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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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Chapter 1: Introduction



Chapter 1

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
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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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Sympathetic
ganglion

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 chromaftin cells vs. catecholaminergic neurons). The cytosolic
catecholamine levels in the adrenal medulla chromaffin cells were determined to be

between 2 to 50 pM 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 VMAT]1 predominating in rodents
and VMAT?2 predominating in humans. In contrast, catecholaminergic neurons express
only VMAT?2. 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 (BH) and oxygen (O,). The ferrous ion (Fe*") bound

to TH is oxidized to ferric ion (Fe’") resulting in the formation of dihydrobiopterin

(BH;) and water (H,O) (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-B-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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HO —@—CHE—ClH —COOH

NH,

\TH
HO

o _Q_CHE_E: €og Vesicle
2

L-tyrosine

HO HO
DBH G['H
HO H,—CH;—\H, HO H —CH,—NH,
Dopamine Noradrenaline
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CIFH
HO H =CH=NH —CH,
Adrenaline

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 B-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 BH, 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’") at the high affinity site,
TH structure is stabilized and TH activity is inhibited by decreasing Vmax and increasing
the Ky 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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Protein Kinase

Protein Phosphatase

Inactive Active

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, Serl19, 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).

CaMPKII ERK1/2 PKA

TH Activity TH Activity TH Activity

Not shown

I 111
Nunez et al., 2007 {Dunkley et al. 20041
Almela et al., 2008 Almela, et al., 2008
Ra%huraman etal., |
2009

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).
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Ser19 can be phosphorylated by Ca**/calmodulin-dependent protein kinase II

(CaMPKII) in vitro

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

intracellular Ca®" have been shown to activate CaMPKII and TH phosphorylation at

Serl9 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)

(CDK) in vitro and in situ

TH activity (about 2 fold) in vitro

Haycock et al., 1992

Haycock, 2002a) and cyclin-dependent kinase

Moy & Tsai, 2004). Ser31 phosphorylation alone increases

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 Ky value for BHy 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., 2000j[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., 2000j|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**

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

Ca”" 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 chromaftin 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
chromaftin 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).

{&
e ©
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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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4)

5)

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

Chapter 1

the rat receiving this shock. The shock is 1 mA, 1 s pulse per min for the times
specified.

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.
Glucoprivation stress is induced by 2-deoxyglucose, which interferes with
normal glucose metabolism and essentially initiates a hypoglycaemic-like
response.

Social defeat stress is based on initial occupation by a male rat in a cage which
is called the resident. Then, a smaller, naive 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.

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

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 (I 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.

Physical stressors

Psychological stressors

Footshock 2, 3
Glucoprivation 4

Immobilization 2
Social defeat 5
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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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Stressors
Glucoprivation 4
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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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Chapter 2

THE EFFECTS OF FOOTSHOCK AND IMMOBILIZATION STRESS ON
TYROSINE HYDROXYLASE PHOSPHORYLATION IN THE RAT LOCUS

COERULEUS AND ADRENAL GLAND

L. K. ONG, L. GUAN, B. 3TUTZ, P. W. DICKSON,
P. R. DUNKLEY" AND L. BOBROVSKAYA'

Sphool of RBomedical Seences and Phammacy, Univeraily of e
cistle, Callaghan, NSW 2308, Auslabia

Abstract—Tyrosine hydroxylase (TH), the rate-limiting en-
zyma In eastecholamine blosynthesis, = regulated acutely by
protein phosphorylation, No studies have systematically in-
vestigated the time course of TH phospherylation in vivo in
responsea to different stressors. We therefore determined the
extent of TH phosphorylation at Ser19, Serd1, and Serd40 over
a 40-min period in response to footsheck or immaobilization
stress in the rat locus coeruleus and adrenal medulla. There
were significant changes in TH phosphorylation in both tis-
sues and the responses to the two stressors differed mark-
edly. With each of the phosphorylation sites immobilization
stress caused a3 much smaller, or less sustalned, response
than footshock stress. With immobilization stress there was
a transient increase in Ser31 phosphorylation in the locus
coeruleus and in the adrenal medulla, but there waere no
offects on Serid or Serd0d phosphorylation, With footshock
stress there was a substantial decrease in Ser1d phosphor-
ylation over time, a substantial increase in S5er31 phosphor-
ylation over time, but there were no effects on SerdD phos-
phorylation. Measuring TH phosphorylation at Ser19, Sor31,
and Serdl over time can therefore be used as a sensitive
index to differentiate the effects of different stressors on
catecholaminergic cells. © 2011 IBRO. Published by Elsavier
Ltd. All rights resorved.

Key words: tyrosine hydroxylase, serine residues, locus
coeruleus, adrenal medulla, footsheck, immobilization,

Stress induces activation of ceniral catechclaminergic
neurons, the peripharal sympathetic nervous system, and
the adrenomedullary system (Kvelnansky at al, 2009)
Exposure to stress l2ads o an increase in the release of
catecholarmdnes fram these neurons and chromaffin cells,
One of the major central catecholaminergic systems that
involved in the stress response is the ascending noradren-
ergic system, anginating primarily in the AS noradrenargic
neurcns of the locus coeruleus (LT (Morilak et al,, 2005),
Stress stimulates elactrical activity in the LC and the re-
leaze of noradrenaline onto forebrain target sites (Smith et

T Present address: School of Pharmacy and Medical Sciences, Uni-
wersily of South Australia, Adefaide, SA 5000, Auslmalia
*Corresponding author. Ted: +61-2-4521-5600.

E-mail addreas: peter dunkley@newcastle eduau (P, F. Dunkley),
Abbreviathans: AM, adranad medulla; F5, foolshock; HCG, home cage
contral; IMO, immobilization; LE, lbous coeruleus; PAGE, polyacryl-
amide gel electrophoresis; 505, sodium dodecyl sulfate; Ser. serine
residus; TRST, Trs-buffered saline with Tween: TH, tyrosine hydrox-
wiase

al., 1981; Chang et al., 2000}, The firing rate of LC neurons
has been shown o ba increased by foalshock and immo-
bilization stress (Stanford, 1985). Likewize, chromaffin
cells of the adrenal medulla (AM) produce noradrenaline
and adranaline which ara relaazed Into the chireulatory
systemn in response to splanchnic nerve activation
(Wakade, 1981), The firlng rate of splanchnic nerve has
been shown to be increased by varicus siressors (de
Diego et al,, 2008; Kvetnansky et al., 2009),

When catechalamines are released from the LC or the
AM there is & compensatory Increase in catecholamine
gynthesis. This maintains the cellular catecholamines in
these lissues at a constant level {(Wakade et al.,, 1988).
The rate-limiting enzyme in catecholaming synthasis is
tyrosine hydroxylase (TH) (Magaisu et al | 1964, Dunklay
el al., 2004). Stress increases TH activity (Kvetnansky st
al, 1970) and many different stressors, Including foot-
shock (Melia and Duman, 1981; Chang et al., 2000) and
immabilization (Mankova et al., 1984}, have been shown to
induce TH activation in the LC and the AM. TH activation
ieads lo increased catechalamine synthesis 1o replaca the
released catecholamines. This occurs by two mecha-
nisms. Firstly. the extracsllular calcium influx into Ihe celis
that laads to the release of the catechalaminas, also leads
to activation of signal transduction pathways that acutely
increase TH phosphorylation and activity (Kumser and
“rana, 1986). Secondly. the activation of signal transduc-
tion pathways also leads to phosphorylation of transcrip-
ticn factors, which over time increases TH mRMA and TH
protein levels (Kumer and Vrana, 1986}, TH phosphoryla-
ticn, TH mRNA, and TH protain lavels are therafore all
indicators of catecholaming cell activation in response to
slrass,

TH phesphorylation at Ser1d, Ser 31, and Ser 40 is
invalved in the acute activation of TH. TH phosphornylation
follows a pattern over the first 10 min /n vitro: Ser1% phos-
phorylation is rapidly increased to maximal levels within &
minute and than dephosphonyiation occours: Sardd phos-
pharylation begins more slowly than Ser1® reaching a
plateau by 4 min, withou! any subsequent dephosphoryla-
tion; Serdt phosphorylation is delayed until 4 min but
rapidly increases up fo 10 min (Haycock, 1983), TH phos-
pharylation at Ser1S does not increase TH activity directly
In witro (Sutherland e al, 1993), TH phesphorylation al
Serdt increases TH activity about two-fald in vitre (Hay-
cock. Z002). TH phosphorylation at Serd0, which relisves
the feedback Inhibition by catechalamines (Kumear and
Vrana, 1996), can increaze TH achivity up fo 40-fold in
vitro. TH phoasphorylation has been shown to correlate with

0306-452211 % - see Tronl maller © 2011 [BRO. Published by Elsevier L1d. Al dighls resendsed
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TH activity in call cultures (Haycock, 1993; Dunkley et al,
2004: Bobrovskaya et al, 2007a.b). The profile of TH
phosphorylation at Ser19, Serd1, and Serd0 can therefore
be usad as an indicatar of TH activetion in response to
acute stress. There are studies in wvo on changes in TH
phosphoryiation at Sertd, Serd1, and Serdl (Jedynak ef
al., 2002, Dunkley &t al,, 2004, Bobroveskaya et al, 2010,
Cng et al,, 2011). Howewver, no studies have systematically
invastigated the time course of phosphorylation of these
sltes im vivo n response to differant stressors,

Many studies have investigated TH mREMNA andior TH
pratein changes in response to stressors (Watanahe et al,
1995: Rusnak at al., 2001, Tank et al, 2008}, bul thase
measures are only detectable many hours after exposure
ta the stressar, In the LG, TH mANA levels were signifi-
cantly Increased & h after a 15-min period of footshock
stress (Chang et &l 2000), while TH protein levels were
significantly increased 24 h after & 2-h period of immabil-
zation stress {Hebert et al,, 2005). In the AM, TH mRMNA
levels were significantly increased only afler 2 h of immo-
bilization stress, whareas TH protein lavels were signifi-
cantly increased only 6 h after a 2-h period of immobiliza-
tion stress (Mankova et al, 19894). TH mRNA cannot be
used as an index of TH activation as the level does not
nacessarnly correlate with the level of TH protein. Furthear-
more, the level of TH protein does nol necessarlly coralale
with the leval of TH activation as the enzyme may be
synthesized, but be inactive due to catecholaminge binding
(Kumer and Vrana, 1886). The leveals of TH mRNA or TH
pratein cannot therefore be used as a direct indicator of TH
activation in response to acule siress,

Wa investigated the affects of two acute siressors on
TH phosphorylation as an indicator of both catecholamine
cell activation and TH activation in vive in male rats. We
therefore determined the level of TH phosphorylation at
Ser18, Serd1, and Serdd over a 40-min period in response
to footshock and Immobilization in the LC and AM,

EXPERIMENTAL PROCEDURES
Materials

Sodium dodacyl sulfate {S0S)-polyacrylamide gal electophoresis
(PAGE) reagents wers purchased from Bio-Rad Laboralories
{Horcules, CA, USA). Molecular wesght PAGE standards, nitrocel-
Iulese membrane {Hybond ECL), ECL plus kit, anti-rabblt immu-
noghobulin (horseradish peroxidase-linkad whole antibody from
donkey), and anli-mouse immunoglobulin (horseradish perogi-
dase-linked whobla antibody from sheap) were obtalmad from GE
Healih Care {Litle Chalfont, UK). EGTA, EDTA, Tween-20, bovine
serum. albumin, sodium azide, iscpentane, and f-actin - amtibody
were from Sigma Chamical Co. (81 Louis, MO, USA) Anli-sheep
anlibody [horseradish perosidisa-linked whale antibody from rab-
bt} was obiained from Plerce Biotechnology (Rockford, IL, LSA)
Total-TH antibody and phospho-spacific TH antibodias (pSerid,
pSerdi, and pSerd]) were generated and fested for specificity
according o (Gorden ef al., 2009),

Rats
Al expanments were approved by the University of Newcaste

Animal Care and Ethics Committes and performed in accordance
wilh the Mew Souwlh Wales Animal Research Act and the "Ausira-
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lian code of practice and use of animals for scenlific purposas.”
Adull mate Spraguse—Dawlay rats [300—400 g) wers obiaimed om
Animal Resources Centre (ARC), Perh, Australa. Rats were
maintained in group housing under standard laboratory conditions
in lemparature-controlled moms (2121 "C), mevarsa 12 h light
cycle with darkness from 2:00 o 14:00 h, food and waler &d
Kbitiem. Rats were habltuated and handied for 7 days prior to
expariments in order 1o reduce strass associated with handling

Rat treatments.

Footshock sham (FS-): rats wara placed into a foolshock cham-
ber {San Dlegoe nstiuments, CA, USAY for 10 min (n=E6), 20 min
(=6}, or 40 min (1=6), but they d&d nat mceve any Tootshack.
Foatshock (FS+): rats were placad into a footshock chamber and
recaived a seras of footshocks (1 mA, 15 pulse per minute) for 10
mim (=8}, 20 min (n=8}, or 40 min (n=8). Immob#fization sham
(IO =) rats weare placed infe a holding Do (302 20= 20 cm®) for
10 min (r=B6), 20 min (p=6), or 40 min (A=6) but wera ot
immabilized. Immobilization (IMO+); rats were physically mmo-
bilized with wire mash so thal thay wera unable lo lim or move
substantally and were placed Info a holding boex for 10 min (n=a),
20 min {A=6), of 40 min (p=6). Home cage contol (HOC): rats
remained i their home cages (n=6) Immediately after treatment,
rals were administarad intraparitoneally with sodivm pantobarbital
(Lethabarb, B0 mgikg). Rats were decapilated by guillotine onee the
rats showed & lack of response to painful stimull {feat pineh) (<5
min}, Immediately, the brain and adrenais were dissected and fozen
in —B0 °C in isopentans. Tissues ware kapl al —80 "C unlil required.

Sample preparation

LC was idendified by ralorence o the Paxinos and Watson skerso-
tanks braln atlas. Seclions (Bregma —20856 to —10.52 mim) were cut at
=3 °C an a cusiomized freezing microfome (SM2000R, Leica,
Mussloch, Gemany) with an alached digital micromeler and apidly
ranstarred o a reiigemted working bench held at 4 *C. The bilateral
LG reglons wene punched out using a 5-mm bore punch. LG and
adranal ssues wore processed as praviowsly described (Ong ef al,
2011). Briafly, the LC and adranal samples weare homogenized using
a sonicator (Soniprep 150, MSE, London, UK) in homogenization
buffer (2% SDS, 2 mM EDTA, 50 mM Tris, pH 6.8). Samples were
hen centifuged at 15,000 rpm for 20 min at 4 °C. The clear supes-
natanis ware collecled and were mixed with sample buffer (1% 505,
10% glyeerol, 0.5% DTT, and minimal Brosmophenol blus).

SDS-PAGE and Western blotting

Samples were subjectad then to SOS—polyacrylamicde gal alactm-
phiresis before: being transferred o nitroceliulose (Jarvie and
Dunkley, 1995}, Membranes wera then stained with Ponceau 3
{0.5% Poncsau in 1% acelic acid) o assess he alficacy of the
transtar. Membranes then were washed in Tris-butfered saline
with Twesen (TBST) (150 mk NaCl, 10 mbd Trls, 0.075% Twesen-
20, pH 7.5) and mcubated with blocking solufion (5% bovine
sarum albumin, 0.04% sodium azide in TBST) for 2 h at 26 °C.
Membranes wers washad in TEST and incubated with primary
antibodias (total TH, phospho-spesific TH, and g-actin for 1 hat
25 "G Membranes were washed in TBST and incubatad with
horse-radish peroidase-linkad ank-lgG secondary specific anbi-
bodies for 1 h at 25 "C, Membranes were visualized on Fuijifilm
Lag- 3000 Imaging system (Full, Stamford, CT, USA) using ECL
Mus detection reagents. The density of tatal TH, phospho-specific
TH. and f-actin bands were meaasured using 8 MulliGauga V3.0
(Fuji, Stamford, CT, USA). Total TH prodein levels were exprassed
a5 the rabo of TH protein o g-aclin. f-aclin levals ware used as
house keaping protein, Site-specific TH phosphonylation at Serid,
Sar 31, and Serd] was expressed as a rafio relafive to total TH
profein o account for variability in lotal TH babween samples.
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Fig. 1. Representative immunoblots show the effect of 20-min foot-
shiock stress (FS) or 20-min immobilizetion etress (IMO) on the levela
al total-TH pratein, dactin,d and phospho-TH {pSertd, pSerdt, and
[Eerd} in tha AM

Statistical analysis

The data for FS3=, FS5+, IMO-=, and IMO+ groups were ax-
pressed as a fold Increase of the mean=5EM for each group
retative o the maan of the HGC group, Thase data were analyzed
by wsing PRISM Y4.02 (GraphPad Software, Inc., CA, USA)
Two-way ANOWVA was used to axamine whether lhere were any
significant effects of teatment andior lime across the groups.
Additionally, Benferronl post tests waen: used o compare batwean
F&S— ve, FS+ and IMO— vs, IMO-+ differences at each of the tma
points, whera overall ireatmenl alfects were found. Tha significanl
differances shown on lha graphs with asledisks refer o tha posl
hoc lests for reatment alfects. All differences wara considaned o
be significant at P<0.05
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RESULTS

In the AM samples total-TH protein and phospho-TH
(pSer18, pSerdi, and pSerd() appeared as single bands
corresponding to malecular masses of approximataly G0
kDa (Fig. 1), Similar resulis were found with the LC (ot
shown). In this paper the results for TH protein levels were
calculated relative to the levels of g-actin (Fig. 2A=0) and
the results for TH phosphaorylation were calculated relative
te TH pratein levels (Figs, 3-5), The resuits for the FS+,
FS—, IMO+, and IMO— groups are presented relative to
the HCC group data being set as equal to 1.0, in order to
allow direct comparlsons between the two stressors,

The effect of footshock or immobilization stress on
total-TH protein in the locus coarulaus and the
adrenal medulla

Rats were exposed to either footshock (Fig. 24, C) or
immobilization stress (Fig, 28, D) for 10, 20, or 40 min,
Thare was no effect of ireatment or time on total TH protein
expression in the LC or the AM

The effect of footshock or immobilization stress on
TH phosphorylation at Ser19 in the locus coeruleus
and the adrenal medulla

Rats were exposed lo either footshock (Fig. 3A, C) or
immbilization stress (Fig, 3B, D) for 10, 20, or 40 min.
There was a significant effect of treatment (F=10.28,

B) fotal-TH LG
§ Lo £ IO
2 *
E 1.5+ -
n
g 104
i
£ o5
-
2 o
= 10 20 ]
Time {min)
D] total-TH AM
§ 20+ ——
g 154 [ W
=K
E .54
£
T 0o
L 10 20 40
Time {min)

