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Abstract
Injury-induced cytokines act through gp130 in sympathetic neurons to suppress expression of
tyrosine hydroxylase (TH) and other genes associated with noradrenergic transmission. These
cytokines also trigger the local loss of TH in peri-infarct sympathetic axons after myocardial
infarction, but altered gene expression cannot explain the selective loss of TH enzyme in one
region of the heart. We hypothesized that inflammatory cytokines, which are highest near the
infarct, stimulated local degradation of TH protein. We used cultured sympathetic neurons and
neuroblastoma cells to test this hypothesis. The cytokines ciliary neurotrophic factor (CNTF) and
leukemia inhibitory factor (LIF) suppressed TH content in both neurons and neuroblastoma cells.
CNTF suppressed TH in a gp130-dependent manner, and decreased the half-life of TH protein by
approximately 50%. CNTF stimulated the ubiquitination of TH in both neurons and
neuroblastoma cells, and the proteasome inhibitors MG-132 and lactacystin prevented the CNTF-
induced loss of TH protein. Inhibiting activation of extracellular signal regulated kinases 1&2
(ERK1/2) with U0126 prevented the CNTF-induced ubiquitination of TH and the associated
decrease in protein half-life. Likewise, inhibiting ERK1/2 activation blunted the cytokine-
stimulated loss of TH protein in sympathetic neurons, despite enhancing the loss of TH mRNA.
These data suggest that gp130 cytokines stimulate proteasomal degradation of TH through an
ERK1/2 dependent pathway, and may have important implications for local regulation of
neurotransmission at sites of inflammation.

Introduction
Inflammatory cytokines acting through the gp130 receptor suppress noradrenergic function
in a subset of sympathetic neurons during development (Stanke et al. 2006), and more
broadly in adult sympathetic neurons after nerve injury (Pellegrino et al. 2011;Rao et al.
1993;Zigmond et al. 1996). Activation of gp130 decreases the expression of genes involved
in noradrenergic transmission in sympathetic neurons, including that of tyrosine hydroxylase
(TH), the rate-limiting enzyme for norepinephrine (NE) synthesis (Fann and Patterson
1993;Li et al. 2003;Nawa et al. 1991;Pellegrino et al. 2011). Similar changes have been
modeled in vitro by treating cultured sympathetic neurons with gp130 cytokines such as
ciliary neurotrophic factor (CNTF) or leukemia inhibitory factor (LIF) (Li et al. 2003;Nawa
et al. 1991;Patterson and Chun 1977;Saadat et al. 1989;Yamamori et al. 1989).

Several gp130 cytokines are elevated in the left ventricle after myocardial infarction
(Aoyama et al. 2000;Frangogiannis et al. 2002;Gwechenberger et al. 1999;Kreusser et al.
2008), and activation of gp130 results in the loss of TH in the peri-infarct region of the left
ventricle (Parrish et al. 2010). Suppression of the TH gene cannot explain the selective loss
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of TH enzyme in peri-infarct neurons, because activation of cardiac sympathetic nerves after
myocardial infarction increases TH mRNA (Parrish et al., 2008). Furthermore, TH protein
content is normal in cardiac sympathetic axons farther away from the site of damage (Li et
al. 2004;Parrish et al. 2008). This raises the possibility that cytokines have direct effects on
TH degradation in addition to their well-characterized effects on TH gene expression and
protein synthesis.

Targeted degradation of proteins occurs primarily through the ubiquitin-proteasome system
(Ciechanover 2005). Tyrosine hydroxylase is a substrate for degradation by the ubiquitin-
proteasome system (Doskeland and Flatmark 2002;Nakashima et al. 2011), and its
ubiquitination degradation can be stimulated by angiotensin (1–7) (Lopez Verrilli et al.
2009). We tested the hypothesis that gp130 cytokines stimulate the ubiquitination and
proteasomal degradation of TH using cultured sympathetic neurons and M17 neuroblastoma
cells. Our results support the notion that cytokine activation of gp130 stimulates proteasomal
degradation of TH in sympathetic neurons.

