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Abstract
Culture of chicken nodose neurons with CNTF but not BDNF causes a significant increase in T-
type Ca2+ channel expression. CNTF-induced channel expression requires 12 hr stimulation in
order to reach maximal expression and is not affected by inhibition of protein synthesis,
suggesting the involvement of a posttranslational mechanism. In this study we have investigated
the biochemical mechanism responsible for the CNTF-dependent stimulation of T-type channel
expression in nodose neurons. Stimulation of nodose neurons with CNTF evoked a considerable
increase in STAT3 and ERK phosphorylation. CNTF-evoked ERK phosphorylation was transient
whereas BDNF-evoked activation of ERK was sustained. Pre-treatment of nodose neurons with
the JAK inhibitor P6 blocked STAT3 and ERK phosphorylation, whereas the ERK inhibitor
U0126 prevented ERK activation but not STAT3 phosphorylation. Both P6 and U0126 inhibited
the stimulatory effect of CNTF on T-type channel expression. Inhibition of STAT3 activation by
the selective blocker stattic has no effect on ERK phosphorylation and T-type channel expression.
These results indicate that CNTF-evoked stimulation of T-type Ca2+ channel expression in
chicken nodose neurons requires JAK-dependent ERK signaling. A cardiac tissue extract derived
from E20 chicken heart was also effective in promoting T-type Ca2+ channel expression and
STAT3 and ERK phosphorylation. The ability of the heart extract to stimulate JAK/STAT and
ERK activation was developmentally regulated. These findings provide further support to the idea
that CNTF or a CNTF-like factor mediates normal expression of T-type channels.
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INTRODUCTION
Ca2+ influx through voltage-gated Ca2+ channels (VGCC) constitutes one main source of
intracellular Ca2+ in neurons. Biophysical, pharmacological and molecular analyses have
revealed the presence of two families of voltage-gated Ca2+ channels (reviewed by Catterall,
1998). The family of low voltage-activated (LVA) Ca2+ channels (also known as T-type
channels because of their tiny conductance and transient opening) generates fast-
inactivating currents at relatively hyperpolarized potentials. The family of high voltage-
activated (HVA) Ca2+ channels requires stronger depolarizations for opening and can be
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further divided into several subfamilies including L, N, P and Q-type Ca2+ channels.
Presently, there is little understanding about the cellular mechanisms that regulate LVA and
HVA Ca2+ channel expression during neuronal development and differentiation.

The functional expression of T-type Ca2+ channels is developmentally regulated in chicken
nodose neurons (Pachuau & Martin-Caraballo, 2007a). T-type Ca2+ currents are restricted to
a few nodose neurons between embryonic day (E) 7 and E10 but are present in
approximately 60% of nodose neurons by E17. Although the functional expression of T-type
Ca2+ channels occurs late in development, transcripts of the T-type Ca2+ channel pore-
forming α1H subunit are already present by E7. T-type Ca2+ channel expression can be
evoked in vitro by culture of E7 nodose neurons with a heart-derived extract suggesting that
extrinsic factors present in the culture medium regulate the functional expression of T-type
Ca2+ channels in chicken nodose neurons. Chicken CNTF and leukemia inhibitory factor
(LIF) but not BDNF mimic the stimulatory effect of cardiac tissue on T-type Ca2+ channel
expression (Pachuau & Martin-Caraballo, 2007b). Interestingly, T-type Ca2+ channel
expression reaches a maximum after 12 hr-exposure to CNTF or heart extract and persists in
the presence of protein synthesis inhibitors (Pachuau & Martin-Caraballo, 2007b). The lack
of effect of protein synthesis inhibitors combined with our findings that T-type Ca2+ channel
transcripts are already present at E7 suggest that the functional expression of T-type Ca2+

channels is regulated by a posttranslational mechanism in chicken nodose neurons. The time
course of CNTF-evoked expression of T-type Ca2+ channels by a protein synthesis-
independent mechanism raises a question as to what signaling mechanism mediates calcium
channel expression in nodose neurons.

In many systems, CNTF (and related neuropoietic cytokines) stimulates neuronal survival
and differentiation through the activation of a heteromeric receptor complex composed of a
ligand-specific glycosyl-phosphatidylinositol (GPI)-anchored receptor (CNTFRα1), a
leukemia inhibitory factor receptor β (LIFRβ) molecule, and the signaling protein gp130
(reviewed by Inoue et al., 1996). Binding of CNTF to CNTFRα1 leads to heterodimerization
of gp130 and LIFRβ [reviewed by Inoue et al., 1996]. CNTF-induced dimerization of the
gp130-LIFRβ complex results in the phosphorylation of Janus tyrosine kinases (JAKs)
(Dziennis & Habecker, 2003; Jiao et al., 2003; Rhee et al., 2004; reviewed by Heinrich et
al., 2003). Once activated, JAKs phosphorylate various tyrosine residues on the cytoplasmic
tail of gp130, which then becomes a docking site for several signal-transducing proteins
such as signal transducer and transducer of transcription (STAT) transcription factors and
proteins containing a src homology 2 (SH2) domain. CNTF-evoked activation of the JAK/
STAT signaling cascade is often associated with long-term changes in gene expression
through dimerization of STAT transcription factors followed by nuclear translocation
(Symes et al., 1997). Activation of gp130-LIFRβ receptor complex can also lead to
stimulation of other signaling molecules including mitogen-activated protein (MAP) and PI3
kinase (Boulton et al., 1994; Alonzi et al., 2001). Therefore, it is not obvious by which
mechanism JAK/STAT activation could regulate T-type Ca2+ channel expression in chicken
nodose neurons, in a way that does not require changes in gene expression and can occur in
a relatively short period of time.

