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T-type Ca2+ channels play a dual role in
modulating the excitability of dorsal root
ganglia neurons

Tong Zhu1,2 and Yuying Wang1,3,4

Abstract
A subgroup of low-threshold dorsal root ganglia (DRG) neurons discharge action potentials (APs) with an afterdepolarizing potential
(ADP). The ADP is formed by T-type Ca2+ currents. It is known that T-type Ca2+ currents contribute to neuropathic pain. However,
the change in ADP-firing of injuredDRG neurons has not beenwidely studied yet. Herewe applied patch clamp to record ADP-firing
and T-type Ca2+ currents in intact and chronically compressed DRG (CCD) neurons and examined T-type Ca2+ channel proteins
expression with western blotting. After CCD injury, the incidences of both ADP firing and non-ADP burst firing increased, and
T-type Ca2+ channels contributed to both of these firing patterns. The neurons discharging large-amplitude-ADP firing were TTX-
insensitive, implying that high-density T-type Ca2+ channels might cooperate with TTX-insensitive Na+ channels to reduce the AP
threshold. By contrast, the neurons displaying non-ADP burst firing were TTX-sensitive, implying that low density T-type Ca2+

channels may cooperate with TTX-sensitive Na+ channels to increase AP number. In DRG neurons, T-type Ca2+ currents density
variedwidely, ranging between 100 pA/pF and 5 pA/pF. After injury, the proportion of DRG neuronswith large T-type Ca2+ currents
increased in parallel with the increase in the incidence of large-amplitude-ADP firing. And in addition to Cav3.2, Cav3.3 channels are
also likely to contribute to low-threshold firing. The data revealed that T-type Ca2+ channels may play a dual role in modulating the
injured neurons’ high excitability through a cooperative process with Na+ channels, thereby contributing to neuropathic pain.
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Introduction

As low-voltage-activated (LVA) Ca2+ channels, T-type Ca2+

channels open at voltages near the resting membrane po-
tential (RMP) and display fast activation and inactivation
kinetics.1 Inward T-type Ca2+ currents induce prolonged
depolarization. Once the depolarization level reaches the
threshold potential, plenty of Na+ channels are activated and
action potential (AP) is generated which is superimposed on
the prolonged depolarization. The prolonged depolarization
below AP is recorded as afterdepolarizing potentials (ADP).
T-type Ca2+ channels have long been known to play a fun-
damental role in modulating neural excitability and then to
contribute to acute and chronic pain in both the central and
peripheral nervous systems (CNS, PNS).2-4 In various pe-
ripheral nerve injuries and diabetic neuropathic pain model

animals, LVA T-type Ca2+ currents in dorsal root ganglia
(DRG) neurons significantly increase, enhancing the excit-
ability of DRG neurons.2-5 Included in the T-type Ca2+
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channel family are the Cav3.1, Cav3.2, and Cav3.3 channels.
In CNS, Cav3.1 and Cav3.2 channels act as pacemaker,6

whereas Cav3.3 channels induce burst-firing.7,8 Cav3.2 and
Cav3.3 channels are normally expressed in DRG. The Cav3.3
channel expression level is low in DRG, whereas Cav3.2
channels predominate within small and medium-sized
neurons.1,9 Cav3.2 channels are abundant in a subgroup of
medium-sized DRG neurons and cause these neurons to dis-
charge low-threshold APswith a characteristic ADP.5,10-12 Since
the ADP is generated by Cav3.2 currents, accordingly, the
amplitude of ADP is related to the expression level of Cav3.2
channels. In neuropathic pain, Cav3.2 expression increases at
DRG level.2-5 Thus, the incidence of large-amplitude-ADP
firing is most likely to increase. However, we also observed
low threshold small-amplitude-ADP firing in injured DRG
neurons. Therefore, the association between Cav3.2 channels
and low-threshold firing patterns needs to be explored deeply.

Here, we employed chronic compression of DRG rats, a
neuropathic pain model, to study the low-threshold firing
pattern of compressed DRG neurons in order to reveal the
underlying mechanism for the modulation of T-type Ca2+

channels in low-threshold firing patterns.