Experimental procedures
Animal

Pregnant adult Sprague Dawley rats were obtained from Charles River. Wild-type C57BL/6J
mice were obtained from Jackson Laboratories. The gp130DBH-Cre/lox mice were generated
as previously described (Stanke et al. 2006). All animals were housed individually with a 12
hr:12 hr light dark cycle and ad libitum access to food and water. All procedures were
approved by the Institutional Animal Care and Use Committee, and comply with the Guide
for the Care and Use of Laboratory Animals published by the US National Institutes of
Health (NIH publication No. 85-23, revised 1996).

Cell culture
All cells were grown under sterile conditions in a humidified 5% CO2 incubator at 37°C.
Superior cervical ganglia (SCG) from newborn rats or mice (P0-P1) were dissociated and
grown in cell culture as previously described (Dziennis and Habecker 2003;Li et al. 2003)
using C2 medium supplemented with 50ng/mL nerve growth factor (NGF, Alomone Labs),
and 3% fetal bovine serum (ATCC)(Pellegrino et al. 2011). Sympathetic neurons were
grown in 12, 24, or 96-well plates pre-coated with 100μg/mL poly-L-lysine (Sigma) and
10μg/mL collagen (BD bioscience). Non-neuronal cells were eliminated by treating the
cultures with the anti-mitotic agent cytosine arabinoside (Ara C, 1μM, Sigma) for 2 days.
SK-N-BE(2)M17 human neuroblastoma cells (M17 cells) were grown in Dulbecco’s
modified Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum. M17 cells
were plated at 1 × 105 cells per well in 12-well plates.

Cytokines and other reagents were diluted in culture medium before addition to the culture
plates. Cells were treated with 100 ng/ml CNTF or LIF (Pepro Tech), 100 nM MG-132
(Calbiochem), 20 μM STAT3i V (STAT3 Inhibitor V, Calbiochem), 10 μM U0126 (Sigma),
and 2 μM JAK (Janus tyrosine kinase) inhibitor (Calbiochem). The duration and timing of
treatments is noted for each experiment. All conditions were assayed in triplicate and
experiments repeated at least 3 times.

Immunoblot Analysis
Cells were washed with ice-cold PBS and lysed at 4°C in RIPA lysis buffer (1% Triton-
X100, 1% sodium deoxycholate, 0.2% SDS, 125 mM NaCl, 50 mM Tris pH 8.0, 10%
glycerol, 25 mM β-glycerolphosphate, 1 mM EDTA, 25 mM NaF, protease inhibitor
cocktail (Roche) and 1 mM sodium orthvanadate). Lysates were fractionated on SDS-
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polyacrylamide gels and transferred to nitrocellulose membranes. Blots were incubated in
5% low fat milk in Tris-buffered saline (pH 7.4) containing 0.1% tween-20 (TBST) at room
temperature. Membranes were subsequently incubated at 4°C overnight with rabbit anti-TH
(1:5000, Millipore), mouse anti-ubiquitin (1:500, Santa Cruz), rabbit anti-pERK1/2
(phospho-extracellular signal-regulated kinases 1 and 2, 1:1000, Cell Signaling), rabbit anti-
total ERK (1:1000, Cell Signaling), rabbit anti-pSTAT3 (phospho-Tyr705 Signal Transducer
and Activator of Transcription 3, 1:1000, Cell Signaling), or rabbit anti-total STAT3
(1:1000, Cell Signaling) antibodies. The immunoblots were incubated with horseradish
peroxidase (HRP)- conjugated secondary antibody immune-complexes were visualized by
chemiluminescence (Super Signal Dura, Pierce) and quantified using Labworks software.

Immunoprecipitation
After treatment, neurons were washed with ice-cold PBS and lysed at 4°C in RIPA lysis
buffer. Aliquots of cell lysates (150 μg total protein) were incubated with Protein G-
Sepharose conjugated beads (Invitrogen) for 2h to eliminate non-specific binding. Pre-
cleared cell lysates were incubated with a saturating amount of primary antibody (1.5 μg
rabbit anti-TH per condition) overnight at 4°C. Protein G beads were added in excess to
each sample and incubated for 2h. After incubation, beads were washed with ice-cold PBS 5
times to remove non-specific binding. Proteins were released from immune-complexes by
incubation with SDS sample buffer (Dziennis and Habecker 2003) at 95° C for 5 min then
analyzed by western blot.