In this study we have examined the signaling mechanism involved in the CNTF-dependent
upregulation of T-type Ca2+ channel expression in chicken nodose neurons. Our data
indicate that CNTF and heart extract evoke activation of JAK/STAT and ERK signaling
pathways, which results in increased functional expression of T-type Ca2+ channels. JAK-
dependent, transient activation of the ERK signaling pathway appears to mediate the
stimulatory effect of CNTF on T-type channel expression.
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METHODS
Cell cultures

Nodose ganglia were isolated from chicken embryos at embryonic day 7 (E7) as described
previously (Pachuau & Martin-Caraballo, 2007a, b). Briefly, nodose ganglia were excised
into a HEPES-based, Ca2+- and Mg2+-free solution, mildly trypsinized (0.05% trypsin for 12
min), dissociated by trituration, and plated onto poly-D-lysine-coated glass coverslips (for
whole cell recordings) or poly-D-lysine-coated 35 mm-tissue culture plastic dishes (for
immunoblotting). For western blot analysis, nodose ganglia were isolated from at least 40
embryos in order to obtain sufficient number of cells. Nodose neurons were allowed to
attach to the tissue culture plastic dishes for 1.5 hr in basal culture medium. Basal culture
medium consisted of Eagle's minimal essential medium (EMEM, BioWhittaker,
Walkersville, MA) supplemented with 10% heat-inactivated horse serum, 2 mM glutamine,
50 U/ml penicillin and 50 μg/ml streptomycin. After cell attachment, cell cultures were
washed with serum-free culture media and maintained for 2 hr in a 5% CO2 humidified
incubator. Following 2 hr incubation in serum-free media, cell cultures were stimulated as
described in the results section. For whole cell recordings, nodose neurons were allowed to
attach to round glass coverlips (12 mm) for 1.5 hr in supplemented culture medium. Cell
cultures were stimulated with chicken CNTF overnight in order to promote T-type channel
expression. Unless indicated otherwise, the culture medium was also supplemented with
BDNF (50 ng/mL) in order to promote neuronal survival in cell cultures used for
electrophysiological recordings. Cell cultures were maintained in a 5% CO2 incubator at
37°C for up to 24 hr.

The BE(2)-C cells were obtained from the American Type Culture Collection (Manassas,
VA) and grown in a 1:1 mixture of Ham's F12 and EMEM supplemented with 10% heat-
inactivated horse serum, 2 mM glutamine, 50 U/ml penicillin and 50 μg/ml streptomycin.
BE(2)-C cells were stimulated after reaching 70% confluency.

Electrophysiology
Dissociated nodose neurons were visualized using an Olympus X71 inverted microscope
equipped with Hoffman optics. Recordings were performed at room temperature (22–24°C).
Recording electrodes were made from thin wall borosilicate glass (3–4 MΩ) and filled with
a solution consisting of (in mM) 120 CsCl, 2 MgCl2, 10 HEPES-KOH, 10 EGTA, 1 ATP,
and 0.1GTP (pH 7.4 with CsOH). Normal external saline for measurements of Ca2+ currents
contained (in mM) 145 tetraethylammonium chloride (TEACl), 10 CaCl2, and 10 HEPES
(pH 7.4 with CsOH). To measure Ca2+ currents, a 200 ms-depolarizing step to various
potentials was applied from a holding potential of −100 mV in normal external saline.
Voltage commands, data acquisition and analysis were performed with a MULTICLAMP 700A
amplifier and PCLAMP software (Axon Instruments, Foster City, CA). Pipette offset, whole cell
capacitance, and series resistance (usually <10 MΩ) were compensated automatically with
the MultiClamp 700B Commander. For quantitative analyses, we normalized for cell size by
dividing current amplitudes by cell capacitance, determined by integration of the transient
current evoked by a 10-mV voltage step from a holding potential of −60 mV (Pachuau and
Martin-Caraballo, 2007b).

Western blot analysis
Immunoblot analysis of ERK and STAT3 phosphorylation was performed on cell cultures
obtained from E7 nodose ganglia or BE(2)-C cells. Cell cultures were maintained in serum-
free EMEM culture media for 2 hr prior to stimulation. Controls consisted of non-stimulated
samples. Immediately following stimulation, cultures were returned to the incubator for
varying lengths of time as indicated. Cultures were then washed twice with ice-cold PBS
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and lysed in 2X-Laemmli sample buffer. Samples were resolved by sodium dodecyl sulfate-
polyacrylamide (10 %) gel electrophoresis (SDS-PAGE). Proteins were transferred to
nitrocellulose membranes. After transfer, membranes were blocked with Aquablock
blocking buffer (EastCoastBio, North Berwick, ME) overnight at 4°C. Membranes were
incubated with 1:1000 dilutions of primary antibodies (dissolved in blocking buffer) for 4 hr
[rabbit anti-phospho-STAT3 (Cell Signaling, Danvers, MA)/mouse anti-STAT 3 (BD
Biosciences Pharmingen, San Diego, CA) or mouse anti-phospho-ERK (Sigma, St. Louis,
MO)/rabbit anti-ERK (Santa Cruz, Santa Cruz, CA)]. Each membrane was probed with the
phosphorylated and non-phosphorylated antibodies simultaneously. After four washes,
membranes were incubated with 1:10 000 fluorescent secondary antibodies in the dark. The
following secondary antibodies were used: Alexa Fluor 700 goat anti-mouse IgG
(Invitrogen, Carlsbad, CA) and IRDye 800 anti-rabbit IgG (Rockland, Gilbertsville, PA).
After washing the membranes three times, images of Alexa Fluor 700 and IRDye 800 were
acquired using the 700 and 800 nm channels of the Odyssey infrared imaging system
(LICOR Biosciences GmbH, Lincoln, NE). Each experiment was repeated at least three
times.

RNA isolation and real time PCR
Total RNA was extracted from homogenized nodose ganglia by TRIzol reagent according to
the manufacturer's instructions (Invitrogen). Total RNA was used as a template to synthesize
single-stranded cDNA using the RT Script kit (USB, Cleveland, OH) and 12–18 oligo-dT
primers (Invitrogen). Amplification of CNTFRα, LIFRβ, and gp130 was performed with a
SYBR green amplification kit (Applied Biosystems, Foster City, CA) using the following
set of specific primers: CNTFRα, forward primer 5'GCCAAAGACAATGACATCGG-3',
reverse primer 5'GCTCGTCGTCTCGGTGATCT-3'; LIFRβ, forward primer
5'TAAGCGGTATTGAGTTTAGA-3', reverse primer 5'ATCTTCAAGCGAGCATA -3';
and gp130, forward primer 5'CAAATGGAACTTACGAAGTCA-3', reverse primer 5'
TTGCCATCTTTAGGTAGTGTTCTA-3'. PCR reactions were carried out as follows: one
cycle of 95°C for 10 min followed by forty cycles of amplification (95°C/15 sec, 65°C/1
min). CNTFRα, LIFRβ, and gp130 expression was normalized to the housekeeping gene
GAPDH. Quantification of GAPDH cDNA was performed with the powerSYBR master mix
(Applied Biosystems) using the following set of primers: forward primer (5'
CATCCAAGGAGTGAGCCA -3'), reverse primer (5' TGGAGGAAGAAATTGGAGGA
-3'). PCR reactions consisted of one cycle of 95°C for 10 min followed by forty cycles of
amplification (95°C/15 sec, 57°C/1 min). Each PCR reaction also included a non-template
negative control. All PCR reactions were run simultaneously in duplicates. At the
completion of the PCR reactions, the amount of target message in each sample was
estimated from a threshold cycle number (CT), which is inversely correlated with the
abundance of its initial mRNA. CNTFRα, LIFRβ, and gp130 expression was normalized to
GAPDH to correct for differences in RNA concentration according to the delta-delta CT
method (Livak & Schmittgen, 2001). After completion of PCR reactions, products were
separated on 1.5% low melting point agarose gels. Bands were excised and submitted for
sequencing at the Vermont Cancer Center DNA facility on an Applied Biosystems DNA
sequencer.