Fig. 2. The reguiation of fotal-TH profein {relative to F-actin}, in the locus coeruleus (LC; A, B} and the adrenal medulla (AM; C, D, 10, 20, and 40
e afler the reatment with FS (A, C) {n=8 for each time point) or IMO (B, D) (n=6 for each e palnt). The results are presented refathee bo the homse

eage confrod (HGG) rats
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Fig. 3. The reguiation of TH phosphorylation at Ser1S [relative to total-TH), in the LG (A, B) and the AM (C, D}, 10, 20, and 40 min afer the treatment
with FS (A, O} [n-& for each time point} or IMO (B, D) (p-& for each time point), The resulis are presented relafive to the HCO rads. = P-=0.05,
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DFn=1, P=00032) and lime {(F=1556 DFn=2,
P=0.0001) on pSer1? levels in the LC in rats exposed to
foolshook stress (Fig, 3A). Post hoo analysis indicatad that
relative to F3—, FS+ dizsplayed a significant decrease in
pSar1d at 40 min (P<0.08) (Fig, 34}, Thare was a signif-
icant: affect of time (F=5.24, DFn=2, P=0.0098) on
pSer1d levels in the LT in rats exposad to immobilization
siress (Fig. 38), Thare was a significant effect of reatment
{F=45.66, DFn=1, P=0.0001) and time (F=129.00,
DFn=2, P=0.0001) an pSear1d lavels is the AM in rals
exposed to footshock stress (Fig. 3C). Fost hoc analysis
Indicated that relative to FS~, FS+ displayed a significant
decraase in pSertd at 10 min (P<0.001) and 20 min
{F=-0.01) (Fig. 3C), Thare was & significant effect of time
{F=1886, DFn=2, P=0.0001) on pSer1d levels in the AM
in rats exposed to immobilization stress (Fig. 300

The effect of foolshock or immebilization stress on
TH phosphorylation at Ser31 in the locus coeruleus
and the adrenal medulla

Rats ware exposed o either foolshock (Fig, 44 C) ar
Immobilization stress (Fig. 4B, D) for 10, 20, or 40 min.
There was a significant effect of treatment (F=864.00,
OFn=1, P=000M) and time (F=456 [OFn=2,
FP=0.0175) on pSerd1 levels in the LG in rats exposed to
footshock stress (Fig. 44), Post hoo analysis indicated that
relative fo FS—, FS54+ displayed a significant increase in
pSerdl at 20 min (P<0.001) and 40 min (P=0.001) (Fig
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4A), There was a significant effect of freatment (F=5.70,
DFn=1, P=00040) and time (F=722, DFn=2,
P=0.0028) on pSerd1 laveals in the LT In rals exposad ta
immabilization stress (Fig. 48), Post hoc analysis indicatad
that relative to IMO—, IMO+ displayed a significant in-
crease In pSerd1 at 10 min (P<0.01) (Fig. 48), There was
a significant effect of treatmant (F=27.54, DFn=1,
P=0.0001) on pSerd] levals in the AM in rats exposad to
footshock stress (Fig. 4C), Post hoc analysis indicated that
relalive to FS—, FS+ displayed a significant Increase in
pSerdt at 10 min (F=<0.05), 20 min (F<0.05), and 40 min
(P=0,01}) (Fig. 4C), There was a significant effect of traal-
ment (F=14.81, DFn=1, P=0.008) and lima (F=07T,
OFn=2, P=0.0005) on pSerd? levels in the AM in rats
exposed lo immobilization stress (Fig, 40). Pest hoc anal-
yais indicated thal relative to IMO - IMO+ displayed a
significant increase In pSerdt at 20 min (P=0.01) (Fig.
40)

The effect of footshock or immobilization stress on
TH phosphorylation at Sord0 in the locus coaruleus
and the adrenal medulla

Fats were exposed fo either footshock (Fig. 54, C) or
immaobilization stress (Fig, 58, D) for 10, 20, or 40 min,
There was no effect of treatment or time on pSerdd levels
in the LT or the AM in any of the groups analyzed (Fig,
SA-0).
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DISCUSSION

We have investigated the sffects of two different acute
stressors on TH phosphorylation in rat LC and AM. The
slressors used Included footshock, which is primarily a
physical stressor {pain) when used acutely and Immobili-
zation stress, which s pimarily @ psychological stressor
(Davas el al., 2001). W found that there were no changes
in TH protein levels in the LC and AM over the first 40 min
with both stressors, However, there were changes in TH
phosphorylation at Ser1®, Ser31, and Serdl in both the LC
and the AM and the responses ta the two siressars wers
markedly different. Immobilization stress causad only tran-
sient increases in 3erd1 phosphorylation, while footshock
siress both decreased Ser18 phosphorylation and in-
creased Ser3di phosphorylation in a sustained manner.
These findings Indicated thal immobilization siress had
significantly less impact than footshock on stimulating the
LC and AM cells and activating TH.

Our data ara In keeping with previous studies on the
effects of immobilization and footshock stress on TH pro-
tein lavals, In the LC, there was no change in TH prolein
levals within the 2 h of a single immobilization stress, whila
thera was a significant upregulation In TH pratein observead
24 h after a single immobilization stress for 2 h (Hebert et
al,, 2005). In the AM, a single 2-h immobilization stress
caused a slight. but not statistically sianificant, fse in TH
protein, while a significant upregulation in TH profein was
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obsarved & h aflar the Immobilization stress (Nankova et
al., 1994). TH mRMNA, but nct TH protein, has been inves-
tigated in the LC after a single 15-min foolshock stress;
there was a delayed increase in TH mRMA level 3 h
following the end point of exposure that lasted 24 h (Chang
et al,, 20003, Therefore, the earliest time that TH mRNA or
TH protein can be used lo delect catecholaminergic cell
acivation in response o fastshack or immabilization stress
i5 3 hand & h, respectivaly.

Our data showed that footshock stress evokes
changes In TH phasphorylation at Ser19 at much earlier
times than seen with any of the changes in TH mRNA or
TH protein sean previocusly (Kumer and Vrana, 1996;
Dunkiey et al., 2004). In contrast with immobilization stress
there were no treatment effecis overall, nor were there any
treatment differences seen at individual time points, With
footshock stress the treatment significantly decreased
Ser19 phasphorylation overall in both tissues; this was
saan especially after 10 and 20 min in the AM and after 40
min in the LG, The decreass in Serld phosphorylation in
respanse o footshock stress, relative to the FS— group,
could be due to either less activation of protein kinase(s),
of 1o a greater activation of protain phosphatases. In pri-
mary adrenal chromaffin cell cultures Ser1S is rapidly
phosphorylated and then rapidly dephosphorylated (Hay-
cock, 1993}, This phosphorylation is likely to be due o the
depotarization of the cells, leading to the eniry of exiracel-
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lular calcium via voltage-sensitive calcium channels and
then the direct activation of the calelum-depandent kinass
CaMPKIl (Dunkley et al., 2004). The subsequent dephos-
phonylation is likely fo be due to activation of protein phos-
phatases as a result of the continually Increasing levels of
calcium (Robinson and Dunkley, 1885). If calcium levels
rise rapidly, then rapid activation of the protein phospha-
tases leads to decreazed phosphorylation of proteins with-
out the initial increase being observed (Robinson and
Durnkbey, 1885}, The fact that Ser19 phosphorylation pro-
gressively decreased in both tissues to well below that
seen in the HOC suggests that greater phosphatase acti-
vation ceccurs in response to footshock, presumably due to
greater activation of the calls and greater calcium entry.
Thase data suggest that Sar1® phospharylation s a sen-
sitive index of LC and AM activation in response to foot-
shock, but not lo immobilization

Our data showad that both footshack and immobiliza-
tion stress evokes TH phosphorylation at Serd1, With foot-
shock stress the freatment significantly increased Serdd
phosphorylation overall in both tissues; this was seen es-
pacially after 20 and 40 min In the LC and al all times
invastigated in the AM. With immabilization stress the
treatment significantly increased Ser31 phosphorylation
overall in both lissuss; howevear, this was only saan at 10
min in the LC and 20 min in the AM. In primary adrenal
chremaffin cell cultures Ser31 is always phosphorylated
mara slowly than Sar19 or Sardd and Ser31 was nol
dephosphorylated over the first hour (Haycock, 1953, Bo-
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brovskaya et al,, 2007a.b). This is likely to be because the
Serdl kinases (ERK1/2) require a number of precursor
kinases to be activated before they become activated and
hecause the Serd1 phosphatasss are not calcium sensk
tive and require inactivation of the kinases to allow dephos-
phorylation to cccur (Dunkley et al., 2004). Immobilization
sirass increased Serd! phosphonylation anly transiently,
while footshock stress increased Serdl in a sustained
manner and in the LG the increase continued to approxi-
mataly four-fald by 40 min, A significant activation of ERK2
was ohserved after a single Immobilization stress at 5 min
In tha LC consistent with our data (Habert &t al., 2008),
These results suggest that the extent of activation of the
LC and AM was much lzss in response to immabilization
than in responsa o foolshaock strass and this s consistent
with the results seen with Ser18.

Our data showed that foolshock and lmmobilization
stre=s has no significant effects on TH phosphorylation at
Serd, In primary adrenal chromaffin cell cultures Serdd is
phospharylated at an intermediate time between Serid
and Ser31 and then only very slowly dephosphoryiated
over the first hour (Haycock, 1883, Bobrovskaya et al,,
2007 a,b). Alarge number of protein Kinases can phosphor-
ylate Serd0 (Dunkley et al, 2004), Clearly footshock and
immobilizalion stress did not activate eithar the LC or tha
AM cellz in a manner which led to significant changes in
Serd( phosphorylation. Serd0 can be phosphorylated in
vivg In rezponse to stressors as wa have recently shown
that Serdd phosphorylation is increased in the LC in re-
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sponse to social defeat after 10 min (Ong et al., 2011} and
in the AM after 20 min In response lo 2-deaxy-n-glucose
(2Di5) treatment {Bobrovekaya et al., 2010). The reazon
far these differences in response musl be related to the
different frequency of cell fiing and activation of different
signaling pathways that ocour with these different
5iressors.

TH is the rate-limiting enzyme in catecholamineg syn-
thesis and TH phosphorylation at Ser19, Ser31, and Serdl
can lead ta TH activation and an Increase in calacholamine
synthesiz. The catechoclaminergic cells synthesizea new
catechalamines in arder to replenish those relsased Into
the circulatory system In response to stressors. We have
shown here that footshock and immebilization stress lead
to guite different activation of the catecholaminergic celis in
the LC and AM when using TH phosphoryfation at Seri8,
Serd1, and Ser40 as markers of cell activation. Cur results
show that foolshock stress activates these cells o &
greater extent than immotilization siress. The effects of
foolshock on Ser1® phosphorylation shed no light on
whather TH is activated in thesa calls g5 Ser19 phoaphor-
ylation does not alter TH activity directly. However, the fact
that Serd1 phosphorylation was markedly increased and
sustained in response to footshock would suggest that TH
activity is likely to be increased in these cells a3 Serdd
phosphorylation increases TH aclivity directly. However,
as there was no Increase in Serdd phosphorylation in
response to these stressors, the extent of any increase in
TH activity would most likely be modest, Other stressors
such as social defeat (Cng et al., 2011) and glucoprivation
in response to 205G clearly increase Serdl) phasphoryla-
tion (Bobrovskaya et al,, 2010) and as a rasult thay are
also likely to increase TH activity in these tissues. There-
fare, footshoeck stress and especially immabilization cauld
ba considered relatively mild stressars as they did not
require substantial activation of TH to replace secreted
catecholamines.

CONCLUSION

Measuring TH phosphorylation at Ser12, Ser31, and Serd0
over time can be used as a sensitive indsx to differentiate
the sffects of different slressors on calecholaminargic
cells. This approach hag been used to show that immobi-
lization stress is a substantially milder stressor of cat-
echalaminergic systems than foolshock stress,
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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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Keywords: footshock, hypothalamo-pituitary-adrenalcortical axis, sympathetic-
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Abbreviations:
ACTH adrenocorticotropic hormone

CaMPKII Ca*"/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
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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**/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, B-glycerolphosphate, microcystin, sodium
chloride, Tris, Tween-20, bovine serum albumin, sodium azide, -actin antibody,
catalase, B-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-[’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 '*’T
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 '*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, 500ul 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
puL 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 uL elution
solution (2 % acetic acid containing 100 uM 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-50DS, 2.1 x 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 uL. of homogenizing buffer (2 mM
potassium phosphate buffer pH 7.4, 1 mM EGTA, 1 x protease inhibitor cocktail tablet,
I mM DTT, 80 uM ammonium molybate, | mM sodium pyrophosphate, 1 mM sodium
vanadate, 5 mM B-glycerolphosphate, 2 pM 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

etal., 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 pg 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 25°C. Membranes were washed in TBST and
incubated with primary antibodies (total- and phospho-TH, B-actin, total- and phospho-
p44/42 MAPK (Erk1/2) and phospho-PKA substrate) for 1 h at 25°C. Membranes were
washed in TBST and incubated with horse-radish peroxidase-linked anti-IgG secondary
specific antibodies for 1 h at 25°C. 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 B-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 pg sample, 2 mM
potassium phosphate pH 7.4, 36 pg catalase, 0.008 % B-mercaptoethanol, 24 pM L-
tyrosine, 1 pCi 3,5-[’H]-L-tyrosine, final volume 50 pL). The 50 pL reactions were
initiated with the addition of 100 uM tetrahydrobiopterin in 5 mM HCI. Control
representing background reactions were added with 5 mM HCI but did not contain
tetrahydrobiopterin. Assays were performed for 20 min at 30°C and were stopped by
addition of 700 pl 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 pl
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(127=22.4, p<0.001)
and time (F(227=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 (£227=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 (£71,27=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,
2<0.001) and 40 min (1.2 fold, p<0.05) (Fig. 1F). There was a significant effect of
footshock (F1,27=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 B-actin levels (Fig. 2B & 2C) and the
results of phospho-Erk1 and phospho-Erk?2 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 B-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 (£(127=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
(F1,27=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 (£(127=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 B-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,,7=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(17=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

(2DQ) 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 B-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 B-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 B-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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The regulation of tyrosine hydroxylase (TH, the rate limiting enzyme involved in catecholamine
synthesis) s critecal for the acute and sustained reledse of catecholamines from adrenal medullary
chremaffin cells, however the mechanksms invalved have only ever been investigated under in vitrajfin
st conditions. Here we explored the effects on, TH phosphacylation and synthesis, and apstream
signalling pathways, in the adrenal medulla evoked by the glecoprivie stimulus, 2-deoxy-d-glucose
(2DG) administered intraperitonceally to conscious rats. Our results show that 206 evoked expected
increases in plasma adrenaline and glucose at 20 and 0 min. We demonstrated that protein kinase A
(PIKA) and cyclin dependent kinases {CDE) were activated 20 min following 206, whereas mitogen
activated protein kinase {MAPK) was activated later and PEC was not significantly activated. We
demonstrated that phosphorylation of Serd0TH peaked alter 20min whereas phospharylation ol
Aerd1TH was still increasing at GOmin, Serine 19 was not phosphorylated in this time fame. TH
phosphorylation alse occurred on newly synthesized protein 24 h after 2DG. Thus 2DG increases
secretion of adrenaline into the plasma and the consequent rise in ghucose levels. In the adrenal medulla
200G activates PEA, CDK and MAPE, and evekes phosphorylation of Serdd and Serdl in the short term and
indluces TH synthesis in the longer teem all ol which maost likely contribute to increased capacity for the
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symthesis of adrenaline,
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Exrensive experimentation in dn vitre systems, using primarily
cultured chromaffin cells or PCI2 cells, indicates that the
regulation of tyrosine hydroxylase (TH, the rate limiting enzyme
in catecholamine synfhesis) is critical in both the acute and
sustained release of catecholamines [ Zigmond et al., 1989: Kumer
and Vrana, 1996; Dunkley et al, 2004). When adrenomedullary
chromaffin cells are activated to secrete catecholamines there is a
concomitant increase in the catecholamine synthesis in order o
maintaln cellular levels of catecholamines constant {Zigmond
et al, 19849, In the short term, TH activity 1s primarily regulated by
phosphorylation at Serd0 which relioves feedback inhibition by
catecholamines (Kumear and Vrana, 1996; Dunkley et al, 2004),
Phosphorylation of Serdl alone can increase TH activity about 2
fold whereas the phosphorylation of Secl19 and Ser31 contributes
to TH activation by increasing the rate of Serd{} phosphorylation
[Haycock, 1990; Bevilaqua et al., 2001; Bobrovskaya et al, 2004d;
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2 Techiology Place, Macquarse Diiversity, Morlls Byde, Mew South Wales, Australia.
Telt +612 9812 3550 fax: +612 0812 3650,
E-mul oddress: ann.gocdchikd@atam.mgedoau { A K Goodoehikl ).
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Dunkiey et al., 2004; Lehmann et al., 2006]. In the longer term TH
activity is regulated by increased TH protein synthesis ( Kumer and
Vrana, 199G; Sabban et al, 2004; Tank et al., 2008). Whether such
signalling sequences are evoked in vive by physiological stimuli,
such as glucoprivation, are as yet unknown. Insulin induced
hypozlycemia at least evokes an increase in the affinity of tyrosine
hydrozylase (TH) for its cofactors and an increase in TH activity
presumably increasing catecholamine synthesis [Fluharty et al,,
1883).

The signal transduction pathways activated that lead to
increases in TH activity have generally been explored inin vitro
systems, A large number of neuratransmitter or similar agents
including nicoting, muscarine, histamine, PACAP amd angiofensin
acutely Increase TH activation mediated wia a range of protein
kinase signalling pathways [Dunkley et al., 2004 ). Which pathways
are activated in response to distinct physiological stimuli, over
what time frames have yet to be determined.

