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ABSTRACT: In this study we have characterized
the functional expression of T-type Ca>* channels in
developing chick nodose neurons, a population of pla-
code-derived sensory neurons innervating the heart and
various visceral organs. Voltage-gated Ca>* currents
were measured using whole cell patch clamp recordings
in neurons acutely isolated between embryonic day (E)
7 and E20, prior to hatching. E7 nodose neurons
express relatively large high voltage-activated (HVA)
Ca** currents. HVA current density progressively
increases between E7 and E17. T-type Ca’>* currents
were restricted to a few nodose neurons between E7
and E10 but were present in ~60% of nodose neurons
by E17. T-type Ca>* channels regulate the response of
nodose neurons to injection of hyperpolarizing cur-
rents, but do not have any effect on the action potential
waveform. Nickel ions blocked T-type Ca* currents in

a concentration-dependent manner with an ICs, of 17
uM. The high sensitivity of T-type Ca’>* channels to
nickel blockade combined with sequencing of a partial
¢DNA suggests that T-type Ca>* currents are generated
by alH subunits in chick nodose neurons. Steady-state
activation and inactivation Kkinetics were similar to
those previously reported for other alH channels in
mammalian neurons. Semi-quantitative PCR analysis
indicates that a1H mRNA was present in chick nodose
neurons by E7, suggesting that the functional expres-
sion of T-type Ca>* channels involves a posttranscrip-
tional mechanism. These findings demonstrate a distinct
pattern of T-type Ca>* channel functional expression in
placode-derived neurons when compared with CNS
neurons. © 2007 Wiley Periodicals, Inc. Develop Neurobiol 67:
1901-1914, 2007
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INTRODUCTION

Low voltage-activated (or T-type) Ca>" channels are
a particular group of voltage-gated Ca®>" channels
that display low threshold activation, fast inactiva-
tion, and tiny conductance. Ca*" influx through T-
type Ca®" channels regulates various developmental
processes including neurite outgrowth and electrical
differentiation (Holliday and Spitzer, 1990; Gu and
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Spitzer, 1993; Chemin et al., 2002). Activation of T-
type Ca®" channels regulates the action potential
waveform and repetitive firing pattern in developing
spinal neurons (Umemiya and Berger, 1994; Martin-
Caraballo and Greer, 2001). Thus, age-dependent
changes in T-type Ca®" channel expression can have
a significant effect on the electrical properties of
developing neurons. Previous studies have shown
that functional expression of T-type Ca®" channels is
downregulated in CNS neurons during early differen-
tiation (McCobb et al., 1989; Chambard et al., 1999;
Schmid and Guenther, 1999; Martin-Caraballo and
Greer, 2001). Whether this constitutes a general pat-
tern of channel expression throughout the developing
nervous system is unclear.

Understanding the molecular nature and biophysi-
cal properties of T-type Ca>" channels in a particular
neuronal population is critical for understanding their
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functional role and regulation during neuronal devel-
opment. In mammals, the pore-forming o1 subunit of
T-type Ca*" channels is encoded by three different
genes: Ca,3.1 (which encodes «1G subunits), Ca,3.2
(«1H), and Ca,3.3 («1I) (Cribbs et al., 1998; Perez-
Reyes et al., 1998; McRory et al., 2001). Although
Ca”" currents generated by «1G, «1H, and o11 subu-
nits are activated by more negative membrane
potentials and show very tiny conductance and fast
inactivation, they differ in their biophysical and
pharmacological properties including inactivation
and deactivation kinetics and sensitivity to nickel
ions (Perez-Reyes et al., 1998; Klockner et al., 1999;
Lee et al., 1999; Chemin et al., 2002). Alternative
splicing also contributes to the large diversity of func-
tional properties of T-type Ca®" channels in different
populations of neurons (Mittman et al., 1999; Chemin
et al., 2001; Murbartian et al., 2002).

Chick nodose ganglion neurons are a useful model
to study various aspects of neuronal development but
their electrophysiological differentiation has re-
mained largely overlooked (Lindsay et al., 1985;
Larmet et al., 1992; Forgie et al., 1999). Nodose neu-
rons are sensory neurons that innervate the heart and
other visceral organs in order to convey information
to the CNS regarding elevation in blood pressure,
heart and lung distension, and changes in blood oxy-
genation (reviewed by Zhuo et al., 1997). There is
evidence that disruption of nodose innervation to the
chick heart can result in abnormal cardiac function
due to prolonged QT interval (Mulroy and Harrison,
1994; Harrison et al., 1995). Unlike autonomic or
dorsal root ganglia neurons that originate from the
neural crest, nodose cells are placode-derived.
Nodose neurons in the chick are generated between
embryonic day (E) 2 and E5 (D’ Amico-Martel, 1982;
Harrison et al., 1994). Around E5, nodose neurons
begin to extend axons toward the heart and other vis-
ceral targets (Vogel and Davies, 1991). Failure to
make appropriate connections with their peripheral
and central targets results in the elimination of
~50% of the initial number of nodose neurons by
E15 (Harrison et al., 1994). High voltage-activated
(HVA) Ca®" currents in nodose neurons are first
detected at stage 23 (corresponding to E32—E4) but
not at stage 18 (~E2%, Larmet et al., 1992). The nor-
mal pattern of HVA Ca®" channel expression occurs
in vitro independently of culture conditions, suggest-
ing that epigenetic factors do not play a role in the
regulation of HVA Ca”" channel expression. Little is
known regarding the developmental regulation of T-
type Ca?" channels in developing neurons including
nodose neurons. In the present study we have charac-
terized the functional expression of T-type Ca*"
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channels in chick nodose neurons between E7 and
E20. Our present results indicate that during this pe-
riod of neuronal differentiation, there is a significant
increase in the functional expression of T-type Ca®"
channels. T-type Ca”" currents in chick nodose neu-
rons are generated by o1H subunits with similar prop-
erties to those found in mammalian neurons.