Estimation of TH half-life
1) Pulse Chase—Neurons were cultured as described above, and 5 days after plating
metabolic labeling was carried out using an approach similar to that previously used to
determine TH half-life (Franklin and Johnson 1998;Wu and Cepko 1994). Prior to labeling,
neurons were incubated for 1h at 37° C in culture medium without L-methionine or L-
cysteine supplemented with 5% fetal bovine serum. To label newly synthesized protein,
[35S] methionine/cysteine (20 μCi/mL; 73% L-methionine, 22% L-cysteine, Perkin Elmer)
was added for 1 hr. Cells were washed with PBS to remove unincorporated isotope, and
chase medium (DMEM) with methionine supplemented to 150 mg/L was added to stop
labeling. Cultures were lysed in RIPA lysis buffer with Triton-X100 at 0, 4, 8, 16, 24 hours
later. TH was immunoprecipitated from samples and immune complexes were resolved by
SDS-PAGE gel electrophoresis. Labeled TH was quantified using a Bio-Rad
Phosphoimager.

2) Protein synthesis inhibition—M17 neuroblastoma cells were treated with 20 μg/mL
cycloheximide with or without 100 ng/mL CNTF or 0.1% ethanol vehicle. For inhibition of
MEK/ERK signaling, M17 cells were pretreated with vehicle or 10 μM U0126 for 30min,
and then incubated with 20 μg/mL cycloheximide in the presence or absence of CNTF. 0.1
% DMSO and 0.1% ethanol were added as vehicle controls. Cells were lysed at 0, 8, 12, and
24 hours, and 8 μg aliquots were assayed for TH content by western blot.

For half-life calculations, TH levels were plotted as the percentage of TH remaining,
normalized to initial TH levels, on a natural log scale versus time. The data were fitted to a
first-order decay function to estimate the degradation rate constant (kd), which then was
used to calculate a half-life (t1/2). TH half-life was calculated from t1/2= ln2/kd.

Transient Transfection and Reporter Assays
DNA used for transfection was purified using the Qiagen Maxiprep kit. M17 cells were
plated at a density of 1.0 × 105 cells per well in 6-well plates and immediately treated with
vehicle or 100ng/mL CNTF. 48 hours after plating, media was removed and cells were
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transfected using the CaPO4 method. Cells were transfected with 1μg of 4.5TH-fLuc and
100ng pRL-null as a control for transfection efficiency. After 4 hour incubation with DNA,
cells were shocked with 15% glycerol/PBS, washed with PBS, and placed back into culture
media containing media alone or media + CNTF. Firefly luciferase activity from 4.5TH-
fLuc and Renilla luciferase activity from the pRL-null internal control were assayed 48
hours after transfection using the Dual-Luciferase Reporter Assay system. Firefly luciferase
values were normalized to Renilla luciferase values.

Real Time PCR
Neurons were harvested using the Cells-to-cDNA II kit from Ambion. Cell lysates were
treated with DNase and reverse transcribed. Real-time PCR was performed with the ABI
TaqMan Universal PCR Master Mix in the ABI 7500, using ABI pre-validated TaqMan
gene expression assays for TH and GAPDH. For the PCR amplification, 2 μl of RT
reactions were used in a total volume of 20 μl, and each sample was assayed in triplicate.
Standard curves were generated with known amounts of RNA (0.5 ng – 100 ng) and TH
mRNA was normalized to GAPDH mRNA in the same sample.

Statistical analyses
Data are presented as mean values± SEM. Significant differences were assessed by one-way
analysis of variance (ANOVA) using GraphPad Prism 5 (GraphPad Software, Inc.). Tukey’s
post hoc test was used to compare to all conditions. P values <0.05 were considered
significant.