The aim of this study was o Investigate the effecis of
glucoprivation in vivo on thess signalling sequences and pathways
in the adrenal medulla, Glucoprivation, such as that elicited by 2-
deaxy-D-glucose, activates the sympathetic outflow innervating
the adrenal medulla releasing adrenaline in order to mobilise
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glucose, Adrenaline release evoked by low effective concentrations
of ghicase is dependent upon the integrty of the splanchnie nerve
{(Perlman and Chalfie, 1977} Glucoprivation increases plasma
adrenaline, the only source of which is the adrenal medulla. Some
elevation of plasma noradrenaline is also seen but this is most
likely a result of sympathetic activation relating to other
glucoregulatary mechanisms rather than activation of the adrenal
medullary noradrenergic chromaffin cells (Medvedey et al., 154907
Splanchnic nerve stimulation releases acetylcholine to evoke
adrenaline release via a caldum dependent mechanism [Douglas
and Bubin, 1961 ), however this response desensitises even though
catecholamine release continues under sustained stimulation.
PaCAP has been shown to influence catecholamine secretion, at
least in slices abtained from adrenal gland. and this is evoked via
PLE and PEC dependent mechamsms and may be recruited under
conditions of sustained stress (Kuri et al, 2008], Little other
functional evidence is available as to what neuratransmitters or
signalling systems are activated by physiological stimull.
Inarder to define the signal transduction pathways and identify
the TH signalling systems activated in viva following physiological
stimuli we sodght to determime the time course and effects of a
single episode of glocoprivation. We wsed 2-deoxy-d-glucose
[2D4G] to evoke glucoprivation in conscious Sprague-Dawley rats.
20C is a glucose amalogue that does not undergo glycolysis
providing an environment of low effective concentrations of
glucose, The 2-DG effects on ptasma adrenaline and adrenal
medullary TH meEMNA are similar to those evoked by insulin induced
hypoghycacmia (Rusnak et al., 1998; Ishihara et al,, 2008

1. Experimental procedures
1.1, Mizteriols

2etdenpy-t-glocose, ethylene ghyeol tetraacetic sad (ECTAL ethylene dianiineg
tetradcetsc pod (EDTA), Trweers-20, reduced glutathionge amd aiti-f-actin antilody
were purchased Mrom Sigma Chermical Co: (5t Louis, MO, B8A] Socdium dodecyd
sulfate-polyacrylamide gel electrophoresis (A05-PALGE ) reagents were fram Bia-Rad
Laboratories { Hercules, CA. USA), molecular-weight PAGE standards, nitroceluloss
membrane { Hybond ECLY ECL plus kit, anti-rabbis smmunaghkabulin {horseracish
peroxidase-linked whale antibody from denkeyl anti-mouse immunagholulin
(horseradish perodidase-Hiked whaole antibody from sheep) were from GE Health
Care [Litnde Chalfont, VKL Ant-sheep mnmunaglatabin | harseradish peroxidase-
linked wivole antibody lrom rabit) was lrom Feree Biotechnabogy (Rockfond, D58)
Tatal TH, phesphe-Serd0TH, phasphe-Ser31TH, aid phosphe-Serf9TH specific
amtibodies were generated and Lested for specficity as described by [Bobrovskays
et al, 200; Guadon et al, 2009) Phospli-PEA Substrate (RRESTH 100GTE) Rabldt
muith amtihocly {#9624), phospho-{Ser] PKC substrate antibody (#2261, phospho-
MAPK/CDE subytrates [PXSP gr SPRRE) (34B1) rabbit méb (#1315} antibady,
phaspho-pda/d2 MAPK [Erkl /23 (Thr20 Tyr204} antibady (#9101 ), pd2/42 MAPK
[Erk1f2) antabody (#5102 ) were obtained from Cedl Signalling techralogy (Beverly,
M, LESA)

1.2, Amimals

A expeniments were carmied out on male Sprague-Dawley (S0F) rats (300-500 g,
10-13 weeks of age: 1 =447 with the approval of the Animal Ethscs Committees of
Macquare University, Sydney and conductad in accondance with the Austrabian
Cade of Practice for the Care and Use of anirmals far scientilic purpases, Animals
wiere parehased from Aninal Rescurce Centre (Perth, Aostralia) One day prior o
expenimentation rats were housed singhy in a Lemperalure costrefled roon
(21 + 1 *C}with ad ihitum acre=s to food amd water: The cages were housed n.a anghs
oy B 4 mindiruen of 12 heurs in order 1o minimize the stress ol Solason

1.3 Animal troarmends

Ammials were handled mostmely morder to reduce stress. associated with
injection. E-deoxy-d-glocose (3G, 400 mglkeh, or saline, was administered
miraperitareally. Fallowing infectian of the 204 or sabine, food and water werns
remsivied fromm the cage. Animals were sacrificed at four tme potnis {5 min {n =4},
20min (o= 6}, 60 min (i = 6] and 24 h [n=6)} following 206 o saline infection
The perod of sindation was determimed (rom injection uritll adminkstration of an
amaesthetle overdose, sodiwm pemobarbital [Lethsbarh, Bl mglkg Lp) Once
surgical lewels of anaesibesia were induced [Lested by ack of response o paimiful
stimuli such at foat pinch) unimals were decapitated by guillotine (= 5 min). Blood
amd tEsue famiples were then collected
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1.4, Bood and tissue collection

Sml of whoele truik blood wai collected and placed imnzediately inte tubes
voitaiing 4 mdd EGTA and o mbd reduced glutathione [Lambert el al, 19951 Blood
sammbes were centrifuged for 10 mim at 1008 rpm {4 “C ). Resultiog plasma was then
spuen. for 10 men at 2W0 mpm (4 °C). Flasma samples were kept at —80°C antl
further catecholamime analysis. Blood gheoase was measured wsing Accu-check
rerforma glucameter from Boche (Mannbeim, Germany) Whinde adrenals were
removed rapidly. froeen in dry e and kepr at 8070 unddl wsed, In some
experimenis the adrenal meduHa was - dissected 10 femove alrenal comes prior (o
freewing for the analysis of cell smaling substrates,

15, Measurement ol pinsmo cntecholfamines

Sarnples were prepared using a lguid-liquid extraction proceduns (\Winter et al.
2008, Measurernent of sdrenabine (Ad ) amd aoradrenakine (NAD] was performex]
mimg a Agilent Model 1200 HPLC system equipped with 2 ESA Coulochem [
dietector. Mobile phase compited of 7.4 g cine acid, 46 g doodinim phosphate,
I mg ectanesulphonic acad, 300 mp disodium edetate and 0 ml acctomitrile m
water adfusted tn pH4.1, An intemal stanclard DHEA was used in the assay,

1.6 Measurensent of phospie-MAPKLZ. mhospho-PA s pie-PRE, phosph i-MAPK
COK substrates in the oodrenal medalia

Adrenal medullas were weighed and  homegenised in 40 volemes  of
homogetieation bufler (2% 505, 2 mM EDTA, 50 mM Trs {pH 6.8]) by sonication
o e (3 rimees « 30 sec 41 10000 &), (hen bodled Tor 5 and cemtmiluped Fr
20min, Supernatants were carefully remaved. 200 L of supernatant were mixed
witls 10l of 106 dithictheestal [DTT) and 70 pL of sample buffer (4006 ghyoerol,
50 mM Tris, mimmmial bromophenn] blue, pH 6.8} 101l of sample was fun on 106
SDE-PAGE amd then transferred to mtrocellulose a3 described (Bobrovikaya et al,
2Tk Membrancs were immunabloited with primary antshodies for phosphao-
MAFK1 2 and phaspho-PEA, phaspho-FEL, phospho-MAFKCDE sulstraces accond-
ing to the manufactrer's mstructions, The mmunoblots were visualized and
guantified nm the Fup LAS 3000 imaging swstem using ECL-plus detection reagent,
The density of the bands was measured and cxpressed as a fold morease refative (o
e contral samples [animals Treated with salise) The losding controls were
el by analysis of U bl SAAPK T2 and f-scin protoin,

1.7, Messuirement ol site-specific TH phesporplorian amd TH prateie in wivale mdrenols

Whole adrenals were proceised and run oo SD5-PAGE and translerred Lo
mtrocellulose a3 described above, Membrapes were mumunablotted with towal ar
pheapha-specific TH antibodies Tor 1 b at room terpensiune or ovemight at 490
The levels of pSeri9TH, pSarT1TH, pierd0TH, batal TH (fTH) protein and [-actin
pratein were determined using specific antibodies that hawe previousky besn
characierized (Bobrovskaya ot al, 2004; Gordon es al, 30EH. Secondary antibodics
{donkey anti-rabhat or rabbit anti-sheep imnwnegichuling were applied ta the
membranes for 11 at room tempetatune, The immumoblots were vismlized amd
tpoantified on Che Foji LAS 3000 imaging system {Fujl, Stamford, CT, USAJ using ECL-
pius detection reagent. The density of the bands was measured and expressed as-a
fald pcrease relative to the contrl samples (asimaks weated witls saline)l The
Ioaling contrals wen: perfformed by aisabysis ol the total TH provein and [§-sctm
prateim. Site-spedfic TH phosphorylation was expressed 2 the ratio of TH
phosphorylation at Serl®, Ser3 ar Serd0 to total TH protein; to scomint far
vartabalicy i wtal TH protein between samples. Total TH protein levels were
expressed as the ratie of TH protem o [-actin as f-acin levels are invanabde and
cammanly wsed a5 a bnusskeepdrg protein

1.8, Stattsiioad omalyses

Statistical amalyses were performied usiog Student’s unpained t-tests for sngle
camparisons Mlerences were considered (o be significant ot the 3 005 lewel.

2. Results
21, The effect of 206 an plasma Ad, NAD and glicase levels

Plazma Ad and NAd levels were increased in response to 206
20 min after injection (Fig. 1 AB). Ad concentrations increased from
273 ngiml to T2ngiml {(p <001} while NAd concentrations
increased from 1,8 ng/ml to 3,14 ng/ml (p < .05} No significant
increases were observed for Ad or NAd 24 h after treatment {not
shown) Blood glucese tevels were significantly increased by 200
2 min after injection {1.8 fold. p = 0.001, Fig. 1C) and further
elevated at 60 min (2.5 fold, p< 0L001, not shown ), 2006 evoked an
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increase in plasma Ad and MAd most likely causing the elevation of
blood glucose,

2.2, The effects of 204 on adrenal medullary protein kingse acoivalian

The adrenal medullas were isolated and anatysed by immuno-
blotting with antibodies that recogmise specific phosphorylated
substrates of protein kKinase A {PIKA), protein kinase C (PKC) and the
proline directed protein kinases MAPK and CDE. There was a
significant increase in the total phosphorylation of PKA substrates
{quantified as aptical density of all bands for each lane) (Fig, 2A,C)
20min and 60 min after treatment with 206, An increase is
evident in multiple bands {Fig. 2A) In contrast there were no
significant changes in the tetal phosphorylation of PKC substrates
after 20 min or 50 min treatment with 2DG {Fig, 28D, although
some  individual bands did show increased phosphorylation
{Fig. 2B} 200G did not significantly increase the total phosphoryla-
tion of MAPK/CDE substrates at 20min, but did significantly
inerease the total phosphorylation of MAPK/CDE substrates after
60 min (2 fold, p< 0,05, Fg 2EG)L

There was one prominent MAPK1/2 and/or cyclin-dependent
kinase substrate band (~60kDa) which showed a significant
increase ar both 20min (2 fold, p<0.05) and 60 min after
treatment (1.9 fold, p < 0.05) (nat shownl Looking at phospho-
MAPK1/2 independently it was pot significantly increased at
20 min, bur was increased 1.4 fold (p<0.05) 60 min after
treatment with 200G (Fig 209,

2.3, The effects of 2006 an phospho-specific TH and TH protein levels in
rie adrenal gland

The kinases described above are known to phosphorylate the
major target protein in the adrenal medulla, tyrosine hydroxylase
t62kDa) {Dunkley et al, 2004). We sought to determine the time
course and pattern of TH phosphorylation elicited by 2DG i vivo,
Representative immunablots for site-specific TH phospharylation,
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TH protein and [F-actin in the adrenal gland 20 min after treatment
with 2DG are shown in Fig. 34 TH phosphorylation at Ser19 was
not significantly changed in response to 2DG at 5. 20, 60 min
(Fig. 3A.8). TH phosphorylation ar Serdd was maximally increased
after 20min (2 fold. <0001} declined to 1.5 fold increase
(p < 0.05) after 60 min and returned to basal levels 24 h after
treatment with 2DG (Fig. 3ACLTH phosphorylation at Ser31 was
significantly increased afier 20 min (3.8 fold, p < 0.001), reached
maxtmum after G0 min (9 fold, p < 0.001) and returned to below
basal levels 24 h after treatment with 2DG {Fig. 3A,D). TH protein
was significantly increased only at 24 h {23 fold, p < 0.001) after
treatment with 206 (Fig. 34, E). Phosphorylation of Ser19 was
elevated at 24 hours [ not shown) but when calcolated with respect
te total TH protein the ratio was similar to that seen with saline
(Fig. 3B).

3. Discussion

The majpos Andings of this study of the adrenal medulla i vivo
were that a single episode of glucoprivation led to the activation of
arange of protein kinases, predominantly PEA, CDK and, MAPK and
a distinct pattern of TH phosphorylation, with Serdd peaking
before Serdl in the shor term, Slucoprivation alse evoked release
of adrenaline from the adrenal medulla e the plasma which in
turn raised plasma glucose. These findings indicate in the short
term that ain increase TH activity occurs permitting the resynthesis
of adrenaline, potentially preventing depletion of glandular
adrenaline. A single episode of glucoprivation clevated levels of
active TH protein 24 hours after the stimulus increasing capacity of
the adrenal medulla possibly buffering against future metabolic
insults.

Qur data are in keeping with the time course and effect of a
single dose of 2006 on plasma Ad. NAd and glucose that are well
described (Husnak et al., 1998; Ritter et al.. 2007; Madden et al.,
2006 The dose of 206G used here evokes glucoprivation maximally
activating brainstem neurons e mediate the sympathoadrenal
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effects seen (Ritter et al, 1998). Following 2DG c-Fos is found in
catecholaminergic neurons i the ventral medulla, the sympathet-
ic preganglionic neurons in the spinal cord (SPN) and in the adrenal
medulla indicating these cells are activated {Ritter et al, 1998),
Furthermaore following destruction of spinally projecting catechal-
amine contalning meurons of the ventral medulla [Rimer et al,
2001 or cutting of the splanchiic nerve innervating the adrenal
gland [Perlman and Chalfie, 1977) 2DG fails to evoke an increase in
plasma catecholamine or glucose, These results indicate that
spnally projecting catechalaminergic neurons innervating 5PN
whaose axons make up the splanchnic nerve and innervate the
adrenal medulla mediate the release of adrenaline and consequent
Increase in plasma glucose evoked by 206, 1 should be noted that
the hyperphagic responses evoked by glucoprivation are mediated
by a different group of catecholaminergic neurons in the ventral
medulla that project to feeding centres in the hypothalamus [ Ritter
et al., 2001) Down regulating catechalamine activity reduces the
hyperphagic response {Li et al. 2009), Owr study shows that 2DG
evokes significant increases in plasma Ad and Mad 20 min after
stimulation with a greater effect an Ad when compared to saline
administeation. The levels of plasma Ad following saline treatment
are higher than described in untreated rats. This most likely arises
due to the use of decapitation {under anaesthesia] and the
collection of trunk bleod {(Lucot |B 2005} nevertheless it is clear
there 15 a 2006 weatment effect. Evidence suggests that Ad is
selectively refeased from the adrenal medulla whereas the plasma
MAd is likely of sympathetic origin { Medvedew et al,, 19930}, Plasma
glucose was aleeady significantly elevated at 20 min indicating
catecholamine refease is effected rapidly following administration
af 200G, Plasma glucase levels were still rising at G0 min in keeping
with other studies showing that the glucoprivic period Iasts longer
than 2 hours, These results suggest that 2DG mobilises glucose
causing an environment of hyperglycaemia, however the effective
glucose concentrations are low and plasma insulin levels do not
rise significantly (Haito et al, 1984; Ishihara et al, 2009

Our data demonstrate for the frse time that 2DG leads to the
activation of several protein kinases in the adrenal medulla. Af
20 min and 60 min after treatment there was increased phosphor-
ylation of multiple PKA and MAPK/CDK substrates, These results
suggest that overall 200G has a rapid and long lasting effect on PKA
activation, an effect on COK and a defayed impact on MAPK, Our
results suggest that PRC is not activated as averall PKC substraces
wiere not affected significantly by 206G, However, some substrates
detected by the PKC substrate antibody were clearly phosphony-
lated in response to 206G, There are two possible interpretations of
this resule. Firstly, the PEC substrates may have actually been
phospharylated by another protein kinase and secondly, they may
have been phosphorylated By a subset of PKC enzymes suggesting
that not all of the available PEC enzvinnes were activated. Many
sites on proteins are phosphorylated by more than one protein
kinase and if for example PKA and PKC both phosphorylate the
same site, both the PRA and the PEC substrate antibodies would
show increased phosphorylatlon even though only PKA was
activated. It is necessary to see increases in many substrates,
such as we saw with PKA, to be confident that PKC was activated,
However, it is also possible that a subset of PEC enzymes was
activated, such as one isoform of PKC or enly PEC at certain
locations within the cell.

Our dara also show that 2006 evokes phospharyiation of TH, the
major target protein in the adrenal medulla, Ser2d phosphoryla-
tion was maximally increased at 20 min and then declined but
remained elevated 60 min after treatment with 206, Under in vitro
conditions phosphorylation at Serd( always correlates with TH
activation [Haycock, 1996; Bobrovskaya et al., 2004: Dunkley et al.,
2004; Bobrovskaya et al.. 2007a) suggesting that TH was activated
in response to 2DG within the first 20 min to increase Ad synthesis

109

in order ta replenish the Ad stores in the adrenal medulla. As total
TH protein was nob changed at 60 min the phosphorylation at
Ser40 during the first 60 min occurred on pre-cxisting TH. A range
of kinases including PEA and PEC are known ro phosphorylate
Serdl) in wvitrre (Hayveock, 1996. Bobrovskava et al, 1998;
Bobrovskaya et al, 2004; Dunkley et al. 2004; Bobrovskaya
et al, 2007b) Although we do not yet know which kinase is
respansible for the effects evoked by 200G, PEA most likely
contributes. Together these data indicate thar, i vive, glucopriva-
tion evokes an increase in TH activation In the adrenal medulla
driven by phosphorylation of Serdd. We can only speoulate on
which neurotransmitter/s mediate this effect at the sympathaa-
drenal boundary in the time frames addressed here, Cholinergic
agonists could mediate this effect by increases in intracellular
calcium or peptidergic agents, including PACAP, could mediate this
effect via the commonly described PRA effect (Bobrovskaya et al.,
2007a) or by a recently described PRC mechanism (Kurl et al.,
F0E,

We found that pSer31TH was increased at 20min and
continued to increase GO min following 200 injection but declined
by 24 hr. The comtribution of Ser3l phosphorylation to TH
activation umder in vitre conditions is primarily to enhance the
phosphorylation of Serd0 via a hierarchical mechanism {Lehmann
ef al. 2006) although a two fold Increase in TH activity s also
described that is independent of Serdd phosphorylation (Hayveock,
1996}, Phospharylation of 3er31TH may have helped maintain the
phosphorylation of %erd0 at 60 min although it is clear that
pSerdITH levels are stll increasing at 60 min so an independent
rale is also indicated. Under in vitro conditions TH is phosphory-
lated at Ser31 most commanky by MAPK [Haycock et al, 1992;
Bobrovskaya et al, 2001; Dunkley et al., 2004), although some
evidence also supports a role for COE {Moy and Tsai, 2004]. These
kinases were not activated at 20 min, but were at 60 min. There
was one prominent COK substrate protein which showed
signlficant Inereases In phosphorylation after both 20 and
60 min and this is likely to be TH, althowgh this has not been
shown here, In contrast MAPK phosphorylation was not increased
at 20 min but was increased at 60 min after 2DG, These findings
suggest that CDE but not MAPK mediates phosphorylation of Ser31
carly although cither or both kinases may mediate Ser3it
phosphorylation between 20 and 60 min stimulation following
200G administration.

Our data show that 2DG increases the phosphonylation of pre-
existing TH at Serddl and Ser31, but not at Sertf, As shown in vitre,
phosphorylation of Ser19 occurs most rapidly [ Dunkley et al.,
2004) so it may have oceurred within the first 5 min. It is also
posstble that Ser19 phosphatases were rapidly activated reducing
our ability to measure increases in pSert9TH. However, in an
isolated perfused adrenal gland, electrical feld stimulation
{mimicking activation of the splanchnic nerve) at 10 Hz for 30
evoked a large increase in phosphorylation at Ser19 and Serd
wherteas stimulation at 1 Hz for 5 min evoked significant increases
in phosphorylation at all 3 serine residues (Haycock and Wakade,
1992} suggesting that as Serl9was not phosphorylated at any time
point investigated. Kinases that activate Seri9 were not activated
by 204 in the present study, Thies it appears thae Ser3 1 and Serd0
play an important roke in response to glocoprivation and activation
of these sites may confribute to maintaining catecholamine
synthesis{release in the adrenal medulla.