METHODS

Dissociated Cell Cultures

Nodose ganglia were isolated from chick embryos at vari-
ous developmental stages (E7, E10, E17, and E20). The
ganglia were excised into a HEPES-based, Ca*™- and
Mg2+-free solution, mildly trypsinized [0.05% trypsin for
12 min (E7); 15 min (E10); 18 min (E17); and 25 min
(E20)], dissociated by trituration, and plated onto poly-p-ly-
sine-coated glass coverslips. Basal culture medium con-
sisted of Eagle’s minimal essential medium (MEM, Bio-
Whittaker, Walkersville, MA) supplemented with 10%
heat-inactivated horse serum, 2 mM glutamine, 50 U/mL
penicillin, and 50 pug/mL streptomycin. Cell cultures were
maintained in a 5% CO, incubator at 37°C for several
hours. To study the expression of ionic currents in acutely
dissociated neurons, recordings were made 3—-4 h after
nodose ganglia dissociation. Immediately after isolation,
nodose neurons have a round morphology (Harrison et al.,
1994) but after a few hours in culture, nodose neurons begin
to grow one or two short neurites from the cell body.

Electrophysiology

Neurons from dissociated nodose ganglia were visualized
using an Olympus X71 inverted microscope equipped with
Hoffman optics. Recordings were performed at room tem-
perature (22-24°C). Recording electrodes were made from
thin wall borosilicate glass (3—4 MQ) and filled with a solu-
tion consisting of 120 mM CsCl, 2 mM MgCl,, 10 mM
HEPES, 10 mM EGTA, 1 mM ATP, and 0.1 mM GTP
(pH 7.4 with CsOH). Normal external saline for measure-
ments of Ca®" currents contained 145 mM tetraethylammo-
nium chloride (TEACI), 10 mM CaCl,, and 10 mM HEPES
(pH 7.4 with CsOH). In the Ca*"-free solution, Ca>" ions
were replaced by an equimolar concentration of Mg*", a
divalent cation that does not permeate voltage-gated Ca>"
channels. To measure Ca®" currents, a 200 ms-depolarizing
step to various potentials was applied from either a holding
potential of —100 or —60 mV in normal external saline and
following a 3 min incubation in Ca”"-free external saline.
Net current amplitude was obtained by digital subtraction
(control: Ca*™-free). Ca>" channel antagonists were applied
by a gravity-fed perfusion system. Voltage commands and
data acquisition and analysis were performed with a MuLTI-
Cramp 700A amplifier and PcLamp software (Axon Instru-
ments, Foster City, CA). The MultiClamp 700B Com-
mander was used to compensate for pipette offset, whole
cell capacitance, and series resistance (usually <10 MQ, up



to 80% compensation was used when necessary). Inad-
equate space clamp was minimal in acutely isolated nodose
neurons because of their round shape devoid of dendritic
processes. A minority of cultured neurons was discarded
from further analysis because of insufficient space clamp as
evidenced by the lack of T-type Ca>" channel inactivation.
For quantitative analyses, we normalized for cell size by
dividing current amplitudes by cell capacitance, determined
by integration of the current transient evoked by a 10-mV
voltage step from a holding potential of —60 mV (Martin-
Caraballo and Dryer, 2002).

The inactivation time constant was obtained by fitting
the decay portion of the transient currents with one expo-
nential function in the form /() = A exp(—t/7), where A is
peak current and 7 is the time constant. Steady-state activa-
tion curves were obtained from current—voltage (//V) rela-
tionships using the equation G = I/(V — V,) where [ is the
current at a given voltage, V is the voltage command, and
V; is the reversal potential of calcium currents obtained by
extrapolating the ascending portion of the current—voltage
curve. Conductance values were normalized to the maxi-
mum conductance at —20 mV and plotted as a function of
voltage before being fitted with a Boltzman equation in the
form G/Gpax = (1 + exp(Vyp — V)k)~! where G is con-
ductance at membrane voltage V, G« is maximal conduct-
ance at —20 mV, V/, is the half-activation voltage, and k is
the slope factor. Steady-state inactivation curves were fitted
with a Boltzman equation using normalized current values
Hlnax = (1 + exp(Vyp — V)k)~! where [ is current at mem-
brane voltage V, I,.x is maximal current with the —100 mV
conditioning prepulse, V', and k have the same meaning as
above. The nickel dose-response curves were fitted with a
Hill equation in the form /(x) = [1 + (ICso)/x"1~", where
ICsy is the drug concentration at half maximal block, and
n is the Hill coefficient.