Data Analysis
Averaged data values are presented as mean ± SEM where indicated. Statistical analyses
consisted of Student's unpaired t-test when single comparisons were made, or one-way
ANOVA followed by post hoc analysis using Tukey's honest significant difference test for
unequal n for comparisons between multiple groups (STATISTICA software, Tulsa, OK).
Throughout, p ≤ 0.05 was regarded as significant. For electrophysiological experiments,
data were collected from a minimum of two platings (i.e. from multiple cultures).
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Chemicals and drugs
Trypsin was from Sigma (St. Louis, MO). BDNF was obtained from R&D Systems
(Minneapolis, MN), whereas chicken CNTF (also known as growth promoting activity) was
kindly provided by Dr. Rae Nishi (University of Vermont). U0126 and P6 were obtained
from Calbiochem (Gibbstown, NJ). Stattic was purchased from Tocris (Ellisville, MO).
Culture medium and supplements including serum were from BioWhittaker (Walkersville,
MA).

RESULTS
Ca2+ currents were isolated by substitution of Na+ ions with external tetraethylammonium
(TEA) and by blocking outward K+ currents with Cs+ ions in the pipette solution. Maximal
T-type Ca2+ currents were generated by a voltage step to −20 mV from a holding potential
of −100 mV (Fig. 1A, stimulation protocol is represented in lower trace). HVA Ca2+

currents were evoked by a voltage step to +20 mV from a holding potential of − 100 mV
(Fig. 1A). The culture of E7 nodose neurons with chicken CNTF (50 ng/mL) for 24 hr
caused a significant increase in T-type Ca2+ current amplitude compared with nodose
neurons maintained in the presence of the survival-promoting factor BDNF (Fig. 1A). To
compensate for changes in cell size that may occur under different culture conditions,
whole-cell currents were normalized to cell size by dividing current amplitudes by cell
capacitance (see Methods, Pachuau and Martin-Caraballo, 2007b). As represented in Fig.
1B, in acutely isolated E7 (control) and BDNF treated neurons, T-type Ca2+ current density
was relatively low. Culture of nodose neurons with chCNTF or heart extract for 24 hr
caused a >3-fold increase in T-type Ca2+ current densities. The stimulatory effect of chicken
CNTF on T-type Ca2+ current density was not significantly different from that caused by
heart extract (200 μg/mL, p>0.05). We have previously shown that the increase in T-type
Ca2+ current density does not involve a change in the voltage-dependent activation and
inactivation parameters of the currents and is likely mediated by an increase in the number
of functional channels in the membrane (Pachuau & Martin-Caraballo, 2007b). HVA Ca2+

current densities did not change significantly in the presence of CNTF or heart extract when
compared with acutely isolated E7 or BDNF-treated nodose neurons (Fig. 1C). This
suggests that the stimulatory effect of CNTF and heart extract is specific and only affects the
functional expression of T-type but not HVA Ca2+ channels.

CNTF (and related neuropoietic cytokines) stimulate neuronal survival and differentiation
through the activation of heteromeric receptor complexes composed of a ligand-specific
glycosyl-phosphatidylinositol (GPI)-anchored receptor (CNTFRα1), a LIFRβ receptor
molecule, and the signaling protein gp130 (reviewed by Inoue et al., 1996). Since the
expression of these CNTF signaling components has not been previously demonstrated in
chicken nodose neurons, our first aim was to determine the expression pattern of CNTFRα1,
LIFRβ, and gp130. To quantify age-dependent changes in the level of expression of
CNTFRα1, LIFRβ, and gp130 transcripts we performed real time PCR analysis using
specific primers against each transcript (Fig. 2A, B & C). Age-dependent changes in the
expression pattern of CNTFRα1, LIFRβ, and gp130 mRNA were quantified in samples
obtained from E7, E10, E15 and E20 embryos. In each sample, the level of expression of
CNTFRα1, LIFRβ, and gp130 mRNA was normalized to that of the housekeeping gene
GAPDH. There were no significant age-dependent changes in the pattern of expression of
LIFRβ and gp130 mRNA with age (Fig. 2B and C). However, there was a biphasic change
in CNTFRα1 mRNA expression between E7 and E20 (Fig. 2A). Although CNTFRα1
mRNA was highly expressed at E7 and E20, we detected a noticeable reduction of
CNTFRα1 expression by E15.
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CNTF-induced dimerization of the gp130-LIFRβ receptor complex leads to phosphorylation
of JAKs and activation of STAT transcription factors (Jiao et al., 2003; Rhee et al., 2004;
reviewed by Heinrich et al., 2003). In this study we used STAT3 phosphorylation as a
reliable biochemical marker of JAK activation, since no specific antibody is currently
available against the chicken isoforms of JAK (unpublished results, Jiao et al., 2003). Beside
activation of the JAK/STAT signaling cascade, CNTF can also stimulate other signaling
molecules such as the mitogen-activated protein (MAP) kinase ERK in a cell-specific
manner (Winston & Hunter, 1995; Dziennis & Habecker, 2003; Jiao et al., 2003). Initially,
we investigated whether stimulation of nodose neurons with chCNTF leads to activation of
STAT3 and ERK signaling. Activated STAT3 was probed with an antibody that recognized
Tyr705, whereas phosphorylated ERK was assessed with an antibody that recognizes
Thr183 and Tyr185. Acutely isolated nodose neurons were treated with 50 ng/mL chicken
CNTF for varying lengths of time (5 min, 30 min and 3 hr). Following incubation with
CNTF, cells were lysed and assayed for STAT3 and ERK phosphorylation using two-color
western blot detection with the Odyssey infrared imaging system. Treatment of nodose
neurons with CNTF caused increased phosphorylation of STAT3 and ERK (Fig. 3A & B).
Both STAT3 and ERK phosphorylation reached a peak after 30 min stimulation (Fig. 3A &
B). Plots of the intensity ratio of phosphorylated STAT3 to total STAT3 indicate that
stimulation of nodose neurons with chCNTF evoked a statistically significant increase in
STAT3 activation (Fig. 3C). ERK phosphorylation was transient and underwent a
considerable reduction after 3 hr continuous stimulation with CNTF (Fig. 3B & D). The
ratio of phosphorylated ERK as a function of total ERK was used to quantify temporal
changes in ERK activation. As represented in Fig. 3D, CNTF stimulation of nodose neurons
caused an ~3-fold increase in the ratio of pERK to total ERK. However, after 3 hr
stimulation with chCNTF, the ratio of pERK to total ERK returns to near normal values.
Treatment of nodose neurons with BDNF caused increased phosphorylation of ERK but not
STAT3 activation (Fig. 3E & F). When compared with the levels of STAT3 activation
evoked by chCNTF, the pSTAT3/total STAT3 intensity ratio evoked by BDNF stimulation
of nodose neurons was minimal (Fig. 3G). ERK phosphorylation was sustained for the
duration of the stimulation with BDNF (Fig. 3H). As represented in Fig. 3H, BDNF
stimulation of nodose neurons caused a ~3-fold increase in the ratio of pERK to total ERK.
That level of activation was maintained after 3 hr continuous stimulation with BDNF. We
should point out that immunoblot analysis of ERK in chicken nodose neurons only reveals
one single band since differently from mammals; chicks only express one isoform of the
kinase (Sanada et al., 2000).