Results
In order to investigate the mechanisms that underlie the gp130-dependent loss of tyrosine
hydroxylase in the left ventricle after myocardial infarction (Parrish et al. 2010), we first
confirmed that similar changes occurred in cell culture. Treatment of wild type sympathetic
neurons with the cytokine CNTF decreased TH content and stimulated phosphorylation of
ERK1/2 and STAT3 (Fig 1). In contrast, CNTF did not decrease TH or increase
phosphorylation of ERK1/2 or STAT3 in sympathetic neurons lacking gp130 (Fig 1). To
determine if CNTF had an effect on TH protein turnover, we carried out pulse chase
experiments in wild type sympathetic neurons. CNTF was added during the “chase” phase,
and samples were collected over 24 hours after CNTF addition. CNTF decreased TH half-
life by approximately 50% compared to control neurons (control 28.3±0.7 hr vs. CNTF
12.8±2.2 hrs, n=3 experiments, p<0.05) (Fig 2B). Additional experiments confirmed that TH
mRNA was unchanged 24 hours after CNTF treatment (Fig. 2A), consistent with a normal
level of TH synthesis.

Although primary cultures of sympathetic neurons faithfully reproduce neurotransmitter
changes that are observed in vivo, the large number of cells required for half-life
experiments led us to establish a cell line model system for further investigation of
mechanisms. We previously found that CNTF and LIF activate the same signaling pathways
and suppress dopamine beta hydroxylase expression in M17 neuroblastoma cells and
sympathetic neurons (Dziennis and Habecker 2003). Therefore, we examined TH expression
in M17 cells to determine if they would provide a suitable model for half-life experiments.
Treatment of M17 cells with CNTF or LIF stimulated STAT3 phosphorylation (Fig. 3A),
inhibited TH gene transcription (Fig. 3B), and decreased TH protein content (Fig. 3C). We
then used M17 cells to determine if cytokines altered TH protein stability by measuring the
effect of CNTF on TH half-life. We were unable to attain equilibrium using the pulse-chase
method, and therefore inhibited protein synthesis in order to obtain the degradation rate for
TH. The estimated half-life for TH in control cells was 36.8±1.9h (kd= 0.021 h−1; n=3)
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while the estimated half-life after CNTF treatment was 15.8±1.7h (kd = 0.046 h−1; n=3)
(Fig. 4). CNTF decreased TH protein half-life by approximately 50%, similar to the change
we observed in sympathetic neurons.

The half-life data suggest that CNTF stimulates TH degradation. TH can be broken down by
the ubiquitin-proteasome system (Doskeland and Flatmark 2002;Lopez Verrilli et al. 2009),
so we asked if CNTF stimulated the ubiquitination and proteasomal degradation of TH.
Sympathetic neurons or neuroblastoma cells were treated for 30 minutes with vehicle or
CNTF, and TH was immunoprecipitated (IP) with an anti-TH antibody. Samples were then
fractionated and blotted with an anti-ubiquitin antibody. Ubiquitin conjugated TH was
detected as a high molecular weight smear and was increased after CNTF exposure in
neurons and neuroblastoma cells (Fig 5A,B). To confirm that CNTF-stimulated TH
ubiquitination was a direct effect of CNTF activating its receptor, we examined
ubiquitinated TH in neurons lacking the gp130 receptor. CNTF did not increase the
accumulation of ubiquitinated TH in neurons lacking gp130, although TH was abundant in
the immunoprecipitated samples, and absent in the post-IP lysates (Fig. 5C). Many
ubiquitin-conjugated proteins were detected in the post-IP lysates present on the same blot
(Fig. 5C). To determine if TH ubiquitination was associated with increased proteasomal
degradation, neurons were treated with vehicle or CNTF for 4 days. During the last 2 days,
cells were treated with the proteasome inhibitors MG-132 (100 nM; Fig. 5D) or lactacystin
(100 nM; Fig. 5E), or 0.1% DMSO as a vehicle control. The cytokine-induced loss of TH
was prevented by both proteasome inhibitors but not the DMSO control treatment,
consistent with proteasomal degradation. Cell death was monitored in sister cultures and no
significant cell death was observed with 2 day MG-132 and lactacystin treatment compared
to control (data not shown). These data suggest that cytokines stimulate TH turnover in
sympathetic neurons by targeting the enzyme for proteasomal degradation.