A single dose of 200 increased the amount of TH protein in the
adrenal medulla 24 hours after administration in spite of the fact
that plasma adrenaline levels at 24 hours were similar to saline
treated animals, This is in keeping with previous studies that
demonstrate elevated TH mENA/protein following a range of
stressors [ Sabban and Kvetnansky, 2001 ). It appears however that
different mechanisms may be responsible as increases in TH mRNA
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evioked by hypoglycemia and cold exposure hut not immobilisa-
tion were mediated by the splanchnie syimpathetie nnervation of
the adrenal gland (Sabban and Kvetnansky, 2001 ). We also found at
24 hours following 206 that the TH phosphorylation at 5er19 was
increased in paratlel with the (ncrease in TH protein but that the
ratio of pSerdD to TH was not changed relative to control animals
indicating that the new TH protein was active. These results
suggest that 2DG activated TH gene expression that resulted in the
synthesis of new TH protein which became phosphorylated at
Serl®. It is wnlikely that 204G itself is acting at 24 hours as
Bbehavioural alteratlons such as increased feeding amd the
hyperglyeemia induced by 2D have returned (o normal within
4 hours of administration ( Ritter et al., 2006), This suggests that the
heightensd level of potential TH activity would permit replenish-
mient of adrenal catecholaming release In response 1o the initial
dose of 200 and may represent a regulatory mechanism which is
activated to increase the capacity of the adrenal gland in order to
respond to another stimulus when required,

Iy conclusion our study provides evidence, for the first time,
that a single episode of glucoprivation that leads toan elevationin
plasma Ad and glucese levels, activated multiple signalling
pathways in the adrenal medulla via PEA, CDE and MAPK and
caused an increase in activity of pre-existing TH in the short-term
via phosphorylation at Serd0 and Ser31 and an increase in the
amount of active TH protein at 24 b identification of these
pathways is of major impartance in understanding homeostatic
responses to metabolic stressors,
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Abstract  Tyrosine hyvdroxylase (TH). the ratc-limiting
enzyme in catecholamine bosynthesis, is regulated acutely
by protein phosphorylation and chronically by protein syn-
thesis. Moo studies have syvstematically investigated the
phosphorylation of these sites in Vivo 1n response (o sressors.
We specifically investigated the phosphorylation of TH
occurring within the first 24 h inresponse o the social defeat
stress in the rat adrenal. the locus coerulens, substantia nigra
and ventral fegmental area, Five groups were investigated,
home cage contral {HCC), two groups that underwent social
defeat (SD+) which were sacrificed either 10 min or 24 h
after the end of the protocel and two groups that were put into
the cage withour the resident being present (SD—) which
were sacrificed af time points identical to the SD+. We found
at 10 min there were significant increases in serine 40 and 31
phosphorylation levels in the locus coerulens in SD4- com-
pared o HOC and increases in serine 40 phosphorylation
levels in the substantia nigra in 8D compared o SD—. We
found at 24 h there were significant increases in serine [9
phosphorylation levels in the ventral tegmental area in SD+
compared to HOC and decreases in serine 40 phosphoryla-
tion levels i the adrenal in SB+ compared to 50—, These
findings suggest that the regulation of TH phosphorylation in
different catecholamine-producing cells varies considerably
and i dependent on both the nature of the sressor and the
tfime &t which the response is analysed.
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Abbreviations

TH Tyrosine hydroxylase
Ser Serine residuc

Lc Locus cocruleus

SN Substantia nigra

VTA Ventral tegmental arca

S0& Sodium dodecyl sulphate

TBST Tris-buffered saline with Tween 20
ANOVA  Analvsis of vanance

Introduction

The catecholammmes, neluding dopamine, noradrenalineg
and adrenaline, act s newrotransmitters o the nervous
system amd hormones i the endocnne system | 1-3].
Although catecholamines modulate a diverse array of
hiological functions they are of particular interest inrela-
tion to stress, as both physical and psychological stressors
potently induce their release within the brain and from the
adrenal glands [4]. Moreover, 1t has been demonstrated that
catechiolaminergic responses following  stress are  guite
dynamic varying according to the nature, duration and
mitensity of the stressor [5].

An important feature of the catechalaminergic responses
i stress are the molecular responses that enable the level of
catecholamines in the broin and the adrenal glands to
remain constant during the stress response (6], The prin-
cipal enzyvme for controlling catccholamine synthesis 15
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tyrosine hyvdroxylase (TH; BC 1.14,16.2) which is the rate
limiting  enzyme  for catecholanmine  biosynthesis 7],
Research over recent years has revealed that in the rat the
N-terminal domain of TH includes three specitic sernine
residues 40, 31 and 19 (Serdl), Serd | and Serl9) that can be
phosphorviated (5], Phosphoryviaton of these sifes is able to
merease the activity of TH, either directly or indirectly [%]
and this helps to maintain the levels of catecholamines in
the tissues and the capacity o respond to sress. Phos-
phorylation of Seeddd, Serd] and Serl9 has been invest-
gated in perfused adrenal glinds (109, but no studies have
svatematically investigated the phosphorylation of these
siles in VIVD 1 response [0 stressors. Serdd, Serd] and
Serl9 have all heen found o be phosphorylated in vivo in
the brain under resting conditions |1 1] and in response to a
ronge of drugs |9, 12]. However, no studies have systems
atically investigated the phosphorylation of these sites in
Yivo in response o stressors. We are interested in the
changes i TH phosphorviation that occur over the first
24 h o response to exposure of rats o stressors. Inocell
culture stuches we previously defined two distinet phases of
TH phosphoryiation, the acute phase (which aceurs from
secs o ming) and the sustmined phase (which occers from
hours up to 24 k) [13, 14]. Both of these changes oceurred
without soy changes m TH protein levels. We have found
that the protein Kinases are responsible for TH phosphor-
ylation in these two phases were different [13, 14]. The
sustained phase of TH phosphorylation has not been
assessed in vivo,

Although 1t 15 recogmsed that psvehological stressors
result i catecholaminegic responses [150 16], how this
process s regulated by TH phosphorylation has not been
examined. We therefore examined TH phosphorylation in
viva following exposure of rats 1o cither a novel environ-
ment or after social defear, o well charactenised psyeho-
logical swressor [17], Specifically. we investigated the
effects of these stressors on TH phosphoryiation ar Serdd,
Serd| and Serl9 after enther L mm (the acute phase) or
24 h (the sustained phased, We have anailysed tissue from
rat adrenal, as well ax the locus coernlens (LC), substantia
nigra (5M) and ventral wegmental area (YTA) as these ane
the major sites of catccholamine synthesis in the rar brain,
To our knowledge this is the first study to investigate the
phosphorylaton of TH in vive i response to social defeat,

Materials and Methods
Marerials
Sodium dodecyl sulphate (SDS-polvacrylamide gel elee-

rophoresis (FAGE) reagents were from Bio-Rad Labora-
tores (Hercules, ©A, USA) Moleeolar weight PAGE
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atandards, nitrocellulose membrane (Hyhond ECL), ECL
plus kit, anti-rubbit immuncglobulin thorseradish perexi-
dase-linked whole antibody from donkey) and anti-mouse
immunoglobulin Thorseradish — peroxidase-linked  whole
antibody from sheep) were obtuned frorm GE Health Care
(Little Chalfont, UK). EGTA, EDTA, Tween-20, bovine
serum  albumin, sodium azide, isopentane snd  f-sctin
antibody were from Sigma Chemucal Co. (5t Louis, MO,
LiSA) Anti-sheep antibody (homeradish peroxidise-linked
whole antibody from rabbat) was obmined from Pierce
Biotechnology {Rockford, IL, USA) Tetal-TH antibody
and phospho-specific TH antibadies (pSerd(), pSerd ! and
pher 19y were generated and tested for specificity according
to previously described methods | 1E]

Social Defeat Protocol

All experiments were approved by the University of
Neweastle Animal Care and Ethies Committee and per-
formed o accordance wath the New South Wales Ammal
Research Act and the " Australian code of practice and use
of animals for scientific purposes™. Adult male Sprague—
Dawley rats (300—HK g were obtained from Animal
Resources Centre {ARC), Perth, Australia, Animals were
maintained 0 group howsing under standard  [aboratory
conditions in temperaure controlled roems (21 £ 17C)
reverse [2 b hight evele with darkness from U20H o
[ 4:00) b, food and water ad libiom. Animals were habiiu-
ated and handled for 7 days prior to experiments, Resident
rats were ot feast 6 months old and weighing between 500
and 700 g, Each male resident was co-houwsed with a
female which underwent tuhal ligation surgery. Prior to
commencement of the study these pairs co-habited for at
least & weeks and all residents received 2 weeks of attack
training sessions. Residents were sereencd to ensure that
they would attack and defeat the mntrsders and this occurred
consistent]ly throughout this smudy.

A total of five separate groups (n = 6fgroup) wend
investigated in the current experiment. Specifically. we
examined two groups that underwent social defest (SD-H),
both underwent identical defeat procedures sccording 1o
previously reported methods [19], but here rats werne
exposed to three consccutive 200 min defeat sessions. One
group was then sacrificed 10 min after the end of the lust
defeit session while the second group was sacrificed 24 b
after the end of the lust defeat sessiom. Briefly, the defear
process involved placement of a naive male intrader into
the home cage of o dominant male resident after which the
intruder was attacked and defeated by the resident. Addi-
tionally, we investigated two groups of rats that werne
pleced intoe the home cage of the resident on three con-
secufive 20 nun sessions but withour the resident being
present (SD—), SD— groups were sacrificed at time points
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identical to the SD+ groups (10 min and 24 k). The final
proup we investigated were animals that were left in their
hovmie cage and ane referred as our home cage control group
(HOC) ANl apimals were sacrificed by stunning and rapid
decapitation, The brain and adrenals were dissected and
rapidly frozen in —80°C isopentanc. 'The tissues were kept
at —&0°C until further processing.

Sample Preparation

Brain regions were identified by reference o the Paxinos
and Watson sterentaxic brain atlas 200, Tissue punches
were collected from the SN (Bregma —4.80 to —6.30 mm).
WTA (Bregma —480 to —6.30 mm) and LC (Bregma
—9.86 to —10.52 mm) by osing a customized freezing
microtome { SM2Z000R, Leica) with an attached micrometer
for large distance measurement. Sections were cuf at
=20°C and transferred rapidly to a refrigerated working
Bench (49C) and were punched using a 1 mm tissue punch.
Tissues were kept frozen at all imes until homogenization,
The fissues were weighed (wet weight). The adrenals were
homogemsed using a sonicator (Somiprep 150, MSE) in
homogenisation buffer (2% SDS, 2 mM EDTA, 50 mM
Tris, pH 6.8) with ratio 1 mL of buffer per 25 mg tissue.
The brain tissue punches were homogenised in homoge-
nisation buffer with ratie | mL of buffer per 100 mg tissue.
Samples were then centrifuged at 15,000 rpm for 200 min at
4°%C. The clear supernatants were collected amd 200 pl.
were mixed with 70 pl. of sample buffer (40% glveernl,
50mM Tris, minimal bromophencl blue, pH 6.8) and
10 pl of 2065 dithiothe ol

SD5—Page and Western Blotting

Samples were subjected to SDS—polyacrylamide gel elec-
trophoresis  before being  transfermed 1o nitrocellulose
acconding to previously reported methods [21], Membranes
were then stamed with Ponceau 5 (0.5% poncesn in 1%
acetic acid) to assess the efficacy of the tmanster. Mem-
brames were washed im Tris-buffered saline with Tween
{(TBST) (150 mM NaCl, 10 mM Tris, 0.075% Tween-20,
pH 7.3} and incubated with blocking solution (5% bovine
serum albumin, 0.04% sodium azide in TBST) for 2 h ot
25°C. Membranes were washed in TBST and incubated
with different primary antibodies overnight at 4°C, Mem-
branes were washed in TBST and incubated with horse-
radish  peroxidasc-linked anti-lgG  sccondary  specific
antibodies for 1 h at 25%C. Membranes were visualized on
Fugifilm Las-3000 imaging system (Fuji, Stamford, CT.
I8A) using BECL plus detection reagents. The density of
total-TH and phospho-specific TH hands were measured
using a MultiGauge VA0 (Fuji. Stamford, CT, USA).
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Statistical Analysis

The optical densites tor ttal TH and for the phosphory-
lation of TH at Serdd), Ser3] and Serl? were determined for
each sample. We found no significant differences in the
levels of TH protein for any of the groups from any of the
tssues. The level of TH phosphorylanoen was then divided
by the level of TH profein in each of the samples to account
for differences in fissue recovery. The average values were
then determined for each of the meatment groups with the
mean of the HOC group being set as equal to 1.0, The data
for SD4 and SD— groups were expressed as fold increase
of the mean £+ SEM of the group relative to the mean of
the HOC group. These data were analysed by using PRISM
Y402 (GraphPad Software, Inc., CA, USA)L One-way
ANOVA followed by Tukey's test for multiple compari-
soms was used to examine whether there were any signifi-
cant differences in the 3D+ | the 50— and the HOC groups
at either 10 min or 24 h after the protocols. All differences
were considered to be significant at P == (005,

Results

In the adrenal samples total-TH protein and phospho-TH
(pSerdtl, pSerdl and plerl®) appeared as single bands
cormmesponding 0 molecular  masses of  approximately
60 kD (Fip. 1), No significant differences were observed
in the adrenals between the HCOC, SD4 or SD— groups
with respect to TH protcin at either 10 min or 24 h
(Fig. la, ¢). There was a significant decrease (F < (1L,05) for
poer) for the 50+ group (1.5 fold) when compared to the
SD— group ((LE fold) ar 24 b (Fig. 1), No significant
differences were observed between the HOC. the 5D+ and
the SD— groups with respect to pSerd() levels at [0 min
and with respect to pSer3] or pSerl9 levels at either
10 i or 24 hoan the adrenals (Fig. 1h, ¢, d, g and k).

In LC, pSerdd levels were significantly increased rela-
tive to HOC in the SD+ group (1.6 fold; P < 0.01) m
10 min (Fig. 2a). In-addition. pSer3l levels were signifi-
cantly increased relative 1o HOC in both the SD+ (2.8 fold:
P o< (001} and SD = (2.3 fold; P < 0.05) groups at [0 min
(Fig. 2b).  No  significant  differences  were  observed
between the HOC, the SD4 and the SD— groups with
respect to pSerdh or pSer 31 levels at 24 h or pSerl @ Jevels
at cither 10 min or 24 h (Fig, 2¢. d. ¢ and £,

In SN. pSerdd) levels were significantly increased
(F = (W05} in the 5D+ group (1.1 fold) when compared o
SD— group (0.7 fold) ar 10 min (Fig. 3a). There were no
significant differences observed between the HCC, the
SD+ and the 50— groups for pSerdd levels ot 10 min or
for pSerdl and pSerl9 levels at either [0 min of 24 h
(Fig. 3b, ¢, d. e and fi.

@ Springer



Chapter 5

Meurochem Res (20011) 36:27-33

Fig. 1 The regulason of TH
protein and TH phosphary Lation
in mat adrensl ot 100 min and

24 b after the end poing of social
defeat. The 504 and S1D—
groups were expressed as o Fold
increise of the mean £ SEM of
the group, relaive o the mean
of the HOC group which was set
HES -.'|||.|:|| Aow 1.0k Stotastical
wnaly<s was performed by one-
way ANOYA followed by
Tukey's test for multiple
comparisong. * P < (L0G

Fig. 2 The regulaton of TH
phospharylation in rat locus
coeralens of 100 min amd 24 |
alter the emd point ol socal
defeat. The 5D+ und SD—
groups were expressed os a fold
increase of the mean & SEM ol
the group, relative w the moan
of the HCC group which was sel
us egunl e 1L Sttastical
amalysis was performed by one-
wiy ANOYA Followed by
Pukey's test for pualtiphe
compansons. = F < (L06
P

In VTA, pSerl® levels were signihcantly mcreased
(P = (.01) relative to HOC in the SD4- group (1.9 fold) at
24 h (Fig. 4f), No significant differences were observed
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between the HOC, the SD+ and the SD— groups with respect
to pSerddh and pSerd ] levels ateither 10 min or 24 h and the
pEerl® levels at 10 min (Fig. 4a, b, ¢, d and ¢)
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Fig. 3 The regulation of TH 20
phosphoryltion in T (a) (b) CJHCC (c)
substantia nigra 8t 10 min and
24 h after the end point of social 1.5 = - e -
defeat. The S04 and 13- — B D+
groaps were expressed as o fold 'I'
increase of the mean + SEM of 2 5 T T -
0 10 = = 5 = 10 min
the group, relative w the mean T
of the HCC groop which was set T
as eqEl o 10, Statisneal E
analysis was pesformed by ane :E 854 z 1
WLy AMOY A followed h:.' o
Tukey’s test for muliiple L
comparisens, * P = (L05 g o
@ a0
s |(d) (e) (M
&
L)
E 1.6 = - =
=
5 I L
L oy . F - 24h
0.5 = E =
L
pSerdd pSerdt pSerif
Fiﬁ. 4 The n't:||I:|I|-:'-n ol TH 2.5
phosphorylotion i mt vental {a) CHCC (b) (c)
tegmentul urea ot 18 min and
24 h ufter the end paint of social Ly ESD- T T
defeat. The S+ and ST¥— B cD+ T
groups were expressed as g fold 1.5 - -
imcrease of the mean £ SEM ol (& — 10 i
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afl the HOCC ETup which was w1 == 1.0 = = E
s el do 141 Statistien e
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Discussion Serl@ 1) min and 24 h after the exposure to social defear,

in the adrenal gland and n three catecholamine-enriched
Our anmn in this study was to mvestigate the effects of  regions of the brain, wcluding the LC, the SN and the
social defear on TH phosphorylation an Secdd). Serd] and VTA. TH phosphorylatmon in dynamically controlled by
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neuronial sctivation leading to depelanzation of neurons
and  the openang of  volige-gated-caloimom channels
[22-24]. An influx of extracellular calcium into the neu-
rons will then activate a number of signal transduction
pathways that are able o mduce TH phosphorylation at
Serdl), Serd] and Serid |9, 25-27]. It has been suggested
that this process allow activation of TH and replacement of
catecholamines lost by release from the activated cells.
Ourr findings demonstrate that the regulation of TH phos-
phorylation vares considerably depending upon the cell
population examined and further appears to be highly time
spectfic.

The 10 nun time pomt was choesen to determine the
acute ctfects of social defeat om the adrenal and brain
catecholaminengic cells ps we have previously determined
that in vitro stimalation of chremaffin cells led o chan-
ges in the levels of TH phosphorylation without any
changes m toml TH protein in this time domain [9].
Consistent with this work, we found that no significant
change wm TH protean levels occurmed o the  pdrenal
gland, or any of the brain regions, 1 min after the end of
the last defeat session. We did observe that socisl defeat
resulted i significant increases in pSerdd levels in the
LC and SN and imcreases in pser3] in the LC at 10 min
after the end of the lst defeat session. The increase n
the LC was oot induced in the SD— group suggesting
that neuromal sctivafion required both exposure to a novel
environment and social defeat. The ineresse in the SN
wis due to social defeat alone. We did not find an
merease in pSerdl) mo the adrenals after 10 min as had
been observed in vitro [13, [4). Ths could have been due
to either a reduced stimulus in vive, from acervicholine
andfor PACAP, not leading to any changes in TH phos-
phorylation at Serdd), or an increased stimulus in vivo
leading to an increase in pSerdl carlier than the 10 min
tme point mvestigated here.

Recent studies suggest that Ser3] phosphoryiation is
mnportant m TH regulation i the catecholamimergie cells
[12]. In the present study, we found that there was 4 sg-
mificant increase i plerd | levels in hoth the S04 and the
SD— proups [0 min after the end point of social defeat in
the LC, The pSerdl response therefore occurrcd in
respanse a both o novel environment and to soctal defeat
and it was most likely to be a general response o cell
activation after stress and not 2 specific response o social
defeat. Phosphorylation of Serd3l has been shown w
directly mediate an increase in TH activity in vivo [12]. If
this was the case then it may be that the LC uses both Serd()
and Ser3 1 phosphorylation while the SN uscs mainly Sers0
phosphorylation to activate TH, The reason for this dif-
ference in response i could be related o the freguency of
cell finmg in the different regions leads w actvaton of
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different signalling pathways and hence different mecha-
msms of TH acuvation. both of which will lesd 1o
replecement of released catecholamines.