Membrane voltage responses to injection of hyperpola-
rizing or depolarizing currents were recorded in current
clamp mode. Recordings were performed using the follow-
ing external solution : 145 mM NaCl, 5.4 mM KCl, 0.8 mM
MgCl,, 5.4 mM CaCl,, 5 mM glucose, 13 mM HEPES (pH
7.4 with NaOH). The composition of the pipette solution
was 120 mM KCI, 2 mM MgCl,, 10 mM HEPES, 10 mM
EGTA (pH 7.4 with KOH). Action potentials were gener-
ated by injection of 2 ms-long depolarizing pulses. Action
potential duration was recorded at half maximal amplitude
as previously reported (Martin-Caraballo and Greer, 2001).
The amplitude of the hyperpolarizing potential was meas-
ured at the point of maximal voltage deflection from hold-
ing potential.

RNA Isolation, Amplification, Cloning,
and Sequencing of T-type Ca?* Channel
Partial cDNA

Total RNA was extracted from homogenized nodose gan-
glia by TRIzol reagent according to the manufacturer’s
instructions (Invitrogen, CA). Total RNA was used as a
template to synthesize single-stranded cDNA using Super-
script III reverse transcriptase and 12—18 oligo-dT primers
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(Invitrogen, CA). RT mix containing 1 ug RNA was incu-
bated for 60 min at 55°C. Amplification of primer-specific
cDNA was performed by polymerase chain reaction using
Taq DNA polymerase (Invitrogen, CA). Specific oligonu-
cleotide primers were designed against conserved regions
of all rat subunits («1G, olH, «1I) spanning a region
between the III-S2 and the III-S6 domains consisting of:
(forward primer) 5'-CAT ATT TCT CAA CTG CAT TAC
AAT AGC ACT GG-3' and 5'-TCC ACC ACC ACC CCC
ACG AAC ATG TTG AGC-3’ (reverse). cDNA was ampli-
fied according to the following protocol: 95°C for 10 min,
57°C for 1 min (50 cycles), and 60°C for 1 min. PCR prod-
ucts 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.

Semi-Quantitative RT-PCR Analysis
of T-type Ca%* Channel cDNA

RNA isolation and cDNA synthesis was performed as
described above. The cDNA was used as a template for the
RT-PCR reaction using Tag DNA polymerase (Invitrogen).
Trial experiments were performed in order to determine the
optimal range of cDNA concentrations and PCR cycles
required for transcript detection within the linear phase of
amplification for each set of primers. The housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was amplified with 20 cycles to normalize for the cDNA
content of each sample, whereas T-type Ca®" channel
cDNA was amplified with 45 cycles using the set of primers
described earlier. Amplicons were separated on 1.5% low
melting point agarose gels and stained with ethidium bro-
mide. Pictures of the gels were obtained with a digital
imaging system (ChemiDoc RXS System, Bio-Rad). Band
intensities were obtained by integrating the area of each
band (Quantity One software, Bio-Rad). For each age, rela-
tive gene expression was determined by the ratio of band
intensities (target gene divided by housekeeping gene) in
three different samples.

Data Analysis

Averaged data values are presented as mean * SEM.
Where indicated, statistical analyses consisted of Student’s
unpaired #-test when single comparisons were made, or
one-way ANOVA followed by post hoc analysis using
Tukey’s honest significant difference test for unequal » for
comparisons between multiple age groups (STATISTICA soft-
ware, Tulsa, OK). Throughout, p < 0.05 was regarded as
significant. In every experiment, data were collected from a
minimum of two platings (i.e. from multiple cultures).

RESULTS

To characterize the expression of voltage-gated Ca®"
channels in developing chick nodose neurons, Ca*"

Developmental Neurobiology. DOI 10.1002/dneu
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Figure 1 Ca" currents in an E7 nodose neuron. (A) Typical current traces in E7 nodose neurons
obtained from a holding potential of —100 mV. In this and subsequent figures, the voltage step pro-
tocol is shown below the current trace. (B) Current traces in the same neuron obtained from a hold-
ing potential of —60 mV (corresponding voltage step protocol shown at the bottom) Notice that
most of the inactivating component observed in A is eliminated when neurons are stepped from a
more depolarized holding potential. (A-B) Digital subtraction of A and B traces shows the inacti-
vating component. (C,D) Current—voltage (/-V) relationship for the peak currents generated from a
holding potential of —100 or —60 mV in E7 nodose neurons (n = 12).

currents were isolated by substitution of Na™ ions
with external tetracthylammonium and by blocking
outward K™ currents with Cs™ ions in the pipette so-
lution. Macroscopic Ca®" currents were evoked by a
series of 200 ms long depolarizing steps from a hold-
ing potential of —100 or —60 mV to differentiate
between T-type and HVA currents, respectively. By
E7, nodose neurons expressed relatively large Ca*"
currents that were blocked by perfusion with a Ca®"-
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free extracellular solution (see Methods). A typical
set of current traces for an E7 and E17 nodose neuron
is represented in Figures 1 and 2, respectively. Volt-
age steps to more positive membrane potentials from
a —100 mV holding potential revealed large inward
currents with both inactivating and noninactivating
components at all ages tested [Figs. 1(A) and 2(A)].
The inactivating component was significantly
reduced when neurons were depolarized from a hold-
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Figure 2 Ca®" currents in an E17 nodose neuron. (A) Typical current traces in E17 nodose neu-
rons obtained from a holding potential of —100 mV. (B) Current traces in the same neuron obtained
from a holding potential of —60 mV. (A-B) Digital subtraction of A and B traces shows the remain-
ing T-type component. (C,D) Current—voltage (/-V) relationship for the peak currents generated
from a holding potential of —100 or —60 mV in E17 nodose neurons (n = 11). At E17, the majority
of nodose neurons have a low threshold, transient component that appears as a shoulder in the IV

relationship (see arrow in C).

