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Abstract:

Tyrosine hydroxylase (TH) is the rate-limiting enzyme in the biosynthetic pathway for
catecholamine synthesis. Stress triggers an increase in TH activity, resulting in increased release of
catecholamines from both neurons and the adrenal medulla. In response to stress three phases of
TH activation have been identified (acute, sustained and chronic) and each phase has a unique
mechanism. The acute and chronic phases have been studied in vivo in a number of animal models,
but to date the sustained phase has only been characterised in vitro. We aimed to investigate the
effects of dual exposure to lipopolysaccharide (LPS) in neonatal rats on TH protein, TH
phosphorylation at serine residues 19, 31 and 40 and TH activity in the adrenal gland over the
sustained phase. Wistar rats were administered LPS (0.05 mg/kg, intraperitoneal injection) or an
equivolume of non-pyrogenic saline on days 3 and 5 postpartum. Adrenal glands were collected at
4, 24 and 48 h after the drug exposure on day 5. Neonatal LPS treatment resulted in increases in
TH phosphorylation of Ser40 at 4 and 24 h, TH phosphorylation of Ser31 at 24 h, TH activity at 4
and 24 h and TH protein at 48 h. We therefore have provided evidence for the first time that TH
phosphorylation at Ser31 and Ser40 occurs for up to 24 h in vivo and leads to TH activation
independent of TH protein synthesis, suggesting that the sustained phase of TH activation occurs
in vivo.
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Introduction

The catecholamines, including dopamine, noradrenaline and adrenaline, have
many functions and influence the activity of almost every tissue. They are
especially important in the stress response where stored catecholamines are
secreted from the central nervous system and sympathetic neurons as well as the
adrenal medulla [1,2]. However, it has been shown that there is no significant
change in catecholamine levels within these cells. This is because in parallel to
catecholamine secretion there is a concomitant increase in catecholamine
synthesis [3,4]. Tyrosine hydroxylase (TH) is the rate-limiting enzyme in the
biosynthetic pathways for catecholamine synthesis [5]. TH is regulated acutely by
TH phosphorylation at serine residues (Serl19, Ser31 and Ser40) and chronically
by TH protein synthesis [6]. Both these mechanisms are well established in vivo
[7-10]. Recently, we have demonstrated a third mechanism for the control of TH
activity in vitro, referred to as the sustained phosphorylation of TH [11,12]. This
mechanism has not been demonstrated to occur in vivo.

Stress triggers an increase in TH activity. In response to stress there are
three phases of TH activation and each phase is mediated by distinct mechanisms.
The acute phase of TH activation is mediated by TH phosphorylation primarily at
Ser40, but also to a lesser extent at Ser31, without any changes in TH protein
levels. This phase lasts up to approximately 1 h after which TH phosphorylation
and TH activity generally return to baseline levels [6]. The sustained phase of TH
activation is mediated by TH phosphorylation primarily at Ser40 which occurs
from 1 to 24 h and again there are no changes in TH protein levels [12,11]. The

sustained phase of TH activation is distinguishable from the acute phase of TH



activation as it only occurs in response to selected stimuli, the protein kinases
mediating the two phases are different and it lasts for 24 h. The chronic phase of
TH activation is mediated by an increase in TH mRNA expression between 1 to
24 h and subsequent TH protein synthesis which occurs from 6 to 72 h [6].

TH activation in response to stressors has been studied in vivo in many
different animal models. Most of the studies have focused on changes in TH
MRNA and TH protein levels [13-15,10]. We have recently discovered that
different stressors lead to different patterns of TH phosphorylation at all three
serine residues and TH protein levels [9,7,8,16]. However, to date we have not
found any stress protocol in vivo that matches the previous findings in vitro using
chromaffin cell cultures and which leads to increased TH phosphorylation and TH
activity at 24 hours, but with no change in TH protein levels.

Here we investigated whether immunological challenge elicited by dual
exposure to lipopolysaccharide (LPS) in neonatal rats causes the sustained phase
of TH activation in vivo. This protocol of LPS challenge on days 3 and 5
postpartum has been previously employed to study immediate and long-term
behavioural and physiological alterations, induced by neonatal immune activation
[16-20]. To achieve our aims we investigated the effects of dual exposure to LPS
on TH phosphorylation at Ser19, Ser31 and Ser40, TH activity and TH protein

synthesis in the adrenal gland at 4, 24 and 48 h after the second LPS treatment.