Ihe 24 h time point was chosen to determine the
sustned effects of social defeal on adrenal and brain
catecholaminergic cclls, It had been established in chro-
maffin cells in vitro that stimulation of these cells with a
range of effectors led to a sustained increase in TH
phosphorylation at Serdl). but not ar Serdl or Serl9,
without any changes n total TH protein [[30 14]0 The
results of this study demonstrate that no  significant
change m total TH levels oceurred in the adrenal glond
24 b after the end pomnt of social defeat. This result s in
agreement with some previous studies that showed no
significunt chunge in adrenad TH protein levels 24 hoafter
exposune o a4 2 b immobilization stress protocol  [28].
However, other studies have shown changes in adrenal
TH protein fevels 24 h after exposuee to | h cold siress
[29), or to glucoprivation [30]. The natere of the siress
exposure therefore determines the sustained effects on TH
protein levels, with some stressors having no effects and
athers having substantial effects,

In the VIA we found an imcrease in pSerl® levels in
SD+ . but not SD— compared to HCC at 24 b after the end
point of social defeat, These findings suggest that social
defeat increases the actovity of Serl® Kinases in vivo but
only in the ¥TA. The cffects are most fikely to be due to
increased kinse activity as the same protemn phosphatases
that dephosphoryviate Ser3l also act on Serl¥ 9] and as
there was clear dephosphorylation of Ser}]  between
10 min ad 24 hoin the ¥TA then these phosphatases must
have heen active,

In the adrenal gland we found a significant decrease in
pierdd levels in 5D+ compared to D= at 24 h after the
end point of the social defeat protcol. The results from
these stdies mdicate that sustmned  phosphorylation of
TH at Serd) does not occur in vivo under the conditions
of social defeat used here, but does oceur m response (o
exposure to o novel environment. The reasons for the
differences are unkpown but it 5 possible that the
increased stress of social defear also activated protein
phosphatases  leading o dephosphorylation of TH at
Serdd,

In summary, we demonstrated that the regulation of TH
phosphoryiation in different catccholamine-producing cells
vares considerably and 5= dependent on hoth the nature of
the stressor and the time at which the response is analysed.
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Abstract  Tvrosine hvdroxylase (TH) is the rame-limiting
cnzyme in the biosynthetic pathway for catecholamine
synthesis. Stress wiggers an increase in TH activity,
resulting in increased release of catecholanunes frem both
newrons wd the adrenal medulla. In response to stress three
phases of TH activation have been wentified (poute, sus-
tined and chronic) and cach phase has o umque mecha-
mam. The scute and chronic phases have been studied in
vivis inoa number of animal maodels, bur to date the sus-
twined phase has only been characterised in vitro. We
aimed to imvestigate the effects of dual exposure to lipo-
polysacchande (LPS) in neonatal rats on TH protein, TH
phosphorylation at serine residues 19, 31 and 40 and TH
acuvity in the adrenal gland over the sustained phase.
Wistar rats were administered LPS (0205 mpfkg, intra-
peritoneal anjection) or an equivolume of non-pyrogenic
saling on davs 3 and 3 postpartum. Adrenal glands were
collected at £, 24 amd 48 h after the drog exposure on day
5. Neonata] LPS treatment resulted inoincreases in TH
phosphorylation of Serdd at 4 and 24 h, TH phosphoryla-
fion of Serdl at 24 h, TH activity at 4 and 24 h amd TH
protein at 48 h, We therefore have provided evidence for
the first fime that TH phosphorylation at Ser31 and Serd(
oceurs for up to 24 h in vivo and leads 1o TH acrivation
independent of TH protein synthesis, suggesting that the
sustained phase of TH activarion occurs in vivo.
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Ahbreviations
G 2-deoxy-p-glicose
LPS Lipopalysecchande

FND  Postnatal day

Ser Serine resudue

TBET  Tris-buffered saline with Tween
TH Twrosine hvidroxvlase,
Introduction

The catecholamines. including dopamine. noradrenaline
and adrenaline, have many functions and mfluence the
actiivity of almost every fissue. They are especially
immportant in the sress response where stored catechala-
mines are secreted from the central nervous system and
sympathetic neurons 8s well ax the adrens]l medulla 1, 21.
However, it has been shown that there is no significant
change in catccholaming levels within these cells. This 15
because in parallel o catecholamine secretion there is a
concomitant increase in catecholamine synthesis |3, 4.
Tyrosine hydrexylase (TH) is the rate-limiting enzyme in
the biosynthetic pathways for citecholamine synthesis [5].
TH 15 regolated acutely by TH phosphorylation an serine
residues (Serl9, Serd] and Serd(h) and chromically by TH
protein synthesis (6] Both these mechanisms are well
cstablished in vive [7-10]. Recently, we have demon-
strated a third mechanism for the contmol of TH sctivity in
vitro, referred to as the sustained phosphorylation of TH
(11, 12]. This mechanism has not been demonstrated o
OECUT in vive,
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Stress triggers an inerease in TH activity, In response to
stress there are three phases of TH activation and each
phase is mediated by distinct mechanisms. The acure phase
of TH activation is mediated by TH phosphorylation pri-
mari by b Serdd, but also to o lesser extent at Serdl, without
any changes in TH protein levels, This phase lasts up o
approximately | hoafter which TH phosphorylation and TH
activity generally retum o baseline levels [6]. The sus-
tnined phase of TH activation is mediated by ‘TH phos-
phorylation primarly at Serdd which occurs from | o 24 h
and again there are no changes in TH protein levels [11,
12]. The sustmned phase of TH activation 15 distinguish-
able from the acute phase of TH activation as it only ooclrs
in response to selected stimuli, the protein kinases medi-
ating the two phases are different and 3t lasts for 24 he The
chromic phase of TH activation is mediated by an increase
in TH mRNA cxpression between 1 and 24 b and sub-
sequent TH protein synthesis which occurs from 6w 72 h
lal.

TH setivation in response to stressors has been studied
m vive in many different animal models. Most of the
studies have focused on changes m TH mEMNA and TH
protein levels [10, 13-15]. We have recently discovered
that different stressors lead to different patterns of TH
phosphorylanon at all three senne residuss and TH protein
levels |79, 16). However, o date we have not found any
stress protocol in vivo that matches the previous fndings in
vitro using chromaffin cell coltures and which leads o
mereased TH phosphorylation and TH activity af 24 h. but
with nir change in TH protein levels.

Here we investgated whether immunclogical challenge
clicited by dual exposure to lipopolvsacchande (LPS) in
neonatal rats causes the sustained phase of TH setivation in
vivo, This protocol of LPS challenge on diayvs 3 amd 5
postpartum has been previously employved to study imme-
diate and long-term behavioural and physiological altera-
tions, induced by neonatal immune activation [16-2]. To
achieve our aims we mveshgated the effects of dual
exposure o LPS on TH phosphorylition ot Seri9, Seridl
and Serd0). TH activity and TH protein synthesis in the
adrenal gland ar 4. 24 and 48 h after the second LPS
mreatment,

Materials and Methods

Materials

LPS (Safmonella enterica, serotype enteritidis), EGTA,
dithiothreitol (D77, ammoenivm molyhate, sodinm pymo-
phosphate, sodivm vanadate, B-glveeralphesphate. microcy-

stim, sodivm chlonde, Tris, Tween-20, bovine serum albumin,
sodium azide, f-actin annbody, catlase, f-mercaptocthanol
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and activated charcoal were from Sigma Chemical Co. (5t
Lowiz, MO, USAL Prowase inhibitor cockuml mblets were
from Roche Diagnostics Australia (Castle Hill, NSW, Aus-
trafia), Sodium dodecyl sulphate (SDS)-polvacrylamide gel
electrophorgsis (PAGE) reagents were from Bio-Bad Labo-
ratories (Hercules, CA, USA) PageRuler Prestained Protein
Ladder was from Thermo Fisher Scientific (Rockford, (L.,
LA L Ant-rabbit immunoeglobolin (horseradish peroxidase-
linked whaole antiboddy from donkey ) and ansi-mouse immu-
noglobulin (horseradish peresidase-linked whole antibody
were from sheep) and 3,5- Hlv-tyrosine were from GE
Health Care (Little Chalfont, UK. Totul-TH antibody (0TH)
and phospho-specific TH antibodies (pSerl®, pSerdl and
pSerdh were generated and were tested for specificity as
deseribed [21]. Anti-sheep antibody (horseradish perosidise-
linked whole antibody from rabbit) wis from Pierce Bio-
rechnology (Rocktord, [L, USA) 1-tvmosine was from [2EH
Biochemicals (Poole, UK). Tetrashydrobioptenin was sup-
phicd by Dr, Schirck's Laboratory (Jona, Switzerland), Opti-
phase HiSafe scintillation cocktml was from Perkin-Elmer
{Waltham, MA, USA).

Animal Protocols

All amimal protocols were approved by the University of
Mewcastle Animal Care and Ethics Committee and per-
formed in accordance with the New South Wales Animal
Research Act and the © Australinn code of practice and use
af animals for scientific purposes”. Wistar rats were maged
at the Unmversity of Newcastle Psychology vivarium.
Meonatal rats (n = 30) were randomly allocated into either
saline control or LPS conditions at birth (postnatal day
[PDN] 1n On PND 3 and PXD 5, neomatal rats were
removed from their home capes, weighed and administered
intraperitoncally with either 0.05 mgfkg LPS or an cquiv-
alume of non-pyrogenic 0.9 % saline as describe previ-
ously |16]. Neonatal rars were euthanized at 4, 24 or 48 h
(n=5 per group) following drsg exposire on PND 5,
Whole adrenal glands were dissected and were kepr frozen
at —80°C until further analysis. Adrensl samples were
sonicated in 100 pl. of homogenizing  buffer (2 mM
potassium phosphate buffer pH 7.4, 1 mM EGTA, 1x
protease inhibitor  cocktail wmblet, | mM DTT, 80 pM
arnntonium molvbate, 1 mM sodivm pyrophosphate, 1 mM
sodium  vamadate, 3 mM  f-glyeerolphosphate. 2 uM
microcystin, final concentration) with o merosonicator
{UP30H. Hiclscher Ultrasomics GmbH, Teltow, Germany)
for 3 = 30 s pulses at 4 °C. Samples were centrifuged at
L6000 rpm. for 20 min at 4 “C. The clear supem:atants
were colleeted and protein concentrations were determined
by Pierce BCA protein assay Kit (Thermo Fisher Scientific)
according to the manutfacturer’s instructions. Samples were
diluted with homogenizing buffer to equalize protein
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concentrations (5 mgdmL). were aliguoted and were kept
frozen at =80 “C for further analysis.

Western Blotting

Western blotting were performed as previously described
with some modifications | 7). Aliquots (one-half volume) of
these samples were mixed with sample bufter (I % SDS,
10 % glyeerol. 0.5 % DTT and minimal bromophenol blue.
final concentration). 30 g of each samples were subjectad
o SDE-PAGE pel electrophoresis and were transferred 1o
nitrecellulose membranes (Hybond ECL, GE Health Care).
Nitrocellulose membranes were stamed with Poncesn S
(0.5 % poncean in 1 % acetic acid) to asscss the efficacy of
the transfer. Membranes were washed in Tris-butfered
saline with Tween (TBST) (150 mM sodium chlonde,
10 mM Tras, 0075 % Tween-20, pH 7.5) and incubated
with blocking solution (5 % bovine serum albumin, 0.04 %
sodinm azide in TBST) for 2 h at 257°C. Membranes were
washed in TBST and incubated with primary antibodies
itotal- and phospho-TH, f-actnd for 1 h ar 25 °C for
adrenal medulla samples. Membranes were washed in
TBST and incubated with horse-radish peroxidase-linked
anti-1gh secondary specific anfibodies for 1 h at 25 “C.
Membranes were visuahzed on Fugifilm Las-3000 imaging
system (Fuji, Stamford, CT, USA) using detection reagents
tAmersham  ECL  Plus Western  Blotong  Detection
Reagents, GE Health Care). The density of the bands was
mensurcd using o MultiGange V3.0 (Fuji, Stamford, CT,
USA)Y Total-TH protein tevels were normalized to J-actin.
Site-specitic phospho-TH at pSerl®, pSer 31 and pSerdd
levels were normalized to twowl-TH protein levels and were
expressed as o fold increase relatve o the saline control.

TH Activity Assay

TH activity was measured using a method based on the
tritiated water release assay with slight modification [22].
Briefly, aliguots of these samples were mixed in the reac-
tion mixture (30 pg sample, 36 pg catalase, 2 mM potas-
sium  phosphate pH 74, 0008 % f-mercapoethanaol.
24 pM -tyrosine, | pCi35-[3H]--tyrosing, fingl volume
S0 pL). The S50 pl resctions were imtisted with the adidi-
tion of 100 pM tetrahvdrobiopterin in 5 mM HCI Control
representing background reactions were added with 5 mM
HCL but did not contain tetrahydrobioptering Assays were
performed for 20 min at 30 °C and were stopped by
addition of 700 pl charcoal slarry (7.5 % activated char-
coal in | M HCH. Mixmres were vortexed for 1 min and
were centrifuged ar 16,000 rpm for Wi ae 30 °C,
350 pl. supernatants were added to 3 mL scntllation
cocktail and were vortexed for 10 s Mixtures were assaved
by seintillation spectrometry (WallacI410. Pharmacia,
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Turke, Finland) tor 20 min per sample. TH activity assays
which were performed under these conditions were linear.
The changes in TH activity were normalized w total-TH
protein levels and expressed as a fold increase relative w
the saling contral,

Statistical Analvsis

The data for saline and LPS groups were expressed as a
fold increase of the mean £ SEM for each group relitive
Lo the mensn of the saline group. These data were analysed
by wsing Prism 5 for Windows (Version 504, GraphPad
Softwaere, Inc., CA, LUSA) Two-Way ANOVA was nsed to
determine whether there were any significant offects of
LPS treatment andfor fime across the groups. Additional
Bonferrond post tests were wsed o analyse differences
between saline and LPS groups at cach of the time points
(4, 24 and 4% k), where an overall LPS treatment or fime
effects was found, The significant differences shown on the
graphs with asterisks (%) refer to the post hoo tests for LPS
treatment cffects. All differences were considercd to be
significant at p < .05,

Results

The adrenal glands were analvsed by Western Blotting
with antibodies that recognise total-TH (fTH) and site-
specific phospho-TH. Total- and phospho-TH appeared as
single  bands comresponding  to - molecular  masses  of
approximately 60 kDa (Fig. la) The results for wotal-TH
levels were caleulated relative to f-actin levels (Fig. 1bi
The resules for phospho-TH (pSerl9, pSerd] and pSerdd)
levels were calowlated relative o total-TH levels because
the ratios more gecurately represent phosphorylation states
and account for variability in total-TH smong samples
iFig. le, d and e). The adrenal glands were also analysed
for TH activity levels using a tritiabed water releasc assay
The results for TH activity levels were calculated relative
o total-TH levels.

As illuserated in Fig. 1h, there was a significant effect of
LPS treatment on total-TH levels (F s, = 4.7, p = (LO5)
Post hoo analysis further indicated that LPS caused a sig-
nificant merease in wal-TH levels relative to saline con-
trols at 48 h (1.2 fold. p < 0.0%) (Fig. 1b). There was no
effect of LPS treatment or time on pSerl? levels (Fg. Lo
However, o significant effect of LPS weatment (F,) 2y, =
3.9, p <005} and time (Fpa, = 127, p < (LO01) was
found on pSerdl levels (Fig. [d). Pest hoo analysis indi-
cated that LPS capsed a significant increase i pSerd|
levels relative to salime controls at 24 h (1.5 fold,
o= 0000 iFig. 1d). There was a significant effect of LPS
treatment (£ 2q = 508, p< 0.001) and time (Foo, =
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Fig. 1 Effect on total- and phospho-TH (pSer]®. pSerd] and pSerdih)
levels in adsenal g|.u|1|J.-\. 4, 24 and 48 h after LPS weatment (A = 3 et
rouph. & Representative immunoblots show the offect of LPS

12,3, p<0001) on pSerdl levels (Fig. le). Post hoc
analysis indicated that LPS cavsed a significant increase in
pSerdt) levels refative to saline controls at 4 h (1.5 fold,
po= 00010 and 24 h (2.0 fold, p < D001 (Fig. len A
sigmficant  effect LPS (Fiy 2 =221,
po 1) and time (Fioag =93, p<001) was alzo
found in regards to TH activity levels {Fig. 21 Post hoc
analysis indicated that LPS caused o significant increase in
TH activery levels relative 1o saline controls ot 4 h (2.0
fold, p = 000 and 24 h (2.2 fold. p < 0.001) (Fig. 2.
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Fig. 2 Effect on TH activity levels 4, 24 and 48 h after LPS
treatment (n 5 per grouph, #40 < (LH, “"In = G0, [HH]
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treatment on dofal- and phospha-TH. The loading comtmls were
performed by analysis of [Jacting *p < 005, %5 < 0], *F%p <
000k

Discussion

The major findings of this study of the adrenal gland in
vivo were thar dugl exposure to LPS dunng neonatal hife
led o an anerease m TH phosphorylation of Ser ar 4 wnd
24 h. TH phosphorylation of Ser3] at 24 h, TH activity
levels at 4 and 24 h and TH protein levels at 48 he This is
the fiest study o our knowledge to demonstrate in vivo
sustrined phase of TH sctivaton, as indicated here by
increased TH phosphorylation and TH activity at 24 h,
with no change in TH protein levels at this time point,
TH 15 regulated acutely by phosphorylaton of s senne
residues and chronically by protein synthesis [6]. In bovine
adrenal chromaffin cell colmures, acute incubation (<1 k)
with nicotine leuds to TH phosphorylation at Serl®, Serd|
and Serdd [23, 24] and chronic incubation (48 k) with
nicoting leads to TH protein synthesis [25] Previous
studies in vive showed that TH phosphorylaton changes
are detectable as early as 10 mun in response (o a range of
stressors in the acute phase of TH activation [7-9],
Whereas, TH protein changes are cnly detectable many
howrs affer exposure to stressors in the chromie phase of TH
activation [8. 26-28] with the earliest detectable chanpe
being 6 h after a 2 h immobilization stress [29]. In this
study, we particularly investigated the cffects of dual
eaposure o LPS on TH phosphorylation ot three serine
residues, TH activity and TH protein syathesis in adrenal
glund at 4, 24 and 48 h after the second exposure to LPS.
Onr data showed that dual exposure to LPS evokes an
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increase in TH protein in the adrenal gland only after 48 he
These findings suggested that dual exposure o LPS has a
delayed effect on TH protein synthesis. However, this
increase in TH protein did not lead w0 oan inerease in TH
activity, Previous studies showed that chronic cold stress
evokes o significant increase in TH protein synthesis
without inducing an increase in ‘TH activity |30, 31).
Theretore mereases in TH protein do not always induce
increases in TH activity. This may be because the newly
synthesised TH  protein binds to catecholamines  and
hecomes inzclivated before it 15 able to be phosphory lated
at Serdl) which is regquired to keep it active, The increase in
TH protein without an incresse in gctivity may represent @
regulatory mechanism to increase the capacity of the
adrenal gland to response to subsequent sressors.