In order to determine which signaling pathways were involved in cytokine-stimulated
ubiquitination of TH, we used a pharmacological approach to inhibit key signaling
pathways. Cytokine activation of gp130 stimulates phosphorylation of JAK kinases and the
downstream signaling molecules ERK1/2 and STAT3 (Dziennis and Habecker 2003;Fischer
and Hilfiker-Kleiner 2008). We first examined the role of ERK1/2, and found that the MEK
(MAPK/ERK kinase) inhibitor U0126 prevented both ERK1/2 phosphorylation and CNTF-
stimulated TH ubiquitination (Fig. 6). We then treated sympathetic neurons with CNTF in
the presence or absence of drugs that blocked activation of Jak, ERK1/2, or STAT3. Once
again, blocking ERK phosphorylation prevented CNTF-stimulated ubiquitination of TH.
Likewise, blocking JAK prevented phosphorylation of both ERK1/2 and STAT3, and
inhibited cytokine-stimulated TH ubiquitination (Fig. 7). In contrast, treating neurons with
STAT3iV blocked STAT3 phosphorylation but increased TH ubiquitination independent of
CNTF (Fig. 7). The STAT3 inhibitor AG490 did not inhibit STAT3 phosphorylation at
concentrations consistent with cell survival (data not shown).

CNTF decreased the half-life of TH, and our ubiquitination experiments suggested that
ERK1/2 signaling was required for cytokine-induced TH degradation. However, the time
course for ubiquitination was 30 minutes, and several days of cytokine exposure were
required to observe a significant proteasome-dependent loss of TH. To determine if
cytokines stimulated degradation of TH via an ERK1/2-dependent pathway, we measured
the half-life of TH in control and in CNTF-treated M17cells with or without U0126 to
prevent ERK activation. CNTF decreased TH half-life by approximately 50%, consistent
with our previous results, but the decrease in half-life was blocked by U0126 (CON 33.3±
3.6hr, UO 28.3± 2.4hr, CNTF 16± 0.5hr*, CNTF+UO 27.0± 3.5hr, n=3 experiments,
*p<0.05 vs. CON) (Fig. 8). Thus, ERK1/2 activation is required for the cytokine-induced
degradation of TH.
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Since ERK1/2 was involved in cytokine-stimulated TH degradation, we tested if inhibiting
ERK1/2 activation could prevent the loss of TH protein in CNTF-treated neurons. Neurons
were treated with CNTF for 5 days with or without U0126, and assayed for either TH
protein or TH mRNA. Blocking ERK1/2 activation in CNTF-treated cells partially rescued
TH protein levels, but exacerbated the loss of TH mRNA (Fig 9). To ensure that ERK-
dependent TH degradation was a general effect of gp130 activation and was not specific to
CNTF, we repeated these experiments with the cytokine LIF and the MEK inhibitor
PD98059, and obtained similar results. LIF decreased TH protein and mRNA in sympathetic
neurons, as expected. Blocking ERK activation blunted the loss of TH protein while
exacerbating the loss of TH mRNA (data not shown).

Discussion
It is well established that inflammatory cytokines such as CNTF and LIF suppress
sympathetic noradrenergic neurotransmission (Patterson and Chun 1977;Saadat et al.
1989;Yamamori et al. 1989). This suppression was thought to be mediated by reducing the
expression of noradrenergic genes (Fann and Patterson 1993;Li et al. 2003;Nawa et al.
1991;Pellegrino et al. 2011). Recently, however, we found that TH content was reduced
locally in sympathetic axons in the damaged left ventricle after cardiac ischemia-
reperfusion, but not in axon branches projecting to unaffected regions of the heart (Parrish et
al. 2008). Moreover, TH mRNA was actually increased in the cell bodies of sympathetic
neurons projecting to the heart following myocardial infarction (Parrish et al. 2008).
Cytokine activation of gp130 receptors triggered the local loss of TH (Parrish et al. 2010),
suggesting that cytokines might directly affect the stability of TH in a portion of the target
field of these sympathetic neurons.