Chicken CNTF-evoked activation of STAT3 and ERK was prevented by pretreatment of
nodose neurons with the JAK inhibitor P6 (10 μM). This compound selectively targets
kinases of the JAK family and has been widely used to study cytokine-evoked signaling
(Lucet et al., 2006; Pedranzini et al., 2006). As described earlier, stimulation of nodose
neurons with chCNTF causes a significant increase in STAT3 and ERK activation (Fig. 4A
& B). Pre-treatment of nodose neurons with P6 for 1 hr prior to stimulation with chCNTF
(for 30 min) prevents STAT3 and ERK phosphorylation (Fig. 4A & B). To investigate
whether CNTF-evoked activation of STAT3 proceeds in parallel with ERK activation we
used the selective blocker of ERK phosphorylation U0126 (Schonhoff et al., 2001; Chae &
Dryer, 2005). Pre-treatment of nodose neurons with the ERK inhibitor U0126 (50 μM) did
not affect STAT3 phosphorylation, suggesting that STAT3 activation runs parallel to ERK
activation (Fig. 4C). However, the stimulatory effect of chCNTF on ERK phosphorylation
was inhibited by U0126 (Fig. 4D). As represented in Fig. 4E, the ratio of pSTAT3 to total
STAT3 was only affected by JAK inhibition with P6. U0126 did not alter the ratio of
pSTAT3 to total STAT3 when compared with CNTF treated neurons (Fig. 4E). Stimulation
of nodose neurons with chCNTF caused a significant increase in the ratio of pERK to total
ERK (Fig. 4F). However, both P6 and U0126 caused a significant reduction in the ratio of
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ERK phosphorylation (Fig. 4F). We should point out that in some blots for total STAT3
(Fig. 4C but also Fig. 6A and Fig. 8A), we observed a second lower band, which could
represent some non-specific binding of the antibody and the high sensitivity of the two color
western blot.

Is JAK-dependent ERK activation required for the stimulatory effect of CNTF on T-type
Ca2+ channel expression? To test whether JAK/STAT3 activation is required for the
stimulatory effect of chCNTF on T-type Ca2+ channel expression, we tested the effect of the
JAK inhibitor P6 on whole cell Ca2+ currents. Nodose neurons were isolated at E7 and
cultured overnight in the presence of CNTF with or without P6 (10 μM). As previously
stated, stimulation of nodose neurons with chCNTF evoked a 3-fold increase in T-type Ca2+

current density when compared with BDNF-treated neurons (control, Fig. 5A). Treatment of
nodose neurons with P6 inhibited the stimulatory effect of CNTF on T-type Ca2+ current
density (Fig. 5A). Treatment of nodose cell cultures with P6 alone did not have any
significant effect on current expression when compared with non-treated controls. We
should also point out that P6 did not have any effect on HVA current densities (chCNTF=
26.3±4.3 pA/pF, n=18; chCNTF+P6=30.7±3.5 pA/pF, n=29; p >0.05 vs. chCNTF).
Similarly, inhibition of ERK activation with U0126 also prevented the stimulatory effect of
chCNTF on T-type Ca2+ current density (Fig. 5B). Treatment of nodose cell cultures with
U0126 alone did not have any significant effect on current expression when compared with
non-treated controls (Fig. 5B). These results demonstrate that JAK-dependent ERK
activation is required for the CNTF-evoked expression of T-type Ca2+ channels in nodose
neurons.