Recently. we found sustained phosphorylation of TH at
Serd to be a novel mechanism for mainfenance of cate-
cholamine syathesis an vitro [11, 12] In bovine adrenal
chromaffin cell culwres, sustained incubation (1-24 I
with micoting leads o TH phospharvlation at Serl@, Serd|
and Serdll. Phosphorvlation of TH at Serl® and Serdl was
substantially increased at 10 min to maximum levels and
then there was a marked deereased in phosphorylation of
TH at these sites between L0 min to 1 h. The level of
phosphorylation of TH at Ser3 | and Serl9 remmned very
lowe up to 24, but was stll significantly above the unstim-
ulated contral levels, However, phosphorviation of TH at
Serd) was initially increased ar 10 min, decreascd some-
what from | to & h and then increased agzain from 8 to 24 b
Scrd) levels were very significantly above basal levels at
all times and no significant differences were observed at
24 h from that observed at 10 min [11]. This increase in
Serdl) phosphorylaton occurred in response o nicotine,
angiotensin, histaming and PACAP bot did not occur in
response o bradvkinin and muescarine (11, (2], We found
that the phosphorylanon of TH af Serdll in response to
nicetine and PACAP occurred via unique mechanisms and
both led to an increase in TH sctivity. Phosphorylation of
TH at Serl9 does not directly influence TH activity. Ser3|1
increases TH activity modestly and Serdd plays a major
role. by abolishing the feedback inhibioon of TH cansed by
catecholamine binding, snd increases TH activity both in
vitro and in vivo |24, 32, 33).

Previous studics i vivo have investigated TH phos-
phoryiation at 24 h but no evidence for the sustained phise
of TH activation were found as TH phosphorylation at
Serd0 was decreased and TH prorein was not altered 24 h
after exposure toa | b social deteat protocol [9] and TH
phosphorylaton at Serdl) was not altered and TH protein
was increased 24 hoalfter exposure (o glocopnvation stress
ehicited by 204G 8], Here we found that TH phosphory-
lation occurs at Scrdd at 4 h leading to an incrcase in TH
activity without any changes in phosphorylation of TH at
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Serl9 or Serdl. This suggests that there is a sustained
phase of TH activation in vivo that extends beyond the
geute changes that are generally over by [ h after exposare
tor a stressor, Inaddition, we showed that dual exposure o
LPS also evokes an increase i phosphorylation of TH at
Serdl and Serdll at 24 h and these changes led to an
increase in TH activity, without an increase in TH protein.
The appearance of Ser3 | phosphorylation at 24 b but not at
4 h suggests activation of different signalling pathways
occurs later in the stress response and implies that there is a
unigue pattern of profein kinase activation at 24 h. Overall,
we have provided evidence for the first time that TH
phosphorylation occurs for up o 24 h and leads o TH
activation independent of TH protein synthesis, suggesting
that the sustained phase of TH sctivation occurs in viveo,
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Chapter 7

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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Physical stressors  Psychological stressors

Footshock 2, 3 Immobilization 2
Glucoprivation 4 Social defeat 5
LPS 6

193140 N\
193140

A 4

Sustained phase of
TH activation

A 4

TH
phosphorylation at
Ser40

Time | | |
<lh 1to24h >24 h

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. Serl19, 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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Phospho
Stressors -TH 5 min 10 min 20 min 40 min 60 min
Serl9 No No No
Immobilization
5 Ser31 No ™" No
Ser40 No No No
Serl9 No
Footshock Wi W
5 Ser31 1 1 ™"
Ser40 No No No
Ser19 No No No
Footshock
3 Ser31 ™ 1 1
Ser40 No No 1
) Ser19 No No No
Glucoprivation
s Ser31 No ™ ™
Ser40 No ™ 1
Ser19 No
Social defeat
- Ser31 No
Ser40 No

Table 7.1: TH phosphorylation in the adrenal medulla in vive. 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.

Phospho
Stressors -TH 10 min 20 min 40 min
Serl19 No No No
Immobilization
5 Ser31 ™ No No
Ser40 No No No
Serl9 No No l
Footshock
X Ser31 No ™ ™1
Ser40 No No No
Serl9 No
Social defeat
- Ser31 ™
Ser40 ™

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.

The sustained
phase of TH
Stressors 24 h activation

Ser40 No

Glucoprivation NO
4 TH protein ™

Ser40 l

Social defeat NO
5 TH protein No
Ser40 "1

LPS YES
6 TH protein No

Table 7.3: The effects of different stressors on TH phosphorylation at Ser40 and
TH protein in the adrenal medulla in vive. 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

chromaftin 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).

.. . . . .. 2+
Depolarizing stimuli and increases in intracellular Ca”" 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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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.

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.

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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Cell activation | 1

Ca®" Yes

CaMPKII

TH Activity| 3

Yes

Catecholamine
biosynthesis

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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Cell activation| 1
Yes

CaMPKII

TH Activity| 3

Catecholaminergic ?

neuron Catecholamine

biosynthesis

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
Signalling
pathways
ERK1/2 ™ 1 1
Footshock PKA No No 1
3 Phospho-TH
Ser31 ™ 1 1
Ser40 No No 1
Signalling
pathways
ERK1/2 No T
Glucoprivation PKA 1 0
4 Phospho-TH
Ser31 m "
Ser40 ™ 1

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 vive. 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®"-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
Phospho-TH
Ser31 ™" 1 1
Footshock Ser40 No No 1
3
TH activity No ™ T
4h 24 h 48 h
Phospho-TH
Ser31 No No
LPS m
¢ Ser40 ™1 ™1 No
TH activity ™" ™" 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 vive. 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
chromaftin 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.

149



Chapter 7

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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Research over the last decade has shown that perinatal imimune
activation with lipopolysaccharide (LIPS} can induce long term func-
tianal alterations in the metabelic [1]. immune [2-5]. behavioural
[6=14], and nevroendocrine [3.11] systems, Cur laboratory has
been particularly interested in the increased levels of anxiety-like
behaviours observed in adult rats exposed to LPS on postnatal
days 3 and 5. We have consistently reported thae this exposure
paradigny increases anxiety-like behaviour in adulthood across a
range of behavioural teses [8-10]. Becently, several studies have
shown that glia, and in particular mucroglia, respond vigorously
to LPS, and appear to be involved in modulating the expression
of certain behaviours, Interestingly, Bilbo and colleagues, using a
similar form of postnatal challenge, have shown that exposure o
Escherichia coli on postnatal day 4 induces changes In mucroglia
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Meonatal lipopolysaccharide (LPS) exposure increases ansiety-like behaviour in adulthood. Our curment
alm was to examine whether neonatal LPS exposure s assoctated with changes in microgliall activarion,
and whether these alterations correspond with alterations in behaviour. In adulthood, LPS-treated ani-
rials exbibited significantly inereased anxiery-like behaviour and hippocampal microglial activation, The
elficacy of the LP5 challenge was confirmed by increased neonatal plasma corticoesterone and tyrosing
hydroogylase [TH) phosphorylation in the adrenal medulla, These findings suggest a newroimmune path-
wiay which may underpin the long-term behavioural and neurcendocrine changes following neonatal

£ 2011 Elsevier BV, All rights reserved,

thal persist until adolescence (28 days later). The same greaip later
ohserved that adult rats challenged postnatally with E coli and then
with LP5 produced higher levels of CD11b, a putative marker of
microglial activation. Together, these findings suggest that expo-
sure to Gram-negative bactena, the source from which LPS is
derived, causes persistent changes in microglial responsiveoness,
As yer, however, no studies have examined whether alterations
in microglial activaticn may occur in Fats challenged with LPS on
postnatal days three and five, the most commonly used model
of early life bacterial driven immune activation. The association
between such increases in microglial activation and anxety-like
belavicur also remains to be determined. Here we tested post-
nmatally challenged animals using the Elevated Plus Maze (EPM)
and Holeboard tests. Immediately following testing, we collected
the brains of these animals and assessed them for changes in
microglial activation status using immunchistochemical labelling
of the ionized calcium-binding adaptor melecule (Tha-1) protein,
Iba-1 ks recognised to be an effective methed for identifying changes
in microglial activation status [ 12-15], Finally, we confirmed the
efficacy of the LPS challenge in activating neonatal stress pathways
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by assessing plasma corticosterone concentrations and tyrosine
hydroxylase (TH) phosphorylation (a rate-limiting enzyme crucial
for catecholamine synthesis) in the adrenal madulla.

68 Whstar males deriving from 17 litbers were uscd inthis study.
Animals were mated in the University of Mewcastle Paychology
vivarium, Litters were randemly allocated into either LPS {8 lit-
ters] of galine control conditions (9 litters) at birth (postnatal day
[BMD) 1) On PHND 3 and PND 5, amimals were bricfly removed from
their home cages. weighed, and administered intrapentoneally
with either 0.05 mglkg LPS (Solmoneiln entericn, serotype enter-
ietelis; Slgma-Aldrich Chemical Co, USA) or an equivolume of
non-pyrogenic 0.9% saline [Livingstone International, Australia)
as described previously [10]. A subgroup of rats (n=56 males,
derived from 13 Litters: 6 LPS-treated, 7 saline-treated) were euth-
anized 4 or 24 h following drug exposure on PND 5 (o determine
whether neonatal LPS administration was effective in activating
the necnatal neurcendocrine and sympatheric nervous system
stress responses. 4 or 24h following drug exposure on PND 5 the
immediate effects of LPS on plasma corticosterone, as well as TH
protein and phosphorylation levels in adrenals were assessed. The
remaining 4 litters were left with their dams until weaning (PND
22}, at which time they were segregated into same-sex paired
howsing (41.5em = 28.0cm = 22.0cm cages; Mascot Wire Works,
Sydney, Australia). Rats were left undisturbed from weaning until
behavioural testing in adulthood (PND 83) apart from weights
collected weekly. Housing conditions were identical to thase pre-
viously reported | 10]. All experimentation ocourred in accordance
with the 2004 NHEMRC Australian Code OF Practice For The Care
And Use OF Animals For Scientific Practice,

All behavioural testing was conducted in adulchood [PND 85)
in complete darkness under nfrared lighting. Detailled protocols
and conditions for the EPM and Holeboard have been previously
described [9,10], Anxiety-related variables assessed in the EPM
included the percentage of time spent In the open arms and the
number of closed and open arm entries. Distance and activity
measures were recorded for indications of locomotor activity and
freezing, Exploratory head dips, time spent in the central square,
distance travelled, and activity were recorded to assess anxiery-like
behaviours in the Holeboard. The ceder of the behavioural tests was
counterbalanced across tasks and subjects.

Animals allocated for assessment of HPA axis activation fol-
lowing neonatal drug administration were rapidly decapitated 4h
and 24 h following drug admimstration on PND S and trunk blood
was collected into EDTA-coated tubes [Livingstone International,
Australia), Plasma commicosiercne copcentrations were assessed
using a rat cordeosterone 12531 radisimimuncassay kit fellowing
manufacturer's instructions (MP Biomedicals, USA)

Tyrosine hydroxylase protein and phosphorylation levels were
analysed as previously described with some modifications [16].
Briefly, the adremals were homagenised using a sonicator (Soniprep
150, MSE} in 200ul homogenisation buffer {50mM Trs-HC),
pH 7.5; ImM EGTA: | protease tablet; 1mM sodium vana-
date; 1 mM sedium pyrophosphate: 80 M ammonivum molybd ace;
SmM [-glycerophosphate; 2 M microcystin). Samples were then
centrifuged at 16,000 rpm for 20min at 4°C. The clear super-
natants were collected and protein concentration was determined
by a BCA assay according to the manufacturer's general protocal
for protein analyss. Samples were diluted with homogenisation
bualfer to same concentration amd mixed with sample bulfer (1%
505, 10% glycerol, 0.5% DTT and minimal bromophenodblue ). 30 g
of each samples were subjected then to SDS-pelyacrylamide gel
elecrrophoresis before being transferced (o nitrocellulose [17].
Membranes were then stained with Ponceau 5 (0.5% ponceau n 1%
acetic acid) to assess the efficacy of the transfer. Membranes then
were washed in Tris-buffered saline with Tween (TEST) (150mM
MaCl, 10mM Tees, 0.075% Tween-20, pH 7.5) and Incubated with
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blocking solution [5% bovine serum albumin, 0.04% sodiom azide
im TBST) for 2 h ar 25°C. Membranes were washed in TBST and
incubated with total or phosphor-specific TH antibodies for 1h
at 25°C. The levels of total TH [tTH) protein, pSer40 and B-actin
prigein have previously been characterized [ 18], Membranes were
washed in TBST and incubaced with lorse-radish peroxidase-linked
anti-lgG secondary specific antibodies for 1h at 25 'C. Membranes
were visualized on Fugifilm Las-3000 imaging system (Fuji, Stam-
ford, CT, USA] using ECL plus detection reagents. The density
of total TH, phosphe-specific TH and B-actin bands were mea-
sured using a MultiGauge V3.0 (Fuji, Stamford, CT, USA). Total
TH protein levels were expressed as the ratio of TH protein to
[i-actin as {#-actin levels are used as house-keeping proteins, Site-
specific TH phosphorylation at Serdd was expressed as the ratio
o tetal TH protein o account for vackabilicy in total TH between
samples,

Two hours following the conclusion of be havioural testing. ani-
mals were deeply anaesthetised with sodium pentobarbitone and
perfused transcardially with he panimised phosphate bulfered saline
(FES] followed by 4% formaldehyde {pH 25] in 0.1 M phosphate
buffer {PR). Brains were then extracted and postfixed in a 15%
sucrose solution containing the same fixative solution, After fis-
ation, brains were transferred to a 15% sucrose solution in 001 M
PBS for cryoprotection, 5erial coranal sections (30 m]) were out
using a freezing [ -25 C) micratome {Leica 5M 2000R) and were
divided into a one-in-six series, which was stored in an anti-freeze
solution {47 £ until required for immunoperoxidase labelling, Sec-
tions were then processed using immuncohistochemistry to assess
microglia using tonized calcium-binding adapror molecule (Jba-1)
protein. The antibody is not expressed in neurons, astrocytes, or
oligodendroglia [ 19-21), and is constitutively expressed and upreg-
ulated in activated microglia [21]. Previous research indicated that
Iba-1 and Mac-1 {CD11k) antibodies overlap in their ability to label
microglia [22]. However, Iba-1 and €D11b differ in the subcellular
Izcations that they label. While COT1l is detected predominantly
in the cytoplasm, with some labelling of the processes, [ba-1
labels the cytoplasm, nuclews and processes strongly, Accordingly,
Iba-1 provides supericr labelling, in particular for gquancitative
analysis.

For immunoperaoxidase labelling, a senies of sections from all
amimals in bath treatment conditions was processed simultane-
olsly, Sections were rinsed with 0.1 M PB and then endogenous
peroxidases were destroyed in 0.1 M PB contalning 3% hydrogen
peroxide, Mon-specific binding was blocked with 3% normal horse
serum. The sections were then incubated with the primary antibody
{anti-rabbit Iba-1, Wake, 1:10,000) in 0.1 M PB containing 1% horse
serum, 0.1% bovine serum albumin (B5A) amd 0.3% Triton-X (or 48 h
at 4 C, Sections were then rinsed, incubated in the correspond-
ing secondary antibody {Amersham donkey anti-rabbit, 1:300] in
phosphare buffered horse serum for 2 h, rinsed, incubated in 0.1%
extravidin peroxidise for 1l and then rinsed again. The reaction
was detected under a microscope after applying 2% nickel sul-
phate in(.1 M FE containing0.05% 3, 30-diamincbenzidine, and was
stopped and rinsed with 0.1 M PE once oprimal staining with min-
imal background labelling had been achieved. Sections were then
mounted onto chroeme alum coated slides, dehydrated using aseries
of graded alcohols {T0%, 05%, 100%, absolute), cleared in xylene
and coverslipped with ultramount (Fromne Laboratory Supplies,
Australial.

Iba-1 immunolabelling data was analysed by an experimenter
blind to the experimental conditions, Images from hippocam-
pal and amygdala regions were taken using an Olympus BX51
microscope fitted with an Olympus DF7 1 camera and an Olympus
UPlan-Fiohjective ( 10: (0.30]), The image s were processed using DP
Manager software (Version 3.1.1.208; Olympus Corporation] and
stored at a resolution of 4086 = 3072 pixels (1 pixel=0.429 pm’
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at 100 magnification), A rat brain atlas [23] was used to iden-
tify the anatomical location for cach of the 3 regions of interest for
Iba-1 immunolabelling, specifically, the CAl region and the den-
tate gyrus of the hippocampus, and basolateral amygdala (CAl, DG
and BLA, three sections. bregma —2.12 to —2.56 mm). ln each of
the regions, feft and right hemispheres were recorded indepen

dently to assess inter-hemispheric asymmetries, The total density
of immunoreactive material inthe aforementioned regions for [ba
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1 and Iba-1 density restricted to the soma region were determined
using Metamorph software (Version 7.1.3.0; Molecular Devices),
This program has been successfully employed to determine levels
of [ba-1 immunolabelling previousky | 15],

Statistical analyses were conducted using the Statistical Pack-
age for the Social Sciences for Windows, Volume 18 (5P55 Inc)
All data were analysed using analyses of covariance {ANCOWA]
controlling for litter effects such as litter size and male-to-female
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ratio, The ANCOVA revealed that litter effects did not have an
impace on any of the behavioural or physiological measures
assessed,

LPS-treated males gained significantly more weight between
PHD 3 and PND 5 {M=2.89g, SEM=0.08) compared to saline-
treated controls (M =255 g, SEM =0,08), K 14.707=917, p< 001, No
differences in weight gain were observed fellowing weaning,

LPS-treated males exhibited sigmificantly greater corticos-
terone concentrations 4 h following neonatal treatment on PRD 5
{M=1984 ngfml, SEM = 0.91) compared to saline-treated controfs
(M=1682ngfmL SEM =1.12), K1 .43)=4.43, p<.05.

While no differences were observed in regards to total TH
protein levels, a significant and sustained increase in TH phospho-
rylation at Serdl was evident in LP5-treated males 4h and 24h
fellowing injection on PND 5 compared to saline-treated contrals,
F1,21)=6.19. p=.05. See Fig, 1.
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LP5-treated males spent asignificantly lower proportion of time
in the open arms of the EFM compared to saline-treated con-
trols, A 1,7 1= 1592, p< 05 A main effect of neonatal treatme nt was
abserved in regards to exploratory head dips inthe holeboard appa-
ratus, F[3,8} = 5.58, p<,05, LP5-treaced males exhibited significanthy
fower head dips compared to saline-treated controls, See Fig. 2A
and B.

A significant effect of neonatal treatment was observed for
Iba-1 immunolabeliing in the dentate gyrus, F1,91=528, p<.05,
whereby LPS-treated males exhibiced significantly greacer densicy
of Iba-1 within the cell body of the microglia compared to saline-
treated controls (Fig. 3A). Trends for Iba-1 immunolabelling of CAL
reflected that of the dentate gyrus, whereby LPS-treated males
exhibited increased density of [ba-1 immunalabelling restricted
o the soma region campared (o saline-Created controls, however
this failed to reach significance {p=.1; Fig. 3B No difference in
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total density of Iba-1 immunolabelling across the entire image was
abserved for either the dentare gynes or CALL Ne significant differ-
ences were observed in regards ta Iba-1 immunolabelling within
the soma region nor across the entire image in the basolateral
amygdala,

Early life is exquisitely sensitive coenvironmental inpurs, ln par-
ticular, interaction with the early postnatal microbial environment
is ezsential for setting the tone of both the endocrine and immune
systems, Dual exposure to LPS during neanatal tife is the mast well
characterized model of postnatal bacterial exposure, and has been
extensively used o examing immune-nevrcendociine fommuni-
cation, We and others have previously shown that this dynamic
interplay in early life determines the trajectory of a range of phys-
iobogical and behavioural respomses, Here, we have demonstrated
that dual postnatal LPS expesure protocol produces an increase in
anxiety-like behaviour that is co-incident with an increase in levels
of micreglial activation,

In the present study, we demonstrated that LPS challengs in
the neonate robustly increased corticosterone release and TH phos-
phorylation in the adrenal medulla, the former measure ind exing
engagement of the hypathalamic-pituitary-adrenal (HPA] axis and
the later the sympathelic nervous system. i adulthood, LPS ¢hal-
lenged neonates exinbited increased anxicty-like behaviour on
the EPM and Holeboard apparatus, evidenced by reduced time
spent in the open arms of the EPM and a reduction in exploratory
head dips in the Holebeard apparatus. Both the EPM and Hole-
beard are widely used to assess ansiety-like behaviour in rodents,
and we have previously found that this dual LPS exposure pro-
ocol increases anxiety-like behaviour as demonstrated by these
standard behavioural measures [8-10]. The particularly novel fnd-
ing reported in the current study is the co-incident increase in
microglial activation, as indicated by greater Iba-1 immunola-
belling. Increase in microglial density following LPS challenge
has been shown 1o be associated with prolenged activation and
proliferation of microglia [24)]. While our findings do not unequiv-
acally implicate activated microglia in playing a central rate in the
enhanced anxiety observed. it is worthwhile to note that microglial
activation can potently influence neuronal signalling [25].