Materials and Methods

Materials

LPS (Salmonella enterica, serotype enteritidis), EGTA, dithiothreitol (DTT),
ammonium molybate, sodium pyrophosphate, sodium vanadate, B-
glycerolphosphate, microcystin, sodium chloride, Tris, Tween-20, bovine serum
albumin, sodium azide, B-actin antibody, catalase, f-mercaptoethanol and
activated charcoal were from Sigma Chemical Co. (St Louis, MO, USA). 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 (tTH) and
phospho-specific TH antibodies (pSer19, pSer31 and pSer40) were generated and
were tested for specificity as described [21]. Anti-sheep antibody (horseradish
peroxidise-linked whole antibody from rabbit) was from Pierce Biotechnology
(Rockford, IL, USA). L-tyrosine 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”. Wistar rats were mated at the University of Newcastle
Psychology vivarium. Neonatal rats (n=30) were randomly allocated into either
saline control or LPS conditions at birth (postnatal day [PDN] 1). On PND 3 and
PND 5, neonatal rats were removed from their home cages, weighed and
administered intraperitoneally with either 0.05 mg/kg LPS or an equivolume of
non-pyrogenic 0.9 % saline as describe previously [16]. Neonatal rats were
euthanized at 4, 24 or 48 h (n=5 per group) following drug exposure on PND 5.
Whole adrenal glands were dissected and were kept frozen at -80°C until further
analysis. Adrenal samples were sonicated in 100 pLL of homogenizing buffer (2
mM potassium phosphate buffer pH 7.4, 1 mM EGTA, 1 x protease inhibitor
cocktail tablet, 1 mM DTT, 80 uM ammonium molybate, 1 mM sodium
pyrophosphate, | mM sodium vanadate, 5 mM B-glycerolphosphate, 2 uM
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.
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 [7]. Aliquots (one-half volume) of these samples were mixed with
sample buffer (1 % SDS, 10 % glycerol, 0.5 % DTT and minimal bromophenol
blue, 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) for 1 h at 25°C for adrenal medulla
samples. Membranes were washed in TBST and incubated with horse-radish
peroxidase-linked anti-1gG 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-TH protein
levels were normalized to B-actin. Site-specific phospho-TH at pSer19, pSer 31
and pSer40 levels were normalized to total-TH protein levels and were expressed

as a fold increase relative to 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, aliquots of these samples were mixed
in the reaction mixture (50 pg sample, 36 pg catalase, 2 mM potassium phosphate
pH 7.4, 0.008 % B-mercaptoethanol, 24 uM L-tyrosine, 1 pCi 3,5-[3H]-L-
tyrosine, final volume 50 pL). The 50 uL 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 ul charcoal slurry (7.5 % activated charcoal in 1 M HCI).
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
(Wallac1410, Pharmacia, Turko, Finland) 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 saline control.

Statistical Analysis

The data for saline and LPS groups were expressed as a fold increase of the mean
+ SEM for each group relative to the mean of the saline group. These data were
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 LPS treatment and/or time across the groups. Additional
Bonferroni post tests were used to analyse differences between saline and LPS
groups at each of the time points (4, 24 and 48 h), where an overall LPS treatment
or time effects was found. The significant differences shown on the graphs with
asterisks (*) refer to the post hoc tests for LPS treatment effects. All differences

were considered to be significant at p<0.05.
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Results

The adrenal glands were analysed by Western Blotting with antibodies that
recognise total-TH (tTH) and site-specific phospho-TH. Total- and phospho-TH
appeared as single bands corresponding to molecular masses of approximately 60
kDA (Fig. 1a). The results for total-TH levels were calculated relative to B-actin
levels (Fig. 1b). The results for phospho-TH (pSerl9, pSer31 and pSer40) 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 1c, d and e). The adrenal glands were also analysed for TH activity
levels using a tritiated water release assay. The results for TH activity levels were
calculated relative to total-TH levels.

As illustrated in Fig. 1b, there was a significant effect of LPS treatment on
total-TH levels (F(1,24y=4.7, p<0.05). Post hoc analysis further indicated that LPS
caused a significant increase in total-TH levels relative to saline controls at 48 h
(1.2 fold, p<0.05) (Fig. 1b). There was no effect of LPS treatment or time on
pSerl9 levels (Fig. 1c). However, a significant effect of LPS treatment
(F(1,24=5.9, p<0.05) and time (F2,24=12.7, p<0.001) was found on pSer31 levels
(Fig. 1d). Post hoc analysis indicated that LPS caused a significant increase in
pSer31 levels relative to saline controls at 24 h (1.5 fold, p<0.001) (Fig. 1d).
There was a significant effect of LPS treatment (F(24/=50.8, p<0.001) and time
(F(224=12.3, p<0.001) on pSer40 levels (Fig. 1e). Post hoc analysis indicated that
LPS caused a significant increase in pSer40 levels relative to saline controls at 4 h
(1.5 fold, p<0.001) and 24 h (2.0 fold, p<0.001) (Fig. 1e). A significant effect of

LPS treatment (F1,24y=22.1, p<0.001) and time (F,24=9.3, p<0.01) was also
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found in regards to TH activity levels (Fig. 2). Post hoc analysis indicated that
LPS caused a significant increase in TH activity levels relative to saline controls

at4 h (2.0 fold, p<0.01) and 24 h (2.2 fold, p<0.001) (Fig. 2).
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Discussion