Materials and methods

Animals

Experiments were performed on young adult male Sprague-
Dawley rats (150–200 g) obtained from the Medical Ex-
perimental Animal Center of Xi’an Jiaotong University,
Shaanxi Province, China. Rats were housed under a standard
12 h light/dark cycle at room temperature with food and water
provided ad libitum. The experimental protocols were ap-
proved by the Institutional Animal Care Committee of Xi’an
Jiaotong University and in accordance with ethical guidelines
of the International Association for the Study of Pain.13 All
efforts were made to minimize the number of experimental
animals and their suffering.

Chronic compressed dorsal root ganglia (CCD)
rat model

The rats were divided into two groups: a CCD group and a
sham group. Sham operation animals were anesthetized and
the left L4 and L5 intervertebral foramina were exposed,
without the insertion of rod.

The animal model employed for DRG compression was
reported previously.14,15 Briefly, the rats were anesthetized
with pentobarbital sodium (40 mg/kg, i.p.), the left L4 and L5
intervertebral foramina were exposed, and an L-shaped
stainless-steel rod (4 * 2 mm in length and 0.6 mm in di-
ameter) was inserted into each foramen. A transient twitch of
the ipsilateral hind leg muscles of the animal was observed
when the DRG was touched by the steel rod. Antibiotic
penicillin was administered systemically to both sham and

CCD group for twice at the operation day (100,000 U for each
time, i.p.).

Dorsal root ganglia neurons preparation

Experiments were performed on surface DRG neurons in
whole ganglion obtained from CCD and sham-operation rats
on day 3–4 post operation. Animals were heavily anes-
thetized with pentobarbital sodium (55 mg/kg, i.p.) and then
decapitated. The left L4 and L5 DRG were rapidly removed
and the whole ganglion was placed in a tube containing
protease (0.4 mg/mL; Sigma) and collagenase (1 mg/mL;
Sigma type 1). The tube was bathed for 30–40 min at 35°C.
The course of digestion is very important for later successful
electrophysiological recording, because the neuronal surfaces
of individual DRG are enveloped by a tight tissue composed
of satellite cells. Next the ganglia in the tube were rinsed three
times with Hank’s balanced salt solution (HBSS) to remove
enzymes. Ganglia were kept in oxygenated artificial cerebral
spinal fluid (ACSF) (95% O2 and 5% CO2) at 24°C for 1 h.
ACSF contains (in mM): 125 NaCl, 3.8 KCl, 1.2 KH2PO4,
1.0MgCl2, 2.5 CaCl2, 25 NaHCO3, 10 glucose. At last, single
DRG was fixed with a grid of nylon threads glued to a
“U”-shaped platinum frame contained in a recording chamber.
The chamber was mounted on the stage of an upright mi-
croscope (BX51WI; Olympus, Tokyo, Japan) with infrared
differential interference contrast optics. During recording,
ganglia were kept perfused with oxygenated ACSF.16

Electrophysiological recording

The whole-cell patch-clamp recording was performed at
room temperature (22–25°C) on left L4 and L5 DRG neurons
from CCD and sham-operated rats using a Multiclamp 700B
patch-clamp amplifier (Molecular Devices, Sunnyvale, CA,
USA). Patch pipettes (1–3 MV) were pulled from the bo-
rosilicate glass on a puller (p-97, Sutter).

For recording action potentials (APs), recording electrodes
having a resistance of 1–3 MV were filled with a physio-
logical solution containing (in mmol/L): 140 KCl, 5 NaCl, 5
Mg-ATP, 1 MgCl2, 5 EGTA, 2 CaCl2, and 15 HEPES, ad-
justed to pH 7.4 with KOH. The bath solution contained (in
mmol/L): 144 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 5 HEPES
and 10 mmol/L Glucose, adjusted to pH 7.4 with NaOH.17

Patch clamp recordings of T-type Ca2+ currents were made
in the whole-cell configuration. The pipette solution con-
tained: 135 mM CsCl, 1 mM MgCl2, 10 mM EGTA, 10 mM
HEPES and 1 mM Mg-ATP with pH adjusted to 7.2 using
CsOH. The external solution consisted of 135 mM TEACl,
1 mM MgCl2, 10 mM BaCl2, 10 mM HEPES, and 11 mM
glucose, with pH adjusted to 7.4 using TEA-OH. The os-
molarity of all pipette solutions and bath solutions were
adjusted to roughly 295–305 mOsm/L. Ten µM of nifedipine
and five hundred nM of TTX were delivered to the bath
solution on the recording day.18
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Ramp stimulation applies continuously increasing current
or voltage command, so it is convenient to observe threshold
potential or clamped voltage. But the slope of ramp stimu-
lation is slow, so it is inconvenient to observe the activation of
fast channel. Here we applied both step and ramp commands
to record electrophysiological data.