ing potential of —60 mV when compared to —100 mV
[Figs. 1(B) and 2(B)]. At all ages tested, maximum
current amplitudes were generated by voltage steps
between +10 and +20 mV. The current—voltage
relationship for E7 nodose neurons is shown in Fig-
ure 1(C,D). In a majority of E17 and E20 neurons,
depolarizations from a holding potential of —100 mV

also revealed a transient component (or T-type cur-
rent) that activated at relatively more negative poten-
tials. The transient component was activated at poten-
tials between —50 and —40 mV and reached a peak
at —20 mV [Fig. 2(A,B)]. T-type currents activated
relatively slowly (time to peak for E17 neurons, 11
* 0.9 ms, n = 21; for E20, 11.5 = 0.7, n = 26) and

Developmental Neurobiology. DOI 10.1002/dneu
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had a fast inactivation as indicated by its decay to near
0 in less than 100 ms during a sustained depolarization
(decay time constant for E17, 33.5 * 4.4 ms, n = 20;
for E20, 34.2 = 3.7, n = 26). The presence of this
early transient component was evident from the
shoulder in the IV plots at more negative potentials
[Fig. 2(C), arrow]. T-type Ca®" currents were present
in a majority of E17-E20 nodose neurons, but found
in only a few E7 and E10 neurons (see below).

The biophysical properties of T-type Ca>" currents
were further characterized in E20 nodose neurons. To
determine the steady-state activation properties of T-
type Ca®" channels, the relative conductance was
plotted against depolarizing voltage steps and fitted
by a Boltzmann equation [Fig. 3(B)]. Fitting of the
activation curve yielded Vi, = —37.0 £ 1.0 mV
(step potential resulting in half maximal activation
of normalized conductance) and k = 3.6 £ 1 mV
[steepness of the curve, Fig. 3(B)]. The steady-state
inactivation of T-type Ca®>" channels in E20 nodose
neurons was studied using a 200 ms-test pulse to —20
mV preceded by a series of 5s-conditioning prepulses
between —100 and —30 mV [Fig. 3(A)]. The relative
amplitude of the peak current was plotted as a func-
tion of the prepulse potential and fitted by a Boltz-
mann function [Fig. 3(B)]. Inactivation was com-
pletely removed at potentials more negative than —80
mV, whereas at potentials more positive than —50
mV, inactivation became complete. The mean half-
inactivation potential (V,,) and the slope factor were
—66.9 = 1.3 mV and 4.3 = 0.3 mV (n = 12), respec-
tively. There was very little overlap of the activation
and inactivation curves under our recording condi-
tions. To study the rate of T-type Ca®" channel clos-
ing or deactivation, E20 nodose neurons were stepped
to —20 mV from a holding potential of —100 mV for
10 ms followed by repolarization to potentials from
—40 to —100 mV (Fig. 4). Representative deactivat-
ing tail currents are illustrated in Figure 4(A). T-type
Ca”" current deactivation was best fitted with a single
exponential function. The voltage dependence of the
deactivation constant as a function of voltage is rep-
resented in Figure 4(B). The deactivation time con-
stant (t4) was nearly flat between —100 and —70 mV
and increased significantly at voltages above —60 mV
[t =9.5 £ 1.5 ms at =100 mV; 74 = 29.0 = 2.3 ms
at —40 mV, Fig. 4(B)].

It has been reported that low nickel concentrations
can block T-type Ca*" currents (Barish, 1991). To
investigate the effect of Ni*" on T-type currents,
nodose neurons were depolarized by a step potential
to —20 mV (from a holding potential of —100 mV).
Ni** application (100 uM) caused a significant inhibi-
tion of T-type currents in nodose neurons [Fig. 5(A,C)].

Developmental Neurobiology. DOI 10.1002/dneu
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Figure 3 Steady-state activation and inactivation of T-
type Ca>" channels in E20 chick nodose neurons. (A) Typi-
cal sample traces showing steady-state inactivation of T-
type Ca>* channels in an E20 neuron. Membrane potential
was held at voltages ranging from —100 to —30 mV for 5 s
before applying a 200 ms depolarizing step to —20 mV
(lower trace in A represents the voltage protocol used). (B)
Voltage dependence of steady-state activation (open
circles) and inactivation (filled circles) curves. The solid
line represents the best fit obtained with a Boltzmann
equation for steady-state activation and inactivation values
(n=12).

At a test potential of +20 mV, Ni*" ions did not have
a significant effect on the amplitude of the HVA com-
ponent [Fig. 5(B)]. Figure 5(C) shows the relationship
between T-type currents as a function of Ni** con-
centration. These values were fitted with the equation
I(x) = [(1 + (ICso)/x"]"" in order to assess the drug
concentration resulting in half maximal block (ICs)
and the Hill coefficient (n). Fitting of the averaged
dose response points from five neurons indicates an
ICso value equal to 17 uM, whereas the Hill coeffi-
cient was 0.8, suggesting that T-type Ca®" channels
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Figure 4 Voltage dependence of deactivation of T-type
Ca®" channels in E20 nodose neurons. (A) Tail currents
generated by a test pulse to —20 mV from a holding poten-
tial of —100 mV, were followed by deactivation potentials
between —40 and —100 mV by sequential depolarizing
steps of 10 mV. (B) Deactivation time constants were
obtained by fitting tail currents with a single exponential
and were plotted as a function of the deactivation potential
(n = 10).