In this work we used STAT3 activation as a convenient biochemical marker for CNTF-
evoked activation of JAK. Thus, the question arises: is STAT3 activation necessary for the
CNTF-evoked stimulation of T-type Ca2+ channel expression in chicken nodose neurons?
To investigate this question we tested the effect of the specific STAT3 inhibitor stattic. This
compound selectively inhibits the SH2 domain of STAT3 (Schust et al., 2006). Biochemical
analysis of STAT3 activation indicated that indeed, pretreatment of nodose neurons with
stattic (2 μM) caused a significant reduction in STAT3 phosphorylation (Fig. 6A). Inhibition
of STAT3 with stattic did not affect ERK phosphorylation (Fig. 6B), suggesting that ERK
activation is not downstream of STAT3 activation. A higher dose of stattic (20 μM) caused a
complete inhibition of STAT3 phosphorylation without any effect on ERK activation as well
(Fig. 6 C& D). The overall effect of stattic on the pSTAT3/STAT3 and pERK/ERK ratios is
represented in Fig. 6E and F. At both 2 and 20 μM, stattic caused a significant reduction in
the pSTAT3/STAT3 ratio (Fig. 6E), whereas these concentrations did not have any
significant effect on the pERK/ERK ratio (Fig. 6F). Incubation of nodose neurons with
stattic (>2 μM) for over 12 hr caused extensive cell death. Therefore, for whole cell
recordings, we used a 2 μM concentration of stattic to investigate whether inhibition of
STAT3 has any effect on T-type Ca2+ channel expression. In cell cultures treated with 2 μM
stattic overnight, whole cell recordings of calcium currents still revealed the presence of a
transient Ca2+ current. CNTF-generated T-type Ca2+ current densities in the presence or
absence of stattic were not statistically different (Fig. 6G).

Does the cardiac tissue extract also evoke stimulation of JAK/STAT3 and ERK signaling
cascades? Since biochemical experiments are difficult to carry out with the limited number
of neurons available in nodose ganglia, we used the neuroblastoma cell line BE(2)-C. CNTF
activation of the gp130 receptor complex has been well characterized in BE(2)-C cells (Jiao
et al., 2003). Initially, we investigated whether stimulation of BE(2)-C cells with CNTF and
heart extract leads to activation of STAT and ERK signaling (Fig. 7). BE(2)-C cells were
treated with 10 ng/mL chicken CNTF or 200 μg/mL heart extract for varying amounts of
time. Following incubation with chCNTF or heart extract, cells were lysed and assayed for
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STAT3 and ERK phosphorylation using two-color western blot. As previously reported
(Jiao et al., 2003), treatment of BE(2)-C cells with chCNTF caused increased
phosphorylation of STAT3 and ERK (Fig. 7A, B). STAT3 phosphorylation appeared to peak
earlier (5 min stimulation) than ERK phosphorylation, which reached its peak after 30 min
stimulation (Fig. 7A, B). STAT3 phosphorylation was sustained for up to 2 hr in the
presence of CNTF (Fig. 7A). On the contrary, ERK phosphorylation was transient and
underwent a considerable reduction after 1hr continuous stimulation with CNTF (Fig. 7B).
Does stimulation of BE(2)-C cells with heart extract also cause a similar pattern of protein
phosphorylation? Indeed, treatment of BE(2)-C cells with heart extract for 5 min caused a
significant increase in STAT3 phosphorylation whereas ERK activation reached a peak after
30 min stimulation (Fig. 7C, D). Like the activation pattern generated with chCNTF, heart
extract evoked a sustained phosphorylation of STAT3 but a transient activation of ERK.
Since 30 min-stimulation with CNTF and heart extract appears to cause maximal
phosphorylation of STAT3 and ERK in BE(2)-C cells, we investigated whether stimulation
of cultured nodose neurons with heart extract (200 μg/mL) also results in STAT3 and ERK
phosphorylation. A 30 min-stimulation of nodose neurons with heart extract also evoked a
significant increase in STAT3 and ERK phosphorylation. The ability of the heart extract to
stimulate JAK/STAT and ERK activation was developmentally regulated. As represented in
Fig. 8, phosphorylation of STAT3 and ERK by heart extract from E7 chicken embryos was
low when compared with the stimulation elicited by the E20 heart extract (Fig. 8A–D).

DISCUSSION
Previous work from our laboratory has demonstrated that in chicken nodose neurons, CNTF
or a cardiac-derived tissue extract stimulate the functional expression of T-type Ca2+

channels (Pachuau & Martin-Caraballo, 2007b). CNTF and heart extract-induced currents
require 12 hr stimulation in order to reach maximal expression and are not affected by
inhibition of protein synthesis, suggesting the involvement of a posttranslational mechanism.
In this study we have examined the signaling mechanism involved in the CNTF- and heart
extract-evoked stimulation of T-type Ca2+ channel expression in chicken nodose neurons.
Three main conclusions can be drawn from these experiments. First, transcripts of the CNTF
receptor signaling molecules CNTFRα1, LIFRβ, and gp130 are present in chicken nodose
neurons at early stages of development. Second, CNTF- and heart extract-evoked signaling
involves activation of the JAK/STAT3 and ERK signaling pathways. Third, the functional
expression of T-type Ca2+ channel expression evoked by CNTF in nodose neurons requires
JAK-dependent, transient activation of ERK signaling.

Cytokine-evoked activation of the JAK/STAT signaling cascade is often associated with
long-term changes in gene expression through dimerization of STAT transcription factors
followed by nuclear translocation and regulation of gene transcription (Symes et al., 1997).
Our present results demonstrate that stimulation of nodose neurons with CNTF or heart
extract results in a significant increase in STAT3 phosphorylation. Since STAT3 activation
can be used as a biochemical marker for cytokine-evoked JAK activation, these results
indicate that the stimulatory effect of CNTF on channel expression involves activation of
JAK/STAT3 signaling. Activation of JAK signaling is essential for the stimulation of T-type
channel expression induced by CNTF as revealed by experiments with the JAK inhibitor P6.
Treatment of nodose neurons with P6 prevented the CNTF-evoked phosphorylation of
STAT3 and blocked the stimulatory effect of CNTF on T-type Ca2+ channel expression. We
should point out however, that CNTF-evoked T-type Ca2+ channel expression is regulated
by a STAT3-independent mechanism. This conclusion is based on our evidence showing
that T-type channel expression was not affected by the STAT3 inhibitor stattic at a
concentration that greatly diminished STAT3 activation. The nature of the cellular processes
regulated by STAT3 activation in nodose neurons are yet to be fully characterized but they
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may be associated with long-term regulation of neuronal survival and neurotransmitter
expression, which require changes in gene expression (Schweizer et al., 2002; Dziennis &
Habecker, 2003).