Interestingly, changes in microglial activation were observed
within the dentate gyrus but not as we had expected inthe basolat-
eral amygdala. Despite the absence of obvious changes in microglial
activity wichin the BLA, functional alterations within the dentate
gyrus have been linked with enhanced levels of anxiety |25-28].
Whila it is difficult ta fully account for the regional differences in
microglial activation abserved, one possibility relaces to the tim-
ing of the LPS challenge (o relation to CNS development. [n the
currcnt study, exposure to LPS ococurred during the critical stress
hyporesponsive period of development for the HPA axis, of which
the hippocampus plays a fundamental role [ 29.30). The increases in
microglial activation in the hippocampus may reflect a prenounced
susceptibility of primary HPA axis-related regions, of which the
amygdala is involved but less influential. However, examination
of microghal activation should be extended in the future to addi-
tsonal amygdaloid anxiety-related regions, such as the bed nuclews
of the stria terminalis, in order to fully account for the discrep-
angies found in chis stady, Finally, it should be noted that while
Iba-1 i3 a commonly used marker for microglia, it alse srains for
macrophages. However, it is gencrally accepted that microglia pre-
dominantly exist within the parenchyma, whereas macrophages
are mosthy considered o be a hemategenous cell type [31]. Thus,
one can be velatively confident that the current findings in the
hippocampus and BLA pertain almost solely to microgha.

The current study has provided insight into the complex inter-
action between the brain and immune system during early life
of which microghia clearly play an interesting and intriguing rote.
Of importance are the seemingly divergent changes in microglial
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activation in regions of the hippocampus, These findings may rep-
resent porential mechanisms for the well-documented increases
in anxiety-like behaviour in animals peonatally exposed to LPS,
Certainly the evidence demonstrating that increased microglial
activation in the hippocampus corresponds with induced anxiety
and stress responses [32,33] lends credence tothis assertion, How-
ever, i is clear that while both increased microglhia and increased
behavioural regulation in adulthood occur following neonatal LPS
challenge, their contributions have not been directly linked to one
anather, Previous research investigating mechanisms in the gener-
ation of anxiety-like behaviour and microghal activation revealed
potential pathways, by means of pharmacological intervention,
Inhibrition of IL- 13 synthesis. in neonatally infected rats, prevented
cognitive impairments induced by subsequent LPS challenge in
adult hood, implicating the important fele of IL-1[ in the context of
neonatal programming by immunological challenge |34]. Another
study showed that increased anxiety-like behaviour, micraglial
activation and central levels of [L-18 induced by social defear can
be prevented by administration of propranclol - & F-adrencrgic
receptor antagaonist. Moreover, IL-1 receptor type-1 deficient mice
did not exhibit anxiety-like behaviour or microglial activation in
the saime context [35). These latest Andings indicate the changes
induced by social defeat were dependent on activation of -
adrenergic and IL-1 receptors, Investigation of these and other
pathways {such as GABA) in our model of postnatal LPS exposure
can shed light on the mechanisms mediating behavioural changes
i adulthood.
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Stressful events during the perinatal period in both humans and animals have long-term consequences
lor the development and lunction of physielogical systems and susceplibility 1o disease in adulthood,
Dne ferm of stnsss commuonly experienced in the necnatal perisd is exposure o bactevial and viral infec-
tivas, The current study investigated the effects of live Chiomydia muridooem bacterial infection at birth
followed by re-infection in adultheod on hippocampal glucocorticoid receptors (GR} and mineralocorti-
coid receptors (MR} and stress response outcomses. Within 24 h of birth, neonatal mice were infected

Efm:;pm intranasally with C muriderem (400 incdusien-forming units [iu]) or vehicle. Ar 42 days, mice were re-
Pertnacal stress infected {100 ifu] and euthanieed 10days later, In males, infection in adulthood alone had the most
Iafection impact om the parameders measured with significant increases in GR protein compared to adult infection

alome; and signifcant increases MR protein and circulating corticosterone compared e other treatment
groups. Meonatal infectlon alone indeced the largest alterations In the females with results showing reck-
procal patterns for GR protein and TH protein. Peanatal mlection resulted ina blunted response I'ullqming
adult infection for both males and females acress all paramelers, The present study demonsirates for the
first time that males and females respond differently to infection based on the timing of the initial insult
and that there is considerable sex differences in the hippocampal phenetypes that emerge in adulthood

Glucocmtiosl receptng
Mineralocarticsd recepror
Tyrasine hylioylase

after neomatal infectbon.

Crown Copyright @ 20011 Published by Blsevier Ine. Al vights reserved,

1. Introduction

The impact of early-life insults on adult physiclogy is well
established [ Mohilien and Robinson, 2005; Strachan, 1585%), Evenis
such as infection, dietary restriction or psychological stress have
the capacity to detrimentatly affect adule immune and endocrine
systems as well as behavior (Buitelaar er al, 2003; McGowan
et al.. 2008, Strachan, 2000}, Epidemiological studies have demon-
strated that early-ltfe stress leads o unfavorable outecomes for
adult pathology (Barker, 1995; Barker and Baghby, 2005; McMillen
and Robinson, 2005}, An increasing body of evidence indicates that
perinatal events invalving the immune system may contribute o
the development of adult disease [(Hall amd Peckham, 19971
Furthermaore, the immune system in the neonatal period is not
fully developed (Garvy, 2003} and consequently the neonate is
mare ar risk of infection than an aduli, with newborns particularly
susceptible to bacterial and fungal infections (Garvy, 20031

= Correspording auithor, Address: Schial af Peychoogy. Ballding W, The Univer-
sily of Mewcastle, Callaghan, NMSW 2308, Australia. Fax: +61 2 4821 6980,
E-rreail axcld ress: Debrorab Hodgsord new castle. eduan (DM Hodgson ]

Mevertheless, the long term impact of early-life infection and ics ef-
fects on adult health are poorly understood, Therefore, it is impor-
tant to examine the impact of pre- and post-natal infection on
adult physiology and to determine the potential mechanisms that
miay lead to subsequent disease,

The hippocampus plays a central rolein the modulation of the
hypothalamic-pituitary-adrenal (HPA} axis by tonic inhibition, A
decrease in glucocortiooid receptors (GRs) in the hippocampus
attenuates the effects of ciroulating glucocorticoids leading 1o the
HPA response being terminated (Herman et al, 1996; Jacobson
and Sapolsky, 1991; Sapolsky et al,, 1984}, It has been shown that
dysregulation of the HPA axis can result from changes to hippo-
campal GR and minetalocorticoid receptor (ME} abundance (Liu
et al., 2001). Perinatal stress has been shown to alter morpholosy
and function in the hippocampus and maodify the adult stress re-
sponse in a pumber of animal models that have vsed mice
(Macr et al, 2009; Macri S et al., 2009, rats (Szuran et al, 2000;
Zhu et al, 2004), guinca pig {(Matthews, 1998; Owen and
Matthews, 2007: Setiawan et al. 20070, sheep {Shoboda et al,
2006 ) and monkey (Tauber et al., 2006), Typically, earfy-life stress
1% lnked to adult offspring that exlibit stiess hy per-res ponsivensss

{MERG-1591)% - see fronl nwtter Crown Copyright & 2001 Published by Esevier ne. All ights reserved.
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due to altered ontogeny of the HPA axis (Kapoor et al., 2006). Peri-
natal stress results in altered GB and MR expression and function
in the brain as wetl as altered responsivity o stress (Avishai-Ebiner
et al., 2001; Kapoor et al, 2008; Levitt et al, 1996; Sutanto ef al.,
1996; Tuchscherer et al. 2004: Vallee et al, 1999} One form of
stress commonly experienced in the neonatal period is exposure
te bacterial and viral infections, Exposure to infection during the
perinatal period in both humans and animals has long-term conse-
quences for the development and function of physiological systems
and susceptibility to disease in adulthood (Brown, 2006; Nelson
and Willoughby, 2000; Ozawa et al, Z006; Shi et al,, 2009). For
example, early-life infection with Chlamydia, a common respira-
tory pathogen, increases the severity of subsequent allergie air-
ways disease {Horvatr et al. 2007, 2010), Other animal studies
demonstrate thar neonatal exposure to the bacterial lipopolysac-
charide {LP5} affects reactivity to stress, immung regulation and
susceptibility to disease in adulthood { Hodgson et al, 2001; Shanks
et al, 2000) These effects are not limited to LIPS as polyriboinosi-
nic-palyribocytidilic acid (ENis et al., 2006} and live Eschenichia coli
{Billo et al, 2005) elicit similar consequences, It is also becoming
increasingly apparent that the ocutcomes of pre- and post-natal
events are dependent on the sex of the individual {Avitsur et al,
2006: Clifton, 2005; Kikusul et al, 2003; Zhu et al, 2004},

To dateé no studics have investigated the cffects of neonatal
infection-induced stress on GRs and MRs in the adult hippocam-
pus. Given the integral role of the hippocampus in regulating the
stress response (Kretz et al, 2001), investigating the potential ef-
fects of infection in carly-life on programming of hippocampal
GR and MR responses in different sexes will facilitate the elucida-
tion of the mechanisms that underpin the detrimental program
ming effects of the early-life environment. The current study
aimed to assess the outcomes of early-life and subsequent adule
lumg infection with Chlomwdia meridamim on hippocampal GRs
and MEs in the adult hippocampus. C muridorum is an intraceliolar
bacterium, a natural mouse pathogen and an appropriate strain for
the investigation of narural host-pathogen interactions, The tem-
poral, histolegical and immunological progression of disease mir-
rors reactions observed in human Chlomydio presemomnioe (Adkins
et ak, 1993; Hansbro et al, 2004; Horvat et al. 2007} Like any
infection, bacterial exposure in the mouse causes HPA axis activa-
tion resulting in increased systemic glucocroricoid concentrations
{Ruzek et al, 1999) Thus, neonatal exposure to C muridarm in
the mouse represents a valid model of both infection and physio-
logical stress exposure, We hypothesized that animals exposed 1o
postnatal infection would have altered GR amd ME mRNA and pro-
tein, Given the causal effect of GR and MR expression on circulating
corticosterone and adrenocorticetropic hormone (ACTH), we ex-
pect infection to impact on adult levels of those hormones. Infec-
tion is a stressor which also affects sympathetic nervous system
{SMS) parameters including catechelamine levels, Adrenal ryrosine
hydroxylase { TH) is the rate-limiting enzyme in catecholamine bio-
synthesis (Magatsu et al., 1964) and gives a stable indication of cat-
echolamine activity; as such we expect increases in TH after
infection,

2, Methods
2.1. Animals

BALB/c mice were housed in an accredited animal care facility
under specific pathogen free conditions and were obtained from
the animal services unit and used with approval from the animal
ethics committee, University of Mewcastle [Mewcastle, Australia).
Dams were left undiseurbed until Birth of the young. Within 24 h
of birth, offspring were infected with Chlamydia or sham infected

173

and rhen retumned to their home cage until weaning, Offspring are
weansd and sexed ar 21 days of age, whereupon male and female
mice are separated and housed in groups no larger than six Mice
are monitored on a daily basis and are immediately separated fol-
lowing any evidence of aggressive interaction, regardless of sex.
Animals were given access to food (“Rat and Mouse Pellets”, Spe-
cialty Feeds, Glen Forrest, Western Australia) and tap water ad hbi-
tum, and housed either per litter [mothers with yvoung) or in groups
ne larger thain six (adule and weaned young) under contiolled envi-
rammental conditions with a 12:72 h hight:dark cycle, with bzhts
on at 6 am. Samples were taken from an experimental poal in
which whole litters were assigned (o a treatment condition, Litter
sizes were berween two and 10 mice. Mice were weaned and sex
separated, with animals of the same sex combined from different
liteers in grouwps no bigger than six. Individual litters were not kept
separate, The experimental pool consisted of a mux of mice from 38
litters of different sizes with 8- 14 mice in cach treatment and sex
condition. Approximately nine litters were used for each condition
excluding the infection at birch alone group which was made from
11 litters. Mon-infected mice were not litter mates of infected mice,

2.2, Infecrion

C muridormm strain ATCC VR-123 (formerly known as the
mouse prewmonitis biovar of Chiemydia frrackomats) was obeained
from the American Type Culture Collection {ATCC, Virginla, USA)
Stocks were cultured and stored at —80°C in sucrose-phosphate-
glutamate buffer {SPG) (Horvat et al, 2007, 2010). Within 24 h of
hirth, neonatal mice were infected intranasally with C murdarnm
without anesthesia, Mice were held in the upright position and the
inocubum (400 inclusion-forming units [ifu]) in 5 pl of SPG was
gently pipetted onto the nares until the whole inoculum was in-
haled (Horvat et al, 2007, 20100, The neonates were separated
from the dam for between 2 and 3 min during the infection proto-
col. At 42 days of age mice were infected intranasally with C. maeri-
darum {100 ifu in 30 pl of 58G), Control groups for infection were
sham-infected with SPG. At 52 days old mice were euthanized by
sodium pentobarbital overdose (Abbott Australasia, Kurnell, Aus-
trafia}. Mo animals died due to the infection protocol, We have pre-
viously shown that infection peaks berween 10 and 15 days after
ineculation, bacterial clearance occurs by 21 days and pulmonary
inflammation is largely resolved by 45 days (Horvat et al, 20071
The current protoco] is one of chronic infection, rather than the
standard acute infection modeled when using endotaxin, The brain
was removed and placed in BNA later solution [Applicd Biosys-
temis/Ambion, Austin, TX, USA) and stored at — B0 °C. Blood was
collected by cardiac puncture, stored on ice for no mare than 1 b,
and then serum was collecied by centrfugation (18.000g,
10 min) and stored at - 20 °C until assayed.

23, RNA/DNA/procein extraction from hippocampus

The whole hippocampus was dissected from the rest of the
brain then BNA and DNA extracted using a RNADNA kit according
to the manufacturer’s instructions {GHagen, Doncaster, VIC, Austra-
lia), with the following modifications to the protocol to allow for
the parallel extraction of protein (Talosa et al., 2007 ), From the first
elution step all fow-through was collected. Once extraction was
complete, 2 ml acetone was added and allowed to precipitate over-
night at —20°C, The solution was then centrifuged {10.000g,
b min. 4°C), the supernatant removed and the peller re-sus-
pended in 300 pl 20 buffer {30 mb Tris; M urea; 2 0 thiourea:
4% CHAPS). Again acetone {1200 ul) was added and the solution
was left to precipitate for 2 h at - 20°C hefore centrifugation. The
protein peliet was then re-suspended in 60 ul 20 buffer. RNA con-
centration was assessed by spectrophotometer {NanoDrop 3300,
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Therma Scientific, Wilmington, DE, USA). Protein was determined
using a 20 quantitation kit following the manufacturer’s instrue-
tions {GE Healthcare, Piscataway, NJ, USA)L

24, Cranaitarive reol-rimee polymerase chain reaction (gRT-PCR)

Analysis of GR and MR mRNA was carried out using quantitative
real-time polymerase chain reaction (QRT-PCR). RNA was purified
aind DMase treated using RNeasy mind kits and ENase-frge DMase
sets {CHagen) then reverse transcribed using Superscript 10 frst-
strand kits following the manufacturer's instruction {Invitrogen,
Mount Waverly, VIC, Auwstralial, qRT-PCR was performed using
Sybrgreen PCR master mix [Applied Biosystems, Foster City, CA,
USA} and an ABl prism 7700 sequence detector {Applicd Biosys-
tems ), Primer sequences were as previously published, with jactin
1z the reference gene (Berry ot al, 2004: Muller et al, 2007), Prod-
ucts from pooled sample were sequenced at an external facility
{Australian Genome Research Facility, St Lucia, Australia) to con-
firm specificity.

2.5, Hippocampal protein analysis

Hippocampal protein was assaved using western blaL Proteins
{20 pe per well) were separated on 7% tris-acetate gels (Invitro-
gen), then transferred onto Hybond C Extra nitrocellulose mem-
brane (GE Healcthcare), Membranes were left to dry overnigho
and stored ar 4 °C. Membranes were blocked in 5% bovine serum
albemin for one hour, washed with Tris-buffered salime with
Tween [TBS-T, 150 mM NaCl: 10 mM: Tris 0.75%; Tween-20; pH
7.5) and incubated overnight with primary antibody for GR
{ab27GE, Abcam, Cambridege, MA, USA)L MR (H-300, Santa Cruz,
Santa Cruz, CA, USA] and loading control actin (abB227, Abcam),
Membranes were then washed 5« 5 min in TBS-T and imcubared
with sccondary antibody (Goat anti-rabbir, Millipore, Billerica,
MA, USA; Rabbit anti-mouse, Abcam) for one hour followed by
5 = 5 min washes in TES-T. Proteins were visualized using electro-
chemiluminescence (ECL) western blotting detection reagents (GE
Healthcare) on Fujifilm Las-3000 imaging system (Fuji, Stamford,
CT, USA] and quantified using densitemetry and MultiGauge V3.0
software (Fuji),

2.b. Extraction and Western blot of protein from odrenal glands

The adrenals were homogenized using a sonicater (Somiprep
150, M3E, London, UK} in homogenization bulfer (2% 305, 2 mM
EDTA; 50 mM Tris: pH .8} with ratio 1 mL of buffer per 25 mg tis-
sue. Samples were then centrifuged (10,000g 20 min, 4°C) The
clear supernatants were collected and 200 pl was mixed with
70 pl of sample buffer {40% glyceral; 50 mb Tris; minimal bromo-
phenol blue: pH 683 and 10 i of 20% dithiothreitol, Samples were
suljected to 3D5-polvacrylamide gel electrophoresis before being
transferred to nitrocellulose (Jarvie and Dunkley, 1995). Mem-
hranes were then stained with Poncean 5 (0.5% poncean in 1% ace-
tic acid ) to assess the efficacy of the transfer, before being washed
in TBS-T amd incubated with blocking solution (5% bovine serum
albumin, 0045 sodium azide in TBS-T for 2 h at 25 "C). Membranes
were washed in TBS-T and incubated with total-TH antibody for
1 hat 25 °C Membranes were washed 0 TB5-T and incubated with
anki-rabbit immunoglobulin (horseradish peroxidase-linked whole
antibody from donkey) for 1 h at 25 =C. Membranes were visual-
lzed on Fujifilm Las-3000 imaging system (Fuji) using ECL plus
detection reagents {GE Healthcare )L The process was repeated with
f-actin and secondary antibody anti-mouse  immunoglobulin
thorseradish peroxidase-linked whaole antibody from sheep), The
densities of otal-TH and p-actin bands were measured using a
MultiGavuge V3.0 Fuji).
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2.7, Radioimmunoassay

Plazma corticosterone levels were determined by cadicinumu-
noassay using corticosterone | radicimmunoassay kits according
to the manufacturer's instructions {MP biomedicals, Seven Hills,
NSV, Australia), The reported recovery of exogenous corticoste-
rone is 100% and the intra- and inter-assay coefficients of variation
were lower than BX and 10%, respectively. Plasma ACTH concentra-
tions were assessed using a double antibody ACTH " radisimmu-
noassay kit (MP Biomedicals ). The recovery of exegenous ACTH s
100%, with an inter- and intra-assay vanability of 3.9% and G.8%,
respectively,

2.8, Data analysis

All data were analvzed using a between subjects three way AN-
OVA using SPSS software (W18, 535 Inc, Chicago, L, USA), with the
facrors being Treatment at birth (control and infection), Treatment
in adulthood {control and infection) and Sex (male and female)
Data for GR mRNA, GR protein, TH protein and corticosterone were
lerg transformed as residual plots revealed the data were not mor-
mally distributed. For all comparisons = was set al p<{0.05
Planned compansons were conducted using pairwise comparisons
of means when significant interactions were observed. Figures
show means + standard error of the means on the original scale
of the data. For the logged vanables the means and standard error
bars were obtained by back transformation from the log scale by
exponentiation

3. Results
3. 1. GR and MR pene expression

Hippocampal GE mENA abundance for adult animals necnatally
infected with O muridanm (CMU} or sham infected [SPG) and sub-
sequently challenged with CMU {SPG/CMU and CMUJCMU] or SPG
(SPG/SPG and CMUSSPG) in adulthood was assessed. Analysis was
conducted wsing a three way ANOVA and revealed no significant
main effects or interaction effects due to Treatment at birth, Treat-
ment in adulthood or Sex on GE mENA abundance {data not
shown ).