. . .2
in E20 nodose neurons are very sensitive to Ni*"
block.

Developmental Changes in T-type
and HVA Ca?* Channel Expression

To study the developmental expression of Ca*" cur-
rents, nodose neurons were acutely isolated at various
stages of development and the functional expression
of Ca’" currents was determined by whole cell
recordings. To compensate for changes in cell size
that occur throughout these developmental stages,
whole-cell currents were normalized to cell capaci-
tance (see Methods). Between E7 and E20, cell
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capacitance increased steadily from ~ 15 to 25 pF
[Fig. 6(A)]. Although not directly assessed here, the
increased cell capacitance is most likely due to
increase in cell diameter (Harrison et al., 1994). Since
HVA Ca®" currents are an early feature of developing
nodose neurons (Larmet et al., 1992), we first
assessed developmental changes in HVA Ca’" cur-
rent densities. As represented in Figure 6(B), peak
current densities for HVA currents recorded at +20
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Figure 5 Effect of Ni** jons on Ca*" currents in nodose
neurons. (A) The T-type Ca>" current generated by a volt-
age step to —20 mV from a holding potential of —100 mV
was eliminated following incubation with 100 uM Ni**.
(B) The HVA Ca”*" component generated by a voltage step
to +20 mV was less sensitive to Ni*t as indicated by a
<10%-inhibition of control current. (C) Dose response of
T-type Ca>" currents to increasing concentrations of Ni*™.
Normalized current block from five neurons (expressed as a
percentage of control currents before Ni>™ application) was
plotted as a function of Ni>" concentration. The solid line
represents the best fit of averaged points with the Hill equa-
tion (see Methods).
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Figure 6 Developmental changes in the expression of HVA and T-type Ca®" currents in acutely
isolated nodose neurons. (A) Mean cell capacitance between E7 and E20 in acutely isolated nodose
neurons. Notice significant increase in cell size during normal development of nodose neurons. (B)
Peak HVA current density generated by a voltage step to +20 mV from a holding potential of
—100 mV. (C) Population plot of T-type expressing neurons at different developmental stages.
(D.E) Histograms of T-type Ca* current densities in E7 (D), and E20 (E) nodose neurons. Ca>*
currents were generated by 200 ms depolarizing pulses to —20 from a holding potential of
—100 mV. Note the rightward shift in the number of nodose neurons expressing high current
densities between E7 and E20. In A and B, results are mean = SEM and (*) denotes p < 0.05 from
E7 as determined by one-way ANOVA followed by Tukey’s honest significant difference test
for unequal n. The number of cells recorded under each experimental condition is given above
each bar.
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mV increased nearly threefold between E7 and E17.
Expression of T-type Ca>" currents was also develop-
mentally regulated: between E7 and E10 a minority
of neurons expressed the transient component [Fig.
6(C)]. However, by E17, ~60% of nodose neurons
expressed T-type Ca®" currents. T-type Ca>" current
expression was significantly high in E20 neurons as
well. Age-dependent changes in T-type Ca>" current
expression resulted in a rightward shift in the distri-
bution of current densities constructed for E7 and
E20 nodose neurons [Fig. 6(D,E)].

Role of T-type Ca?* Channels in
Regulating the Action Potential
Waveform and Hyperpolarizing

Membrane Responses

Membrane responses to hyperpolarizing or depolariz-
ing current injections were studied to assess the func-
tional role of T-type Ca®" channels in E17-E20
nodose neurons. Injection of 300 ms long hyperpola-
rizing current pulses generated a rebound depolariza-
tion [Fig. 7(A), arrow]. At E20, ~61% of recorded
neurons exhibited rebound depolarizations (11 out of
18 nodose neurons recorded). Increasing the strength
of the hyperpolarizing current can ultimately result in
the generation of an action potential when the
rebound depolarizing potential reaches threshold.
Incubation with 100 uM Ni*" ions inhibited the gen-
eration of rebound depolarizations in all neurons
tested (n = 6, 100% inhibition), indicating that T-
type Ca®" channels are responsible for this membrane
response [Fig. 7(A), right traces]. The inhibitory
effect of Ni*™ on the rebound depolarization was re-
versible (not shown). Injection of brief depolarizing
pulses resulted in the generation of action potentials
[Fig. 7(B)]. At E20, nodose neurons exhibited brief
overshooting spikes (action potential amplitude = 99
* 2 mV, duration = 2.6 = 0.4 ms, n = 15) followed
by a long lasting hyperpolarizing potential [5S0-200
ms duration, empty arrow in Fig. 7(B)]. Incubation of
nodose neurons with 100 uM Ni** did not alter the
action potential waveform [Fig. 7(B)]. Thus, Ni**
application had no effect on action potential ampli-
tude (100 = 3 vs. 102 = 6 mV, n = 6, p > 0.5), dura-
tion (2.0 £ 03 vs. 1.8 = 03 ms, n = 6, p > 0.5), or
hyperpolarizing potential amplitude (10 %= 3 vs. 11
* 3mV,n =6, p>0.5). These results suggest that
the functional expression of T-type Ca’" channels
regulates the response of nodose neurons to inhibitory
inputs but they have little effect on shaping the action
potential waveform.
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Figure 7 Effect of blocking T-type Ca®" channels on the
action potential waveform and rebound depolarization in
E20 nodose neurons. (A) Membrane responses to injection
of hyperpolarizing currents in an E20 nodose neurons.
Notice injection of hyperpolarizing currents results in a
rebound excitation (filled arrow) that can ultimately trigger
an action potential. Both the rebound depolarization and
action potential generation can be blocked with 100 puM
Ni*". Rebound depolarizations were generated by injection
of hyperpolarizing currents of increasing amplitude (lower
trace). (B) Ni>" ions have very little effect on the shape of
the action potential waveform. Spikes were followed by a
medium duration after hyperpolarizing potential (empty
arrow). Action potentials were generated by brief injection
of depolarizing currents (2 ms, 1.2 nA). For clarity, the
stimulation artifact has been removed from the trace.