Our previous results indicate that the stimulatory effect of CNTF and heart extract on T-type
Ca2+ channel expression involves a protein synthesis-independent mechanism (Pachuau &
Martin-Caraballo, 2007a, b). Thus, it is not obvious by which mechanism JAK/STAT3
activation could regulate T-type Ca2+ channel expression in chicken nodose neurons. One
possibility is that JAK activation leads to phosphorylation of other signaling molecules
(Boulton et al., 1994; Xia et al., 1996; Takahashi-Tezuka et al., 1997), which could
ultimately regulate channel expression. Our present results demonstrate that indeed,
activation of JAK/STAT3 also led to activation of ERK signaling. Inhibition of JAK
activation with P6 eliminated CNTF-evoked ERK phosphorylation and blocked the
stimulatory effect of CNTF on T-type Ca2+ channel expression, suggesting that JAK-
dependent ERK activation is required for the stimulatory effect of CNTF on channel
expression. Blockade of ERK activation with the specific MAP kinase blocker U0126 also
blocked the stimulatory effect of CNTF and heart extract on T-type Ca2+ channel expression
(present work, see also Pachuau & Martin-Caraballo, 2007b). These results demonstrate that
ERK activation plays an essential role in the stimulation of T-type Ca2+ channel expression
by CNTF. JAK-dependent ERK activation likely involves phosphorylation of tyrosine
groups in the gp130 cytoplasmic tail, which then act as docking sites for SH2 domain-
containing adaptor proteins (Schiemann et al., 1997; Lelièvre et al., 2001). These events
ultimately lead to ERK phosphorylation via activation of the small GTPase Ras and its
downstream effect Raf (Winston & Hunter, 1995; Xia et al., 1996; Schiemann et al., 1997).
Cytokine-evoked activation of ERK can initiate a variety of intracellular signaling processes
through phosphorylation of cytosolic proteins, including intracellular signaling molecules
that can potentially affect the processing and trafficking of membrane proteins (Robertson et
al., 2005; Huang et al., 2007). Several of these proteins, including the small GTPases Rab
and ADP-ribosylation factors, are downstream targets of activated ERK (Shirane &
Nakayama, 2006; Robertson et al., 2006). Although the ERK-dependent trafficking
mechanism of T-type Ca2+ channels in nodose neurons is not yet fully understood, previous
studies on ciliary neurons indicate that ERK-dependent signaling regulates the trafficking of
large conductance K+ channels (Lhuillier & Dryer, 2000).

As demonstrated by the present results, the duration of ERK activation appears to have a
significant effect on T-type Ca2+ channel expression. Although BDNF caused a sustained
activation of ERK, it did not evoke any significant change in T-type Ca2+ channel
expression above baseline. On the contrary, CNTF and heart extract activation of ERK was
transient, which resulted in a significant increase in the T-type Ca2+ channel expression.
These results are consistent with the idea that the pattern of ERK activation plays a critical
role in regulating cellular function. For example, epidermal growth factor (EGF) induces
transient ERK activation in PC12 cells, resulting in cell proliferation. On the contrary,
sustained ERK activation induced by nerve growth factor (NGF) leads to cell differentiation
into a neuronal phenotype (York et al., 1998; reviewed by Grewal et al., 1999). Several
factors could underlie the temporal differences of ERK activation by CNTF and BDNF in
nodose neurons. First, ERK phosphorylation may activate a host of different signaling
molecules, which in turn could terminate ERK activation by a negative feedback
mechanism. For example, cytokine signaling is negatively controlled by suppressors of
cytokine signaling (SOCS) molecules. Activation of SOCS molecules controls cellular
responses via downregulation of JAK/STAT activation either by acting directly as kinase
inhibitors of JAK proteins or by competing with STAT binding sites (reviewed by Rico-
Bautista et al., 2006). Further studies are needed to determine whether SOCS molecules
negatively regulate CNTF-evoked STAT3 and ERK activation in nodose neurons. It bears
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noting that cytokine-evoked induction of SOCS expression occurs within a very short period
of time (it can peak after 30 min) and SOCS expression often requires gene transcription and
protein synthesis (Bousquet et al., 1999). Second, CNTF and BDNF-evoked signaling
occurs at spatially segregated areas of the cell. The GPI-anchored receptor CNTFRα1
accumulates in membrane microdomains called lipid rafts (Port et al., 2007). CNTF binding
to membrane-bound CNTFRα1 evokes a rapid translocation of gp130 and LIFR receptor
complex into detergent-resistant lipid rafts (Port et al., 2007). This event could potentially
segregate CNTF signals to specialized membrane domains. On the other hand, activation of
the BDNF receptor trkB does not necessarily require segregation into specialized membrane
microdomains in order to promote neuronal survival (Suzuki et al., 2004). Thus, spatial
differences in CNTF and BDNF signaling could underlie differences in the nature of ERK
phosphorylation in nodose neurons.

The stimulatory effect of cardiac tissue extract on T-type Ca2+ channel expression is also
likely mediated by activation of JAK and ERK signaling. Present (see Fig. 1) and previous
findings from our laboratory have demonstrated that a tissue extract from older chicken
hearts (E20) is equally effective as CNTF in stimulating T-type Ca2+ channel expression in
cultured E7 nodose neurons (Pachuau & Martin-Caraballo, 2007b). Now we present
evidence showing that similar to CNTF, the heart extract also evokes a considerable
activation of the JAK/STAT3 and ERK signaling cascades in both BE(2)-C cells and nodose
neurons. Confirming previous findings by Jiao et al. (2003), we have detected a significant
increase in STAT3 and ERK phosphorylation following CNTF stimulation of BE(2)-C cells
and a similar pattern of activation was also observed following stimulation of BE(2)-C cells
with heart extract, providing further support to the idea that the stimulatory effect of heart
extract in chicken nodose neurons is mediated by a cytokine-related factor (Pachuau &
Martin-Caraballo, 2007b). Although the small number of neurons in the nodose ganglia
limits the extent of our biochemical studies, our present studies also reveal that 30 min
stimulation of chicken nodose neurons generates a significant increase in STAT3 and ERK
activation following exposure of nodose cell cultures to heart extract, similar to the effect
generated by CNTF. Our conclusion that activation of the JAK/STAT and ERK signaling
molecules mediates the stimulatory effect of heart extract on T-type Ca2+ channel
expression is further supported by earlier findings showing that immunodepletion of the
heart extract with a chCNTF antibody causes a partial inhibition of T-type Ca2+ channel
expression and that pharmacological inhibition of JAK and ERK activation prevents the
stimulatory effect of heart extract on channel expression (Pachuau & Martin-Caraballo,
2007b). These results are consistent with the idea that cardiac tissue, through a CNTF or a
cytokine-like factor, regulates the functional expression of T-type Ca2+ channels in nodose
neurons (Pachuau & Martin-Caraballo, 2007b).

