associates are currently investigating the effects of stressors (footshock 

and glucoprivation stress) on the central catecholaminergic system by measuring TH 

phosphorylation and TH activity in the brain catecholaminergic neurons. These results 

will be presented in another thesis and are therefore not discussed here. 
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7.6 Perspective 

 

Overall, the results of the thesis show that different stressors induce the acute 

phase of TH activation but provide different patterns in TH phosphorylation at Ser19, 

Ser31 and Ser40, without TH protein synthesis in the adrenal medulla and the LC over 1 

h period. LPS stress induces the sustained phase of TH activation by inducing a 

sustained TH phosphorylation without TH protein synthesis being increased in the 

adrenal medulla at 24 h period, which bridges the gap between the acute and chronic 

phases of TH activation. Glucoprivation led to chronic TH activation, by increased TH 

protein synthesis in the adrenal medulla. The results of these studies not only provide 

original data, but they allow us to correlate this data with previous findings in vitro 

using adrenal chromaffin cell cultures.  

 

In addition, the results of the thesis show that the physical stressors (footshock, 

glucoprivation or LPS stress) activate the adrenal medulla to a greater extent compared 

to the psychological stressors (immobilization or social defeat stress). The basal rate of 

cell firing and/or input of neurotransmitters are increased by the stressors. The numbers 

and types of neurotransmitters release onto these cells lead to activations of different 

receptors, which in turn lead to activation of different second messengers and TH 

phosphorylation. The fact that TH phosphorylation at Ser31 and Ser40 was increased by 

the physical stressors would suggest that TH activity is likely to be increased as Ser31 

and Ser40 phosphorylation increases TH activity directly. TH protein was increased in 

physical stressors (glucoprivation or LPS stress) and was not increased in psychological 

stressors (social defeat stress). Therefore, physical stressors could be considered 
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stronger stressors as they required substantial TH activation and the biosynthesis of 

catecholamines.  

 

  We also found that measurement of TH phosphorylation at Ser19, Ser31 and 

Ser40 will provide an indication on 1) the extent of cell activation, 2) the nature of the 

signal transduction pathways activated and 3) the extent of TH activation. These 

findings have substantially improved our understanding of the effects of different 

stressors on the central catecholaminergic and/or sympathetic-adrenomedullary systems 

in vivo and a number of clear cut conclusions have been made. These findings open up 

opportunities for the use of the methodologies that were developed in future studies. 
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7.7 Future directions  

 

 Work presented here has demonstrated for the first time that the sustained phase 

of TH activation occurs in vivo. A number of studies that could be conducted to further 

elucidate the sustained phase of TH activation. The signal transduction pathways 

activated and catecholamine synthesis/release must be determined. While the study in 

Chapter 6 was undertaken using neonatal rats, further studies need to be done to 

investigate whether the sustained phase of TH activation also occurs in adult rats.  

 

 A systemic investigation of the catecholamine neuronal circuits in response to 

different stressors has not yet been undertaken. Most of the neuronal circuit mapping 

has concentrated on c-fos expression as an indication of cell activation, in spite of 

uncertainties the exact functional roles of c-fos, as a transcription factor. Our laboratory 

and associates are currently investigating the effects of different stressors (footshock 

and glucoprivation stress) in different brain regions such as dopaminergic and 

noradrenergic neurons by measuring TH phosphorylation at its serine residues and TH 

protein.  

 

 As mentioned earlier the signal transduction pathway activation and the 

catecholamine synthesis/release in the brain catecholaminergic neurons has not yet been 

undertaken. To investigate the signal transduction pathways activated, specific brain 

catecholaminergic neurons can be isolated by using methods such as laser capture 

microdissection. To investigate the catecholamine release, specific brain 

catecholaminergic neurons can be measured by using methods such as in vivo dialysis.  
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All preclinical models of psychological disorders such as anxiety and depression 

are based around exposure of animals to stressors. A central finding of this thesis is that 

exposure to stress triggers changes in the catecholaminergic cells in term of acute, 

sustained and chronic TH activation. It still remains unclear whether these changes are 

entirely beneficial (protective) adaptive responses mediating resilience to stress or 

whether they may be in part detrimental (harmful) responses leading to vulnerability to 

the many stress-related disorders. In order to further elucidate the role of these changes, 

the neurobiological and behavioural consequences of longer term and repeated stress 

must be determined. This will include investigation of the HPA axis, downstream 

metabolic pathways and behavioural testing.  
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