Cloning and Sequencing of a T-type
Ca2* Channel Partial cDNA From
E20 Nodose Neurons

T-type Ca>" currents generated by «1G, o1H, and «11
subunits can display different biophysical and phar-
macological properties (Perez Reyes et al., 1998;
Klockner et al., 1999; Lee et al., 1999). To identify
the o1 subunit that underlies T-type Ca®" currents in
chick nodose neurons, we designed a pair of PCR pri-
mers directed against conserved regions of all rat sub-
units (a1G, «1H, «1I) spanning a region between the
II-S2 and the III-S6 transmembrane domains. PCR
analysis yielded one amplification product of ~ 700 bp
from total RNA extracted from E20 chick nodose
neurons [Fig. 8(A), lane 2]. No products were ampli-
fied in control reactions lacking reverse transcriptase
[Fig. 8(A), lane 3]. We should also point out that dur-
ing our optimization process using different cycles
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Figure 8 Molecular identification of o1 subunit transcripts in chick nodose neurons. (A) RT-
PCR detection of a1 subunit transcripts in chick E7 (lane 1) and E20 (lane 2) nodose neurons. No
products were obtained when the enzyme reverse transcriptase was omitted from the PCR reaction
(lane 3). PCR products were amplified from cDNA obtained from total RNA of nodose ganglia. M
represents the marker. Notice that RT-PCR analysis of nodose ganglia reveals a single band
between 650 and 850 bp. (B) Amount of «1H and GAPDH transcripts obtained by serial dilutions
(1:2.5, 1:5, 1:10, and 1:20) of cDNA samples from E7 and E20 nodose ganglia. (C) Semi-quantita-
tive PCR analysis of «1H transcripts in E7 and E20 nodose ganglia. Relative expression of o1H
transcripts was normalized to the housekeeping gene GAPDH. Insert: examples of «1H and
GAPDH transcripts in E7 and E20 nodose ganglia. Results are mean = SEM (n = 3), “ns” denotes
no significant differences as determined by Student’s unpaired #-test. (C) Alignment of the amino
acid sequences of the deduced chick partial clone and rat and human o1H subunits (GenBank
accession numbers NM_153814 and AF051946, respectively). Conserved amino acids across all
three species are represented in bold letters. The membrane-spanning segments (S2—-S6) as well as
the pore loop (P-loop) are represented with a discontinuous line below the sequence alignment
(from McRory et al., 2001).
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and annealing temperatures, we never saw more than
one band (not shown). This PCR product was purified
in low melting point agarose gel and sequenced.
Sequence analysis of this PCR product generated a
647 bp partial cDNA that was blasted against a chick
genome database (http://www.ensembl.org). BLAST
analysis of our partial cDNA revealed that it is local-
ized to chromosome 14 and is matched to a T-type
Ca”" channel homologous to the human gene coding
for the olH subunit (Ensemble gene ID ENS-
GALGO00000005215). The amino acid sequence of
our partial clone was determined using the program
TRANSLATE on the ExPASy proteomics server
(http://www.expasy.org). The deduced protein sequence
of our partial clone is represented in Figure 8(D). The
chick o1H partial sequence was found to share an
89% similarity compared to the human and rat «1H
sequences. Most of the conserved amino acids are
found in the membrane spanning and the pore-form-
ing regions [Fig. 8(D)]. Homology with other «1 sub-
units was somewhat lower, including an 83% similar-
ity to rat and human o11 isoforms and 80% similarity
to «1G subunits. Interestingly, a similar PCR product
was also present in E7 chick nodose ganglia although
at this age there were very few functional T-type
Ca®" channels [Fig. 8(A), lane 1]). Age-dependent
changes in «1H subunit transcripts were determined
by semi-quantitative RT-PCR using the housekeeping
gene GAPDH as a normalizer [Fig. 8(B,C)]. Initially,
we established that the yield of the RT-PCR reaction
(assessed by the band intensity of «1H and GAPDH
transcripts) was a linear function of starting material
[Fig. 8(B)]. Age-dependent changes in «lH expres-
sion were quantified as band intensity ratios of «1H
and GAPDH transcripts. There was no significant dif-
ference in the «a1H/GAPDH transcript ratio between
E7 and E20 nodose ganglia [Fig. 8(C)]. These results
suggest that the functional expression of T-type Ca®"
channels in chick nodose neurons may be regulated
by a posttranscriptional mechanism.