TH is a substrate for ubiquitination (Doskeland and Flatmark 2002;Nakashima et al.
2011;Lopez Verrilli et al. 2009) which targets cells for degradation through the proteasome,
the major protein degradation pathway in mammalian cells (Ciechanover 2005). Cytokines
stimulate the ubiquitin-proteasome system after nerve injury (Jho et al. 2004) making this
system an ideal candidate for triggering the loss of TH in the peri-infarct left ventricle. We
found that cytokine activation of gp130 increased the ubiquitination of TH in cultured
sympathetic neurons and neuroblastoma cells. In addition, the proteasome inhibitors
MG-132 and lactacystin prevented the loss of TH in CNTF-treated cells, while the lysosome
inhibitor chloroquine did not (data not shown). Together our data suggest that gp130
cytokines stimulate degradation of TH through the ubiquitin-proteasome system in
sympathetic neurons.

The cytokine CNTF stimulated ubiquitination of TH within 30 minutes, consistent with
targeting the enzyme for proteasomal degradation. However, significant decreases in TH
enzyme levels were not observed until 4 days after cytokine addition. TH is a stable protein
with reported half-life ranging from 17 hr to 34 hr in various catecholamine-producing cells
(Fernandez and Craviso 1999;Tank et al. 1986;Wu and Cepko 1994), and a half-life of
several days in adrenal gland (Chuang et al. 1975;Mueller et al. 1969). The long half-life is
consistent with a relatively long lag time to observe the loss of TH protein in cultured
neurons. Cytokines also decrease TH mRNA, and ultimately protein synthesis, in
sympathetic neurons (Fann and Patterson 1993;Li et al. 2003;Nawa et al. 1991). However,
TH mRNA levels were not significantly decreased until 48 hours after CNTF addition, also
consistent with the delay in decreased neuronal TH content. Thus, CNTF stimulates
ubiquitination of TH within minutes and decreases enzyme half-life within hours, but
depletion of neuronal TH stores is not apparent until several days after exposure.
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Our experiments generated half-life values for TH in control cells ranging from 28 to 37
hours, which is consistent with previous reports. Cycloheximide can stabilize TH protein in
some cell types (Fernandez and Craviso 1999), but our use of cycloheximide resulted in
half-life values consistent with those obtained using other methods. A limitation of our half-
life experiments is that we were unable to measure TH levels beyond 24 hours due to cell
viability issues. We believe the data are reliable because: the resulting half-life values are in
line with values in the literature, similar results were obtained using pulse-chase and protein
synthesis inhibitors, and CNTF decreased the half-life by a similar amount in both neurons
and neuroblastoma cells.

Cytokines such as CNTF activate two primary signaling pathways in sympathetic neurons:
JAK/STAT3 and ERK1/2. Activation of both STAT3 and ERK1/2 can regulate protein
degradation through the ubiquitin-proteasome system (Niu et al. 1998;Ozawa et al. 2008).
We found that cytokine activation of ERK1/2 was required for both TH ubiquitination and
subsequent degradation. Blockade of ERK1/2 activation was sufficient to prevent CNTF-
stimulated ubiquitination and degradation of TH as measured by protein half-life. However,
inhibiting ERK1/2 activation provided only a partial rescue of TH protein during 5 days of
CNTF or LIF treatment, despite completely rescuing TH half-life. CNTF and LIF suppress
TH gene expression in addition to their effect on protein turnover, and inhibiting ERK1/2
activation enhanced the loss of TH mRNA. Thus, decreased synthesis of new enzyme likely
offset the absence of protein degradation, resulting in a partial rescue of TH protein in
cytokine treated cells. In contrast to the clear role for ERK1/2 revealed by our experiments,
it is difficult to draw any specific conclusions about the role of STAT3 phosphorylation in
TH ubiquitination and degradation. The STAT3 inhibitor STAT3iV increased TH
ubiquitination and ERK1/2 phosphorylation (Fig 7), but that effect was independent of
CNTF. Other putative STAT3 inhibitors we tested did not prevent phosphorylation of
STAT3. Together our data identify a clear role for ERK signaling, but cannot rule out a role
for STAT3.