A siznificant interaction of treatment at birth and treatment in
adulthood was observed for hippocampal MR mRNA, F (1,
55) = 6295, p=1015 Pairwise comparisons showed thar within
thie SPG at birth group, CMU infection in adulthood significantly in-
creased MR mENA expression compared to SPG, p = 008 whereas
for the CMU infected at birth group, adult infection with CMU re-
sulted In no change compared to SPG, p= 38 (see Fig. 1)

3.2 GRand MR protein expression

Fig. 2 shows the expression of GE protein relative to actin as
determined by Western blot, A significant Sex by Treatment at
Birth Interaction was observed for GR protein, F {1, 67)=7.271,
p =009, Planned comparisons revealed that the SPG at hirth trea-
ted females had significantly less GR protein in adulthood than
males of the same condition, p= 02 While for CMU treatment at
birth group resulted in no difference bebween the sexes, p=,15,

The between subjects ANOVA conducted on hippocampal ME
protein revéaled a mabn effect of Treatment in adultheod, F {1,
60) = 8.578, p=.005 sgnificant interactions between Sex and
Treatment at hinth, F {1, 60)= 8462, p= 005 and Sex and Treat-
ment in adulthood, F (1, 60) = 6135, p = 016, There was also a sig-
nificant three way interactlon, F (1, 60 = 4773, p = 033, Follow up
tests to elucidate the three way interaction was focused on sex
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Fig. 1. Hippocampal ME mRMNA abundince for mice neonatally mfected with O
muridarum [CWL) ne sham infected (5PG) and subsequently challenged with CMLU
[SPCREMLL and CWLLCMLT or PG {SPGISPG and CWLSPG) i adulthood, A twa way
ANDVA using Treatment at birth and Treatment in aduithond as the factors showed
only the Imberaction 1o be signdficant, Within the SPG at birth group. WU imfiocsian
in adulthood significantly icoeased MR mEMA expression companed o SPG,
wiherzss for the OWU infecied st birth group, adalt inféction with ChU resulted i
i change comipared o SPG.
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differences {see Fig. 3], Males treated with SPG at birth and CMU in
adulthood had significantly more MR protein than the females in
the same condition, p <001, For the remaining thres combinations
anky males treated with CMU ar birth and 51P°G in adulthood had
significantly less MR protein compared to females in the same con-
dition, p = 046,

1.3 Adrenal tyrosine hydroxplase

Adrenal TH protein in animals peonatally infected with C -
darum (CMU Y or sham infected (SPG) and subsequently challenged
with CMU [SPGJCMU and CMLITCMU) or SPG (SPGIEPG and CMLUY
SPGY in adulthood was assessed (Fig. 41 The between subjects
three way ANOVA revealed a significant main effect of Treatment
at birth, F (1, 407 =556, p= 023, and Treatment in adulthood, F
(1, 401 =9.248, p=_004; with a significant interaction of Sex and
Treatment in adulthood, F (1, 40) = 4578, p = 039, The three way
interaction of Sex, Treatment at birth and Treatment in adulthood
was also significant, F(3, 40) = 3,96, p = 018, When focusing on the
5ex comparisons, females with infection at birth alone [CMUJSPG)
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Fig: & Hippocampal GR protein relative to actin for mice seona tally infected willh O mmmidsram (CMU] o sham infected [5PG ) o subsequently challenged with CRU{SPG)
CMIL and CMILCMLE) ar S9G (SPG/EPG and CMUJSPG) in adulthood. Thee between subjects three way ANOYA revealed a significant efect of the interaction hetwsen Sex and
Treatment at birth. The pattern ol GR expression is seavally differentiated, with males treated with SPG at birth having significanstly mare GRE pratein than same trestment
females, While nat sigmificant, the pattern of GR protein expression 5 reversed in animaks infecoed with O & barth
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Fig 3. Hippocamipal MR protedn nelative o actin tor mike neonstally infected with O muarideram (CWU) or sham inbected (5PG) and subsequently challenged with Chill {SrG
CMU and CMUCMUY ar SPG {SPGEPG and CMIUJSPG) (o sdultiood. Mabes ave more MR protein in the adult idection alose group (SPGICMU) compared to sl sther

treatment groups. Females shonw na aiteration af MR jarieid dise W reatment.
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Fig. 4. Adrenal TH pratein relatbve 1o factin Gor miod neonataily infeced with C mandersi (CMU) or sham ifected [SPG ) and subsequently challenged with OWU {SPGCMU
and CMLICMLT o SPG (SPGISPG and CMUSFG ) i adultheod. When focusing on the sex conpant soms, fennales with infection at birth alone (CMLUSPG] had significantly more
TH prateln than nsales in the same condition. While there were no signiflcant dilferences for the ether combinations, it s sortl moting that for all groups except CMUSPG,
there is a patters that the males had higher levels of TH protetn than the females,

had significantly more TH protein than males in the same condi- resulted in significantly more circulating corticosterone than adult
tien, g = 003 There were no significant differences for the other treatment with SPG, p =007 (Fig. 51
combinations. It 15 worth noting that for all groups except OaU)
SPG, there is a pattern that males had higher fevels of TH protein 3.5, Adrenal wetght
than females.
Analysis revealed no significant difference in adrenal weight
due ta Sex and/or Teeatment at Birth of Treatment i adulthood

24, Circulating corticosterang [data not shown).

Circulating corticosterone for antmals neonatally mfected with 36 Cirowlaring ACTH
C. muridarum {CMU) or sham infecred (SPG) and subsequently
challenged with CMU (SPG/CMU and CMUJCMLU) or SPG (SPG/ Plasma ACTH was not significantly altered in any of the groups
SPG and CMU/SPG) in adulthood was assessed and the three way — due 1o Sex or Treatment at birth or Treatment in adulthood [data
ANOVA identified a significant main effect of Treatment at birth not shown .
and a significant interaction of Treatment at birth and Treatment
in adulthood, The model was reduced (o a two way ANOVA reveal- 4, Dscussion
ing the main effect of Treatment at birth, F {1, 66) = 7.041, p = 01,
and significant interaction between Treatment at birth and Treat- This is the first study to examine the effect of neonatal bacterial
ment in adulthood, F(1, 66) = 4.875, p= 031, Palrwise comparisons infection and adult re-infection on hippocampal corticosterom:
showed that within the SPG at birth group, adult CMU infection receptor expression. The results demonstrate that infection can
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Flg. 5. Circulating corticosterone for mice neonatally infected with © mairderam (CMLU) ar sham infected (3PG) and subsequently challenged with CWL {SPGICMU and CvLl]
CMU] ar SPG {SPGISPG and CMUSPG) In aduithood. A two way ANDVA revealed tee madn effect of Treatmwent at birtly and significant Interaction between Treatment at birtd
amd Treatmeddt i adulthood, Witlin the 5PG at bisth group, aduit CWMU infection resulied in Spmilcantly mane croulating corticosienone han sl reatnsent with 5PG.
Within the CMU at birth group, the CMU in adulthond meated animals had significantly less elroulating corticosterone tkan SPG at birth graup,
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alter hippocampal corticosterone receptars, adrenal TH and cirou-
lating corticosterone. Endocrine protein production has been
shown to be sensitive 1o the cumulative effects of repeated infiec-
tion as observed for corticosterone receptor and TH protein, We
see 1o difference due to sex for MR mENA and circulating cortico:
sterone, suggesting that these factors may not be speafically sex
regulated. Perinatal infection resulted in a blunted response fol-
Iowing adult infection for both males and females across all param-
eters, The rate of infection s high in pewborns due to thedr
relatively immature, naive immune system and our resulls suggest
that the neonatal neuroendocrine system is exquisitely sensitive to
infection and can produce ong terny changes in its function.

Early-life events are known to modify the hippocampal-HPA
axis. Meonatal stress has been shown o alter morphology and
function of the hippocampus and xdult stress responses in a num-
ber of animals, including the mouse (Macri et al, 2009, Maci 5
et al., 2000, rat [Szuran et al, 2000; Zhu et al., 2004), guinea pig
[Matthews, 1998; Owen and Matthews, 2007; Setiawan et al,
2007, sheep (Sloboda et al, 2008} and monkey (Tauber et al,
2006). While no other studies have used [ive infection, our results
support previous work showing that neonatal stress results in sig-
mificant and enduring alteration of hippocampal GR and MR pro-
tein. Generally, in the adule after exposure o perinatal stress,
such as endoboxin of synthetic glucocorticoids, there are decreases
in GR and MR with increases in corticosterone and ACTH {Hodgson
et al, 2001; Kapoor et al., 2006, 2008; Kapoor and Matthews, 2005;
Shanks ot al., 1995; Ward et al., 2000), Thus, the perinatal period is
a critical determinant of hippocampal and HPA function across the
life span, with alterations potentially accounting for increased sus-
ceptibility 1o a numiber of adverse health conditions,

In the present study, the males in all groups exhibited altered
patterns for GR and MR protein expression suggesting that infec-
riom ar any time may affect the corticosterone receptars, Previous
studics using perinatal immune stressors have found decreases in
corticosterone receptors and increases in corticosterone in the
adult {del Key et al, 1996; Meaney et al, 1996; Reul et al., 1994,
Shanks et al. 2000). However, the current results show infection
at adulthood alene induced significant increases in circulating cor-
ticosterone in hoth males and females with significant increases in
hippocampal GR and MR protein in the males alope, Corticosterone
and GH are negatively correlated, and the occupation of GR by cor-
ticosterone in the hippocampus results in the cessation of the HPA
axis-driven stress response, The results of the current study sug-
gest that males display a HPA axis response with a reduced capac-
ity lor termination following adult infection, The inconsistency in
findings compared to previous research may be due to the current
stiwdy using live bacteria as opposed to endotoxin, in addition to
the differences in timing of neonatal infection, Studies using endo-
toxin generally use a protocol of repeated exposure at three and
five days of age (Le, Shanks et al. 2000 Walker et al., 20:{%.1),
wiile thie present study utilized one persistent infection Indtiated
within 24 b of birth. The advantage of the current protocol is that
wie have modeled the real-world conditions of a chronic live infec-
tion, rather than the acute infection that 15 modeled with endo-
toxin Future experiments will aim Lo imvestigate this mssue further.

Meonatal infection alone resulted in the biggest response in the
fernales with reciprocal patterns for GR protein and TH protein ob-
servied in the CMUSPG group. Few studies have examined hippo-
campal corticosterone receptors or TH in adult females after
neonatal immune stimulus, Ope study using peonatal endotoxin
exposure found Increases to OR protein in the hypothalamus bui
no chapge (o GR protein in the adult hippocampus (Milsson
et al., 2002% Anather study found a decrease in hippocampal SR
binding in the adult females following neonatal expasure to endo-
toxin {Shanks et al, 1995), Furthermore, to date no studies have
examined adult adrenal TH in female animals after neonatal
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immiune stress. Such a parameter should be investigated as TH is
a reliable indicator of the activity of the animals’ sympathetic-
adrenomedullary system (5AS) (Haemisch and Gartner, 1996),
the partner system to the HPA in generating the stress response,
For the females, high basal levels of TH could be indicative of anx-
fery-like behavior {(Ely and Henry, 1978), also hyper-activation of
the SAS is related to the etiology of cardiovascular disease [Henry,
1982, 1992 Overall, the data indicate that further investigation of
the parameters invelved i the stress jesponse of females 15 war-
ranted, such as the potential mmmune modulatng effeces of
estrofens.

Our sexually dimorphic findings have importantly demon-
straved that it is tnsufficient to examine the siress Blology of only
one sex and attempt to extrapolate the resules to the other. These
findings are consistent with sexually differentiated observations in
stress-behavior and indicate a gonadal hormone influence {Bale
and ¥ale, 2003; Marcondes et al, 2001}, Such sex differences ox-
tend to the perinatal stress paradigm. For example, one study using
neonatal exposure to endotoxin showed evidence of behavioral
sexual dimorphism in response to an adult immune challenge.
Meonatally treated males demonstrated signihicantly less open
field acrivity after adult treatment with endatoxin, while females
showed no changes to behavior due to treatment or estrus owcle
[Tenk ot al, 2008). Adult re-exposure o immune stimulus also ne-
sults in a sexually differentiated response, for example, female
adulr offspring having significantly lower basal leakocyte number
after re-exposure to endotoxin compared to males {Hodyl et al,
2007). In general, females known to have higher glucocorticoad lew-
2ls in response o HPFA axis activation [Handa ot al, 1994} regard-
less af the oestrous cycle (Spinedi et al, 1992), Primary targets for
the cause of such differences are the sex hormones [ Kudielka and
Kirschbaum, 2005], Estrogen enhances immune responses (Cutala,
1998, Cutclo and Wilder, 2000}, whereas progesterone and andro-
aens, such as testosterone and dehydroeplandrosterone (DHEA),
suppress the immune response (Cutole et al. 2003; Cutolo and
Wilder, 20007

Ihe estrus cycle of the females was not assessed in the present
sty and may have been a factor i the results as the female re-
spanse to stress has heen shown to he affected by estrogen levels,
For example, in response to the Trer Social Stress Test, men have a
higher ACTH response to the stressor compared with women, but
the plasma cortisol response is the same for both sexes {Kirsch-
baum e al, 1999 Young and Korszun, 2001070 However, the female
cortisol response s dependent on menstrual cycle phase (Young
and Korszun, 2010; Young ot al., 19911 This oulcome appears to
be due to more than just the influence of estrogens. The differences
are alsa related talevels of progesterone, with decreases in proges-
terone resulting in cortisel suppression {Young et al, 1991 ). Estra-
diol does influence HPA functioning as it has been shown o
decrease stress Tesponsiveness in rodents {Young er al, 2001)
sheep (Komesarofl et al, 1998) and humans (Komesaroff et al,
19499). Human studies suggest that estradiol inhibits the HPA axis
response and progesterone impairs glucocorticoid negative fead-
back (Young and Korszun, 20103 As such, it would be necessary
in the future to closely monitor the estrus cyele of the female
animals,

Im the current study, GR mRNA docs not correspond to GR pro-
teti This inconsistency may be attnbutable o a number of factors:
(1) GE mENA has not been shown to be directly indicative of GR
protein due to factors such as translational modifications, prefer-
entlal transcription of GR or mENA stabillty. (2) Gls have many
soforms and 15 expresston and transcription 15 tssee specific
and still being investigated in the research {Duma et al, 2006),
(3] In humans, GR heterogeneouws nuclear BMA (hnRNA) has been
shown to be directly related o cortisel, but modifications to mENA
and protein results in that relationship being lost {Hodyl et al,
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2010), Experiments to investigate this would include measuring
hnEMA in addition to assessing various post-transtational modifi-
cations such as phosphorylation. One interesting aspect of the re-
sults is that different corticosterone levels were detected in the
SPL/CMU group for both males and females but no changes were
detected for females after adulthood alone for any of the other
parameters tested, Possible mechanisms underlying this discrep-
ancy could be the interaction of sex hormones with immune and
HPA axis functioning. Experiments to investigate the potential of-
fects of estrogens would include, assessing levels of estrogens in
addition to identifying stage In estrus cyvcle, Also, castration exper-
iments with animals being castrated and then given sex hormones
such as progesterone, estrogens and testosterone to both males
and females to investigate a possible dose-dependent response,
Anether interesting result 15 that corticosterone increases in the
SPG/CMU treatment group is associated with higher MR and GR
expression in males. Generally, decreases in GR and MR in the
brain result in an increase In circulating corticosterone due to
the negative feedback mechanisms of the HPA axis {Dallmamn,
2000, It is possible that GR and MR affinity was reduced, Statistical
tests showed that the incongreent expression of comicosterone
receptors and corticosterone was not due to any ratio changes of
GR and MR (data not shown), It is also possible that modifications
to the GR protein impacted on glucocerticoid sensitivity, as we did
not assess factors such as phosphorylation in the cerrent study. GR
phosphorylation has been shown to result in reduced GR binding
affinity (lrusen ot al., 2002), As such future studies will examineg
the potential effect of GR ard MR post-translational modifications
on binding affinity.

The current study shows that males and females respond dif-
ferently to infection based on the timing of the initial insule.
Males were relatively unaffected by a neonatal infection com-
pared to a primary adult infection; while females were more af-
fected by neomatal  infection  alone  compared to other
treatments. Different stressors can have diverse effects on the
developing animal depending on the timing, duration and dose
of the stress (Seckl, 2001 ), Animal studies have shown that prena-
tal programming can be altered by the immediate postnatal envi-
ronment (Maccari et al, 1995; Seckl, 2001 In the rodent model,
mantpulations such as handling, which has negative effects for
the offspring if the dam is handled duering pregnancy, can be ben-
eficial for the stress response if the handling takes place in the
first few weeks of life (Meaney et al. 1989} Cross-fostering also
reverses the effects of prenatal exposure to excess corticosterone
[Maccari et al, 1995) and ‘environmental enrichment’ has been
shown to normalize HPA activity and increase play behavior
[Laviola et al., 2004; Morley-Fletcher et al, 2003). Furthermore,
maternal hehavior has been demonstrated to determine offs pring
outcomes following perinatal strese (Walker et al, 2004 Duning
the current study, maternal behavior was not assessed, as such
wie can not nule out marernal care as a contributing factor. There-
fore, future studies should assess maternal behavior in parallel
with the offspring's functioral and physiological parameters.
Given the results of the corrent seudy, further work is needed
on the paradigm, with sampling at successive time points after
early-life mfection in order to identify potential critical windows
for intervention.

The early-life environment is a critical determinant of health
outcomes in later life. The present study demonstrates for the first
time that neonatal bacterial infection leads to alterations in the
hippocampus in the adult and that there are sex differences in
the hippocamipal phenctypes that emerge in adulthood after pen-
natal stress. Furthermore, given the role of the hippocampus in the
regulation of HPA function, the observations of the current study
have implicatlons for immune and endocrine functlon as well as
slress responsivity.
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