DISCUSSION

In this study we have characterized the expression of
voltage-gated Ca”®" channels in embryonic chick
nodose neurons using whole-cell recordings. Our cur-
rent results indicate that HVA Ca”" currents are
found throughout all stages of embryonic develop-
ment, whereas T-type Ca>" channels show an incre-
mental pattern of functional expression. On the basis
of their sensitivity to nickel ions and sequencing anal-
ysis, we conclude that T-type Ca*" currents are medi-
ated by o1 H subunits in chick nodose neurons.
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Expression of HVA Ca®* Currents
in Nodose Neurons

Nodose neurons express relatively large HVA Ca*"
currents as early on as E7. On the contrary, T-type
Ca”" currents are only found in less than 10% of all
recorded neurons at this developmental stage, indicat-
ing that in differentiating nodose neurons HVA Ca®"
channels are expressed earlier than T-type channels.
This finding is consistent with a previous report by
Larmet et al. (1992), who were able to record HVA
but not T-type Ca®" channel expression at stage 23
(corresponding to E3'5—E4). However, during neuro-
nal differentiation of DRG neurons the opposite pat-
tern of channel expression occurs (Gottmann et al.,
1988), suggesting a significant variability in Ca”"
channel expression between different neuronal popu-
lations. Between E7 and E17, HVA current density
progressively increases; however, a small reduction
in HVA current density was noted in E20 nodose neu-
rons. This age-dependent increase in HVA current
density is similar to that described in other species
and neuronal populations (McCobb et al., 1989; Des-
madryl et al.,, 1998; Martin-Caraballo and Greer,
2001). HVA Ca*" currents are evoked by Ca>" influx
through at least four distinct Ca®" channels that are
broadly divided into L-, N-, P-, and R-type Ca*"
channels (Fox et al., 1987; reviewed by Catterall,
1998). Ca** influx through HVA Ca®" channels plays
an important role in various cellular processes includ-
ing neurotransmitter release, and regulation of electri-
cal excitability and gene expression (Umemiya and
Berger, 1994; Iwasaki et al., 2000; Martin-Caraballo
and Greer, 2001). Ca** entry via HVA Ca®" channels
has also been implicated in the phenotypic differen-
tiation of developing nodose neurons. For example,
L-type Ca*" channel activation mediates the activity-
dependent induction of tyrosine hydroxylase in a sub-
set of rat nodose neurons (Brosenitsch et al., 1998).

Expression of T-type Ca®* Currents
in Nodose Neurons

Three genes (Ca,3.1, Ca,3.2, and Ca,3.3) encode the
main pore-forming subunit of T-type Ca>" channels
in mammalian neurons («1G, «1H, and «11, respec-
tively). Expression of individual subunits can gener-
ate functional channels with some striking differen-
ces. For example, transient Ca®>" currents generated
by the expression of 11 subunits in a heterologous
expression system display slow activation and inacti-
vation kinetics that differ considerably from currents
generated by «1G and «1H subunits (Chemin et al.,
2002). The slow kinetics of o1I-generated Ca®" cur-
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rents results in a significant entry of Ca®" ions dur-
ing an action potential. Transient currents generated
by «1H subunits are highly sensitive to blockade by
low nickel concentrations (Lee et al., 1999). On the
basis of our molecular characterization of a partial
sequence of the ol subunit, we conclude that «1H
subunits mediate T-type Ca®" currents in chick
nodose neurons. We cannot, however, rule out the
possibility that our set of primers will only recognize
the chick «1H subunit since none of the chick «l
isoforms have been sequenced. Nonetheless, three
lines of evidence support our conclusion that «1H
subunits mediate most of T-type Ca®" currents in
chick nodose neurons. First, T-type Ca”" currents in
chick nodose neurons are highly sensitive to block-
ade by low concentrations of Ni*". Study of the con-
centration dependence of the Ni*" blockade of T-
type Ca?" currents reveals an ICs of 17 uM, close
to that previously reported for native channels in
mouse embryonic vestibular (ICsg = 13.4 uM) and
rat pelvic neurons (ICso = 10 uM; Lee et al., 2002;
Autret et al., 2005). This value is over 10-fold lower
than the ICs, described for T-type Ca’>" currents
generated by a1G (ICsqg = 259 uM) and «11 subunits
(IC50 = 216 uM, Lee et al., 1999). Second, analysis
of deactivation tail currents supports the presence of
only one population of T-type Ca>" channels. Third,
sequencing of our partial cDNA indicates a high
level of similarity with the rat and human o1H subu-
nits, whereas the sequence similarity with «1G and
oll subunits from other species was somewhat
lower. The possibility that o«1H subunits mediate T-
type Ca®" currents in chick nodose neurons is also
compatible with previous findings in other species.
For example, it has been reported that o1H is the
main subunit expressed in rat nodose neurons that
form functional T-type Ca®" channels (Lambert
et al., 1998).