This study revealed that inflammatory cytokines acting through gp130 target TH for
proteasomal degradation, leading to the loss of neurotransmitter production in affected
neurons. This has important implications for pathologies that involve inflammation and
increased production of gp130 inflammatory cytokines. For example, cytokines are elevated
in the heart after myocardial infarction (Aoyama et al. 2000;Frangogiannis et al.
2002;Gwechenberger et al. 1999) where they cause local depletion of TH and NE in the left
ventricle (Parrish et al. 2010). This results in heterogeneity of sympathetic transmission that
contributes to development of arrhythmias and sudden cardiac death (Rubart and Zipes
2005). Diet-induced obesity and metabolic dysfunction also result in peripheral
inflammation (Elmarakby and Imig 2010;Hotamisligil 2006), which may be tied to the
sympathetic dysfunction that occurs in those diseases (Grassi et al. 2010;Morgan and
Rahmouni 2010). Inflammatory cytokines including IL-6 are also elevated in Parkinson’s
disease, which is characterized by the loss of TH (Ciesielska et al. 2007). Recent studies
indicate that dysfunction in the ubiquitin-proteasome system contributes to dopaminergic
neuron degeneration in Parkinson’s disease and inhibiting proteasome activity is protective
for dopaminergic neurons (McNaught et al. 2006;Oshikawa et al. 2009). Thus, our study
provides an important link between inflammation and the loss of TH in disease states.