The major findings of this study of the adrenal gland in vivo were that dual
exposure to LPS during neonatal life led to an increase in TH phosphorylation of
Ser40 at 4 and 24 h, TH phosphorylation of Ser31 at 24 h, TH activity levels at 4
and 24 h and TH protein levels at 48 h. This is the first study to our knowledge to
demonstrate in vivo sustained phase of TH activation, as indicated here by
increased TH phosphorylation and TH activity at 24 hours, with no change in TH
protein levels at this time point,

TH is regulated acutely by phosphorylation of its serine residues and
chronically by protein synthesis [6]. In bovine adrenal chromaffin cell cultures,
acute incubation (<1 h) with nicotine leads to TH phosphorylation at Ser19, Ser31
and Ser40 [23,24] and chronic incubation (48 h) with nicotine leads to TH protein
synthesis [25]. Previous studies in vivo showed that TH phosphorylation changes
are detectable as early as 10 min in response to a range of stressors in the acute
phase of TH activation [8,7,9]. Whereas, TH protein changes are only detectable
many hours after exposure to stressors in the chronic phase of TH activation [26-
28,8] with the earliest detectable change being 6 h after a 2 h immobilization
stress [29]. In this study, we particularly investigated the effects of dual exposure
to LPS on TH phosphorylation at three serine residues, TH activity and TH
protein synthesis in adrenal gland at 4, 24 and 48 h after the second exposure to
LPS. Our data showed that dual exposure to LPS evokes an increase in TH protein
in the adrenal gland only after 48 h. These findings suggested that dual exposure
to LPS has a delayed effect on TH protein synthesis. However, this increase in TH

protein did not lead to an increase in TH activity. Previous studies showed that
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chronic cold stress evokes a significant increase in TH protein synthesis without
inducing an increase in TH activity [30,31]. Therefore increases in TH protein do
not always induce increases in 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.

Recently, we found sustained phosphorylation of TH at Ser40 to be a
novel mechanism for maintenance of catecholamine synthesis in vitro [11,12]. In
bovine adrenal chromaffin cell cultures, sustained incubation (1 - 24 h) with
nicotine leads to TH phosphorylation at Ser19, Ser31 and Ser40. Phosphorylation
of TH at Ser19 and Ser31 was substantially increased at 10 min to maximum
levels and then there was a marked decreased in phosphorylation of TH at these
sites between 10 min to 1 h. The level of phosphorylation of TH at Ser31 and
Ser19 remained very low up to 24, but was still significantly above the
unstimulated control levels. However, phosphorylation of TH at Ser40 was
initially increased at 10 min, decreased somewhat from 1 to 8 h and then
increased again from 8 to 24 h. Ser40 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 Ser40 phosphorylation occurred in
response to nicotine, angiotensin, histamine and PACAP but did not occur in
response to bradykinin and muscarine [12,11]. We found that the phosphorylation
of TH at Ser40 in response to nicotine and PACAP occurred via unique
mechanisms and both led to an increase in TH activity. Phosphorylation of TH at

Ser19 does not directly influence TH activity, Ser31 increases TH activity
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modestly and Ser40 plays a major role, by abolishing the feedback inhibition of
TH caused by catecholamine binding, and increases TH activity both in vitro and
in vivo [32,33,24].

Previous studies in vivo have investigated TH phosphorylation at 24 h but
no evidence for the sustained phase of TH activation were found as TH
phosphorylation at Ser40 was decreased and TH protein was not altered 24 h after
exposure to a 1 h social defeat protocol [9] and TH phosphorylation at Ser40 was
not altered and TH protein was increased 24 h after exposure to glucoprivation
stress elicited by 2DG [8]. Here we found that TH phosphorylation occurs at
Ser40 at 4 h leading to an increase in TH activity without any changes in
phosphorylation of TH at Ser19 or Ser31. This suggests that there is a sustained
phase of TH activation in vivo that extends beyond the acute changes that are
generally over by 1 h after exposure to a stressor. In addition, we showed that dual
exposure to LPS also evokes an increase in phosphorylation of TH at Ser31 and
Ser40 at 24 h and these changes led to an increase in TH activity, without an
increase in TH protein. The appearance of Ser31 phosphorylation at 24 h but not
at 4 h suggests activation of different signalling pathways occurs later in the stress
response and implies that there is a unique pattern of protein kinase activation at
24 h. Overall, we have provided evidence for the first time that TH
phosphorylation 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.
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Fig. 1: Effect on total- and phospho-TH (pSer19, pSer31 and pSer40) levels in adrenal glands 4,
24 and 48 h after LPS treatment (n=5 per group). (a) Representative immunoblots show the effect
of LPS treatment on total- and phospho-TH. The loading controls were performed by analysis of
B-actin. *p<0.05, **p<0.01, ***p<0.001

Fig. 2: Effect on TH activity levels 4, 24 and 48 h after LPS treatment (n=5 per group). **p<0.01,
***p<0.001
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