Neurons were subjected to 200-ms step-current com-
mands, from 10 pA to 200 pA in 10 pA increments, to record
rheobase. Step-current commands of 500–1000 ms from 1 to
5 times rheobase in increments of 1 * rheobase or 500–
1000 ms ramp-current commands with an intensity of 5 *
rheobase were applied to record neurons’ firing patterns.

To record T-type Ca2+ currents, neurons were held at
�90 mV and 250-ms step-voltage commands from �90 to
+50 mV were applied in 10 mV increments or 500-ms ramp-
voltage commands were applied from �90 to +30 mV. Ramp
voltage command clearly separated T-type Ca2+ currents
(LVA Ca2+ currents) from high voltage activated Ca2+ cur-
rents (HVA Ca2+ currents) in one trace.

To compare T-type Ca2+ currents density of neurons between
CCD and sham group, step-voltage commands from �90 to
+50 mV were applied in 10 mV increments. The amplitude of
peak current was measured at �40 mV voltage command and
then divided by the cell capacitance of recorded neuron.

Data acquisition was filtered at 10 kHz and sampled at
20 kHz with the Clampex 9.0 software system (Molecular
Devices) through the digitizer (Digidata 1322A, Molecular
Devices). Membrane properties were monitored with the
built-in pCLAMP membrane test. In order to obtain reliable
recordings, cells were allowed to equilibrate for 2 min before
the start of recording. Neurons with membrane resistance
≥400 MV, series resistance ≤5 MV, holding current ≤100 pA
and membrane potential negative than �50 mV were ac-
cepted. The series resistance was compensated to above 70%,
and capacitance was compensated to above 70%.

The results analysis was carried out by Clampfit 10.4
(Molecular Devices) and OriginPro 8.0 (Originlab Corpo-
ration, Northampton, MA, USA).

Western-blot detection of Cav3.2 and Cav3.3
channels in dorsal root ganglia

We measured Cav3.3 expression in DRG after injury. CCD
and sham-operated rats (n = 12 for each group) were sacrificed
on day 3 post operation. The left L4 and L5 DRG were then
removed rapidly and stored at �80°C. Both L4 and L5 DRG
from the same animals were pooled together. Next, total protein
was extracted and preserved at �80°C. The DRGs were ho-
mogenized in RIPA lysis buffer (Santa Cruz Biotechnology,
USA) with a protease inhibitor cocktail, and then sonicated on
ice and centrifuged at 12,000 g for 15 min at 4°C to isolate the
supernatant, which contained the total protein sample. Ten μg of
protein was applied to polyacrylamide gels (10% resolving gels
with 4% stacking gels) under reducing conditions using the
BioRad MiniProtean III system (Bio-Rad).

After protein concentrations were determined with BCA
assays, the protein samples were separated on a 10% SDS-
PAGE gels and transferred to polyvinylidene-fluoride
(PVDF) membranes (Merck Millipore). After blocking
with 3% fat-free dried milk in TBST (20 mM Tris-HCl,
150 mM NaCl, 0.1% Tween 20, pH 7.6) at room tempera-
ture for 1 h, PVDF membranes were incubated with mouse
anti-Cav3.2 (1:1000, NBP1-22,444ss, Novusbio, Centennial,
USA) or mouse anti-Cav3.3 (1:200, Cat#: ACC-009, Alo-
mone Labs, Israel) and anti-β-actin (1:1000, Abcam, USA)
antibodies in 3% fat-free dried milk in TBST overnight at
4°C. The blots were then washed with TBST, followed by
incubation with (1:4000) horseradish-peroxidase-conjugated,
goat anti-mouse antibody (Bio-Rad). Immunoreactive bands
were visualized using Renaissance Chemiluminescence Re-
agent (Millipore, USA). Densitometric analysis was carried
out with ImageJ (Bio-Rad, CA, USA, mean grey value). The
protein levels of target proteins were normalized to that of
β-actin.

Drugs

Reagents were purchased from Sigma-Aldrich Co. (St Louis,
MO, USA).