Heart-derived CNTF (or release of a cytokine-like factor from the heart) could underlie the
normal expression of T-type Ca2+ channels in nodose neurons. In this regard, it is worth
mentioning that the heart is a powerful source of various cytokines including CNTF,
cardiotrophin-1 and leukemia inhibitory factor (Yamamori et al., 1989; Ancey et al., 2002;
Ohta et al, 1995; Asai et al., 2000). Previous work in chicken hearts has also shown a
considerable age-dependent increase in CNTF mRNA expression up to E11 (Wang and
Halvorsen, 1998). Changes in the availability of cardiac derived cytokines and/or cytokine-
evoked signaling may have important implications in several heart diseases as a result of
alterations in cardiac muscle cells or disruptions in the differentiation pattern of neurons
innervating the heart including sensory or autonomic neurons (Raju et al., 2007; Kreusser et
al., 2008).

Although the role of cardiac tissue and target-derived CNTF in regulating the normal
development of T-type Ca2+ channels in nodose neurons has yet to be investigated in vivo,
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the present results demonstrate that nodose neurons express considerable levels of the CNTF
receptor complex molecules CNTFRα1, LIFRβ, and gp130 at early stages of development.
Furthermore, stimulation of nodose neurons with CNTF (or heart extract) caused a
significant activation of the JAK/STAT and ERK signaling pathways, indicating that by E7,
nodose neurons already have the signaling machinery necessary to generate cytokine-evoked
responses. It is puzzling then, why channel expression does not occur as early as E7 in vivo
(Pachuau & Martin-Caraballo, 2007b). One possibility is that though the receptor and
signaling components are expressed at early stages of development, perhaps normal T-type
Ca2+ channel expression is limited by accessibility or availability of target-derived CNTF in
vivo. In support of this idea, we have found that only heart extract from E20 but not E7
chicken embryos can effectively stimulate T-type Ca2+ channel expression in nodose
neurons (Pachuau & Martin-Caraballo, 2007b). This early observation can be explained
based on our present results showing that only E20 but not E7 heart extract is effective in
causing a significant increase in ERK and JAK/STAT3 activation. We should also point out,
however, that changes in receptor expression could also limit the ability of nodose neurons
to respond to CNTF in vivo. Thus, our present results clearly demonstrate a significant
reduction in CNTFRα1 mRNA expression by E15. Thus, it is possible that a reduction in
CNTFRα1 expression also plays a role in limiting T-type Ca2+ channel expression at a
specific period of development (around E15). Although it is unclear what mechanism
mediates the reduction in CNTFRα1 mRNA expression observed at E15, we speculate that it
may be associated with the loss of nodose neurons due to apoptotic cell death. Indeed,
previous findings indicate that by E15, there is a ~50% reduction in the number of nodose
neurons born at E5 (Harrison et al., 1994).

CNTF-evoked expression of T-type Ca2+ channel expression by activation of the JAK/
STAT and ERK signaling pathways could represent an important aspect of neuronal
differention of sensory neurons. Although the role of T-type Ca2+ channel expression in
nociception has been well established (Todorovic et al., 2002; Dogrul et al., 2003; Bourinet
et al., 2005; Choi et al., 2007) little is known about the cellular and molecular mechanisms
that regulate T-type Ca2+ channel expression in pain-transmitting neurons. Our present
results demonstrate that CNTF or a cardiac tissue-derived extract stimulates T-type Ca2+

channel expression of nodose neurons at early stages of development. This raises the
possibility that CNTF or a cytokine-like factor regulates the functional expression of T-type
Ca2+ channels during normal development. CNTF-dependent regulation of T-type Ca2+