Characterization of the biophysical properties of
T-type Ca®" channels in chick nodose neurons is also
consistent with Ca** currents generated by o1H subu-
nits. Activation and inactivation time constants are
similar to those previously reported for Ca®" currents
generated by rat «lH subunits in a heterologous
expression system (Klockner et al., 1999). The values
of steady-state activation and inactivation were also
closely related to those generated by «1H subunits in
other mammalian neurons (Chemin et al., 2002; Lee
et al., 2002; Autret et al., 2005). However, the deacti-
vation time constant was significantly higher than
previously reported in a heterologous expression sys-
tem (Chemin et al., 2002). This may reflect the contri-
bution of other factors to channel closure in native
channels including the presence of other auxiliary
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subunits and/or splice variants (Chemin et al., 2001;
Green et al., 2001).

Similar to other T-type Ca>" currents in develop-
ing neurons (McCobb et al., 1989; Gu and Spitzer,
1993; Martin-Caraballo and Greer, 2001), embryonic
nodose neurons express Ca®' currents with low
threshold activation, rapid inactivation and high sen-
sitivity to low concentrations of Ni*™ ions. However,
differently from spinal cord neurons (McCobb et al.,
1989; Gu and Spitzer, 1993; Martin-Caraballo and
Greer, 2001), our present results reveal an incremen-
tal pattern of T-type Ca>" channel functional expres-
sion in nodose neurons during embryonic develop-
ment. Thus, T-type Ca®" currents were present in a
large population of nodose neurons between E17 and
E20, whereas at earlier stages of development this
current was restricted to a few neurons. Therefore, it
appears that T-type Ca®" channels undergo major
changes in their functional expression at later stages
of embryonic development. There are two important
points that should be taken into consideration when
interpreting the present results. First, it is unlikely
that this pattern of T-type Ca>" channel expression is
due to the preferential loss of dendritic outgrowth
during dissociation. According to previous findings,
nodose neurons lack any significant dendritic compo-
nent during the developmental stages used in our
study (Harrison et al., 1994). We cannot, however,
exclude the possibility that some differences in T-
type Ca®" channel distribution exist between various
cellular compartments (such as soma, axon, or synap-
tic terminal) that cannot be assessed by our current
recordings of somatic currents. Second, nodose neu-
rons innervate different targets (heart, lungs, and
other visceral tissues) with both mechanically and
chemically activated nerve endings that send signals
to the CNS (reviewed by Zhou et al., 1997). There-
fore, it is possible that some differences may exist in
the pattern of T-type Ca®" channel expression based
on target innervation and/or sensory information
transmitted to the CNS.

Our current findings, taken together with previous
studies (McCobb et al., 1989; Desmadryl et al., 1998;
Schmid and Guenther, 1999; Martin-Caraballo and
Greer, 2001), indicate that during neuronal differen-
tiation two different patterns of T-type Ca*" channel
functional expression emerge in different neuronal
populations. The first pattern is characterized by
increased T-type Ca®" channel expression and can be
found in sensory neurons like nodose and dorsal root
ganglia (Desmadryl et al., 1998). The second pattern
has been identified in CNS neurons like hippocampal,
retinal, and spinal neurons and is characterized by a
significant reduction in T-type Ca®" channel expres-



sion at early stages of embryonic development
(McCobb et al., 1989; Chambard et al., 1999; Schmid
and Guenther, 1999; Martin-Caraballo and Greer,
2001). Although our present results clearly indicate a
significant increase in the functional expression of T-
type Ca>" channels in developing chick nodose neu-
rons, our molecular data suggest that T-type Ca®"
channel transcripts are already present at E7. This
surprising result would suggest that functional
expression of T-type Ca®" channels is regulated by a
posttranscriptional mechanism. Although this is the
first report indicating that functional expression of T-
type Ca®" channels is not coupled to the presence of
channel transcripts, there is evidence that this may
occur with other ion channels. For example, tran-
scripts of large conductance, Ca®"-dependent K"
channels are detected prior to their functional expres-
sion in chick ciliary neurons (Subramony et al.,
1996). One attractive possibility is that extrinsic fac-
tors regulate the functional expression of T-type Ca*"
channels in developing chick nodose neurons. We
have explored this possibility in the following article.
Differences in the expression pattern of T-type
Ca”* channels in sensory and spinal neurons indicate
that they may play different functional roles during
neuronal differentiation. Functionally, Ca®" influx
via T-type Ca®" channels can regulate the develop-
ment of membrane excitability as well as various
Ca”*-dependent developmental processes. For exam-
ple, activation of T-type Ca®" channels makes a sig-
nificant contribution to the action potential waveform
and the temporal pattern of repetitive firing in devel-
oping motoneurons (Umemiya and Berger, 1994;
Martin-Caraballo and Greer, 2001). Indeed, our pres-
ent results indicate that T-type Ca®' channels are
implicated in the generation of rebound depolariza-
tion, although they have very little effect on the
action potential waveform. Activation of T-type Ca®"
channels following a hyperpolarizing input could
potentially increase membrane excitability and acti-
vation of other voltage-dependent conductances (Gu
and Spitzer, 1993; Martin-Caraballo and Greer,
2001). Similarly, Ca®" influx through T-type Ca’"
channels regulates various developmental processes
including maturation of axonal projections, dendritic
outgrowth, and differentiation of electrical properties
(Holliday and Spitzer, 1990; Gu and Spitzer, 1993).
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