In summary, gp130 cytokines increase the degradation of TH through the ubiquitin-
proteasome system via an ERK-dependent signaling pathway. Our findings suggest that
local effects of inflammatory cytokines on TH stability may modulate neurotransmitter
synthesis in a variety of pathological conditions.
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Figure 1. CNTF suppresses TH via gp130
A. A representative western blot showing TH content in wild type (WT) and gp130−/−
sympathetic neurons following 5 days in 100ng/ml CNTF. The blot was stripped and re-
blotted for GAPDH to control for protein loading. B. Quantification of TH content assayed
in triplicate by immunoblot. TH was decreased in WT but not gp130−/− neurons. Data are
mean ± SEM, averaged from 3 independent experiments; ***p<0.001. C. Phospho-ERK1/2
(p-ERK1/2) and phospho-STAT3 (p-STAT3) were identified by immunoblot in M17
neuroblastoma cells, WT mouse neurons and gp130−/− neurons treated with CNTF for 15
minutes. Membranes were stripped and re-probed for total ERK as a control. Data shown are
representative of three experiments assayed in triplicate.
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Figure 2. CNTF decreases TH mRNA and protein half-life in sympathetic neurons
A. Time course of TH mRNA changes following treatment with vehicle (CON) or CNTF.
TH mRNA was normalized to the pan-neuronal marker PGP. Data are mean ± SEM, n=3,
and are representative of 3 experiments. (** p<0.01 vs. CON). B. TH half-life was
quantified by pulse-chase analysis in neurons treated with vehicle (CON) or CNTF. Data are
the mean ± SEM averaged from 3 experiments (** p<0.01 vs. CON).
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Figure 3. CNTF and LIF suppress TH in M17 neuroblastoma cells
A. Representative blot of phospho-STAT3 (pSTAT3) and total STAT3 (tSTAT3) in M17
cells treated with LIF or CNTF for 15 minutes. B. TH transcription was assessed by
transfecting (CON) or CNTF-treated M17 cells with the 4.5TH-fLuc reporter construct and
pRL-null internal control. Cells were maintained for 2 more days in vehicle or CNTF prior
to analysis of luciferase. Data are a ratio of firefly luciferase/renilla luciferase, and are mean
± SEM, n=3 (representative of 3 independent experiments, *p <0.05). C. TH content was
quantified in control (CON) and LIF-treated M17 cells by immunoblot and normalized to
tubulin. Data are mean ± SEM, averaged from 3 independent experiments. (** p<0.01).
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Figure 4. CNTF decreases TH half-life
A. Natural log plot of TH content in control and CNTF treated M17 cells, graphed as
percentage of the TH present at time 0. Data shown are the mean of 3 independent
experiments ± SEM; ** p<0.01. B. A representative blot showing TH content at different
time points. The blot was stripped and re-probed for GAPDH as a control for protein
loading. One replicate is shown, but each time point was assayed in triplicate.
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Figure 5. CNTF stimulates ubiquitination and proteasomal degradation of TH
A–C. Ubiquitinated TH in wild type sympathetic neurons (A, SCG), M17 neuroblastoma
cells (B, M17 cells), and sympathetic neurons lacking gp130 (C, gp130−/− neurons). All
cells were treated for 30 min with 100 ng/ml CNTF. TH was immunoprecipitated and
blotted with an anti-ubiquitin antibody. Blotting for total TH confirmed similar amounts of
TH protein pulled down in the different treatment conditions, while no TH was detected in
the post-IP lysate (C). Ubiquitin-conjugated TH is increased in wild type neurons and M17
cells, but not gp130−/− neurons. D, E. Sympathetic neurons were treated with 100 ng/mL
CNTF for 4 days. During the last 2 days cells were also treated with 0.1% DMSO vehicle or
the proteasome inhibitor (D) MG-132 (100 nM) or (E) lactacystin (Lac, 100 nM). TH was
quantified in triplicate by western blot and the membrane stripped and blotted for GAPDH.
Representative blots are shown along with their quantification (mean ± SEM, n=3, *p<0.05).
Each inhibitor was tested in at least 3 independent experiments.
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Figure 6. ERK1/2 activation is required for CNTF stimulated TH ubiquitination
Sympathetic neurons were treated with CNTF for 30 min, with or without 10 μM U0126 to
prevent ERK1/2 activation. TH was immunoprecipitated and immunoblotted with anti-
ubiquitin antibody. Total TH levels were identified by immunoblot as a control. CNTF-
induced phosphorylation of ERK1/2 was blocked by U0126, but total ERK1/2 was
unchanged. Representative of at least 3 independent experiments.
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Figure 7. Intracellular signaling involved in TH ubiquitination
Cultured sympathetic neurons were treated with CNTF for 30 min in the presence or
absence of JAK inhibitor (JAKI, 2 μM), U0126 (10 μM, UO), or STAT3I (20 μM) to block
phosphorylation of STAT3. TH was immunoprecipitated and blotted with an anti-ubiquitin
antibody. Additional aliquots from the same cells were blotted for phospho-STAT
(pSTAT3Y705) and phospho-ERK1/2 (pERK). Total TH, ERK1/2, and STAT3 were blotted
to control for protein loading. Data shown are representative of at least 3 independent
experiments.
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Figure 8. ERK1/2 activation is required for cytokine-induced TH protein turnover
The natural log plot of TH content in M17 cells, graphed as percentage of the TH present at
time 0, is shown. Data are the mean of 3 independent experiments ± SEM; * p<0.05 vs.
control. Each condition was assayed in triplicate for each experiment. Calculated half-life:
Control 33.3±3.6 hr, CNTF 16.3±0.5* hr, CNTF+UO 27.0±3.5 hr, UO 28.3±2.4 hr, n=3
experiments.
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Figure 9. Blocking ERK activation blunts CNTF suppression of TH protein but exacerbates loss
of TH mRNA
Sympathetic neurons were treated with 100 ng/ml CNTF for 5 days with or without U0126
(10 μM). A. TH protein was quantified by immunoblot and normalized to total protein. Data
are from a representative experiment, mean ± SEM, n=3, * p<0.05 vs. control. B. TH
mRNA was quantified by real-time PCR and normalized to GAPDH mRNA. Data are from
a representative experiment, mean ± SEM, n=3, ** p<0.01, * p<0.05. All data are
representative of three independent experiments.

Shi and Habecker Page 19

J Neurochem. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