channel expression could also represent an important regulatory mechanism of neuronal
excitability and Ca2+ influx in neurons. T-type Ca2+ channels regulate the action potential
waveform and temporal pattern of repetitive firing of nerve cells and therefore play a critical
role in defining the electrophysiological phenotype of neurons (Umemiya & Berger, 1994;
Huguenard, 1996; Martin-Caraballo & Greer, 2001).
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Figure 1.
Effect of BDNF, chick CNTF and heart extract on T-type Ca2+ channel expression in vitro.
A) Representative traces of inward Ca2+ currents of E7 nodose neurons cultured for 24 hr
with BDNF (50 ng/mL) or chCNTF (50 ng/mL). T-type Ca2+ currents were generated by a
200 ms depolarizing pulses to −20 mV from a holding potential of −100 mV (filled arrows).
HVA Ca2+ currents were generated by a 200 ms depolarizing pulse to +20 mV from a
holding potential of −100 mV (empty arrows). Stimulation protocol for both T-type and
HVA Ca2+ currents is shown in bottom trace. B) Mean T-type Ca2+ current densities after
24 hr treatment with BDNF, chCNTF and heart extract as compared with acutely isolated E7
nodose neurons (control). Current densities were obtained by dividing current amplitude by
cell capacitance. Note little differences in T-type Ca2+ current densities between acutely
isolated and BDNF-treated neurons. Culture of nodose neurons with chCNTF or heart
extract evokes a significant increase in T-type Ca2+ current densities (* denotes p ≤ 0.05 vs.
BDNF). C) Culture of E7 nodose neurons with BDNF, chick CNTF or heart extract does not
alter mean HVA Ca2+ current densities (ns=not significant).
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Figure 2.
Expression pattern of CNTFRα, LIFRβ and gp130 transcripts in chick nodose neurons. A, B,
C) Relative expression of CNTFRα, LIFRβ and gp130 transcripts in chick nodose neurons
as determined by real time PCR. Plots of the relative expression of CNTFRα, LIFRβ and
gp130 mRNA as a function of age. * and ** denote p ≤ 0.05 vs. E7 and E20, respectively.
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Figure 3.
Time course of STAT3 and ERK activation in nodose sensory neurons following stimulation
with chCNTF or BDNF. A, B) Stimulation of nodose cell cultures with chCNTF generates a
considerable increase in STAT3 and ERK phosphorylation. C) Phosphorylation pattern of
STAT3 as determined by the intensity ratio of pSTAT3 to total STAT3. Stimulation of
nodose neurons with chCNTF for 30 min causes a significant increase in the pSTAT3/
STAT3 ratio. D) Phosphorylation pattern of ERK as determined by the intensity ratio of
pERK to total ERK. Note that stimulation with chCNTF for 30 min causes a significant
increase in the pERK/ERK ratio. The pERK/ERK intensity ratio decreases significantly after
3 hr stimulation with CNTF (n=8). E, F) Stimulation of nodose cell cultures with BDNF
results in a significant increase in ERK activation without evoking STAT3 activation. G)
The intensity ratio of pSTAT3 to total STAT3 was very low following stimulation of nodose
neurons with BDNF. Notice that the scale of the Y-axis in figures C and G are the same in
order to visualize differences in the pattern of STAT3 activation evoked by chCNTF and
BDNF. H) As determined by the pERK/total ERK intensity ratio, BDNF stimulation of
nodose neurons causes a significant increase in ERK phosphorylation, that was maintained
for up to 3 hr (n=7). Cell cultures of nodose neurons were treated with chCNTF (50 ng/mL)
or BDNF (50 ng/mL) for various lengths of time (5 min, 30 min and 3 hr). Cell lysates were
collected and subjected to immunoblot analysis using a two-color western blot detection
with the Odyssey infrared imaging system. * denotes p ≤ 0.05 vs. control (no treatment), **
denotes p ≤ 0.05 vs. CNTF treatment for 30 min.
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Figure 4.
Effect of the JAK inhibitor P6 and the ERK inhibitor U0126 on STAT3 and ERK
phosphorylation in nodose neurons. A, B) Chick CNTF evoked activation of STAT3 and
ERK is blocked by the inhibitor of JAK kinases P6 (10 μM). C, D) The ERK inhibitor
U0126 (50 μM) only blocks ERK phosphorylation but does not affect STAT3 activation. E,
F) Effect of P6 and U0126 on the pSTAT3/STAT3 and pERK/total ERK intensity ratio.
Stimulation of nodose neurons with chCNTF caused a significant increase in the pSTAT3/
total STAT3 ratio. Notice that only P6 but not U0126 caused a significant reduction in the
pSTAT3/STAT3 intensity ratio. Stimulation of nodose neurons with chCNTF also caused a
3-fold increase in the pERK/total ERK ratio. Treatment with either P6 or U0126 inhibits the
stimulatory effect of chCNTF on ERK phosphorylation (n= 3–5). In these experiments,
nodose neurons were isolated at E7 and pre-treated with P6 (or U0126) for 1 hr prior
exposure to chCNTF for 30 min. * denotes p ≤ 0.05 vs. control (no treatment), ** denotes p
≤ 0.05 vs. CNTF treatment for 30 min.
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Figure 5.
Effect of JAK/STAT and ERK signaling inhibitors on the CNTF-evoked stimulation of T-
type Ca2+ channel expression. A) The JAK inhibitor P6 blocked the stimulatory effect of
chCNTF on T-type Ca2+ channel expression. B) Inhibition of ERK activation with U0126
blocked T-type Ca2+ channel expression evoked by CNTF. In these experiments, nodose
neurons were isolated at E7 and maintained in culture for 12 hr in the presence of CNTF (50
ng/mL). The culture medium was also supplemented with BDNF (50 ng/mL) to promote
neuronal survival. Controls represent BDNF-treated cultures. Cultures were pre-treated with
P6 or U0126 for 1 hr prior stimulation with CNTF. * denotes p ≤ 0.05 vs. control; **
denotes p ≤ 0.05 vs. chCNTF.
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Figure 6.
Effect of the STAT3 inhibitor stattic on the CNTF-evoked stimulation of T-type Ca2+

channel expression and activation of JAK/STAT3 and ERK. A, B) At 2 μM stattic caused a
significant reduction of STAT3 phosphorylation without affecting ERK activation. C, D) At
higher concentrations (20 μM), stattic eliminated the CNTF-induced STAT3
phosphorylation without any noticeable effect on ERK activation. Notice that when applied
alone, stattic does not cause any noticeable effect on the basal levels of STAT3 and ERK
phosphorylation. E–F) Effect of stattic on the pSTAT3/STAT3 and pERK/total ERK
intensity ratios. Notice that only pSTAT3/STAT3 but not pERK/total ERK intensity ratio is
affected by stattic. Nodose neurons were isolated at E7 and pre-treated with stattic for 1 hr
prior exposure to chCNTF for 30 min. G) Inhibition of STAT3 phosphorylation by stattic
did not alter T-type Ca2+ channel expression evoked by chCNTF (* denotes p ≤ 0.05 vs.
control). In these experiments, nodose neurons were isolated at E7 and maintained in culture
for 12 hr in the presence of CNTF (50 ng/mL). The culture medium was also supplemented
with BDNF (50 ng/mL) to promote neuronal survival. Controls were exposed to BDNF
alone. Cultures were pre-treated with stattic for 1 hr prior stimulation with chCNTF. *
denotes p ≤ 0.05 vs. chCNTF (E) or control (G), whereas ns indicates that no significant
differences were detected between groups.
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Figure 7.
Time course of STAT3 and ERK activation in BE(2)-C cells following stimulation with
chCNTF (A, B) or heart extract (C, D). E, F) Stimulation of nodose cell cultures with heart
extract for 30 min also generated a considerable increase in STAT3 and ERK
phosphorylation. Cell cultures of BE(2)-C cells or nodose neurons were treated with CNTF
(50 ng/mL) for various lengths of time. Cell lysates were collected and subjected to
immunoblot analysis using a two-color western blot detection with the Odyssey infrared
imaging system.
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Figure 8.
The ability of the heart extract to evoke STAT3 and ERK phosphorylation is
developmentally regulated. A, B) The E7 heart extract was less effective in eliciting STAT3
phosphorylation when compared with nodose neurons stimulated with an E20 heart extract.
C, D) The stimulatory effect of the E7 heart extract on ERK phosphorylation was
considerably lower than that generated by the E20 heart extract. Cell cultures of nodose
neurons were treated with an E7 or E20 heart extract (at 200 μg/mL) for 30 min. Cell lysates
were collected and subjected to immunoblot analysis of STAT3 and ERK phosphorylation. *
denotes p ≤ 0.05 vs. non-stimulated samples.
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