Statistical analysis

All values were given as the mean ± standard error of the
mean (SEM). Statistical significance (p < 0.05) was calcu-
lated using the t-test for unpaired data or one-way ANOVA
using OriginPro 8.0 (Originlab Corporation, Northampton,
MA, USA).

Results

Patch-clamp recording was performed on low-threshold DRG
neurons from CCD and sham-operated rats on days 3–4 after
surgery. We recorded 65 DRG neurons from the sham group
and 65 neurons from the CCD group.

Eighteen neurons from the sham group and 45 neurons
from the CCD group exhibited first AP around �50 mV.
Injury increased the incidence of low threshold firing (sham
group vs. CCD group: 27.69% vs. 69.23%, Chi-square test,
****p < 0.0001). The APs were considered to be of low
threshold since they were recorded near the resting membrane
potential.19 There were no differences in the RMP of low-
threshold neurons between the sham and CCD groups (sham
group: n = 18, �56.33 ± 1.07 mV; CCD group: n = 45,
�57.40 ± 0.59 mV). The tested neurons were classified into
small (capacitance: 20–35 pF), medium-sized (capacitance:
40–65 pF) and large cells (capacitance: > 70 pF) on the basis
of membrane capacitance.17 One small and seventeen
medium-sized neurons in the sham group and two small and
forty-three medium-sized neurons in the CCD group were
low-threshold neurons. Most low-threshold neurons were
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medium-sized (sham group: 45.94 ± 1.22 pF, n = 18; CCD
group: 49.11 ± 1.45 pF, n = 45).

Low-threshold afterdepolarizing potentials firing
pattern of dorsal root ganglia neurons

All 18 neurons from the sham group and 30 neurons from the
CCD group generated low-threshold APs followed by
prominent ADPs. Injury enhanced ADP-firing (sham group
vs. CCD group: 27.69% vs. 46.15%, Chi-square test, *p <
0.05). In response to both step and ramp current input, the
ADP firing neurons exhibited fast adaptation firing (Figure 1).
Among these neurons, 16/18 neurons from the sham group
and 18/30 neurons from the CCD group exhibited only single
AP. The ADP amplitude was measured in the firing in re-
sponse to a rheobase intensity of current input. The amplitude
of the ADP was 12.08 ± 1.39 mV for the sham group and
20.19 ± 2.51 mV for the CCD group (Figure 1(a), unpaired
t-test, *p < 0.05). Other 2 neurons from the sham group and
12 neurons from the CCD group discharged burst firing
(Figure 1(b)). The amplitude of the ADP was around 10 mV
for the sham group and 10.45 ± 1.55 mV for the CCD group
(Figure 1(b)). Because there were only 2 neurons in sham
group, we didn’t test that if the difference between two groups
was significant. The amplitude of the ADPs ranged from
3 mV to 40 mV, and there was a tendency for single AP to be
present in large-amplitude ADPs, whereas burst firing was
associated with small-amplitude ADP. For these neurons
displaying ADP, 2 neurons from the sham group and 8
neurons from the CCD group exhibited ADPs with amplitude
≥20 mV, injury increased the proportion of neurons with
large-amplitude ADP (sham group vs. CCD group: 3.08% vs.
12.31%, Chi-square test, *p < 0.05). In response to ramp
input current, neurons generated ADP-firing when the
membrane potential ranged from �55 to �40 mV (Figure
1(c), sham group: �47.0 ± 1.02 mV, n = 18; CCD group:
�46.37 ± 0.87 mV, n = 30).

In addition to above ADP-firing, spontaneous repetitive
ADP firing was recorded in 4 neurons from the CCD group
(Figure 1(d)).

Cav3.2 channels are sensitive to NiCl2.
20 We applied

NiCl2 to block ADP firing. Application of NiCl2 (50–
100 µM) fully blocked ADP firing (Figure 1(e)). For neurons
with large-amplitude-ADP firing (ADP amplitude ≥20 mV),
the application of NiCl2 significant increased the rheobase
from 32.50 ± 4.79 pA to 317.50 ± 17.50 pA (n = 4), sug-
gesting that Cav3.2 T-type Ca2+ currents were chiefly re-
sponsible for the low threshold of these neurons.

Low-threshold non-afterdepolarizing potentials burst
firing pattern of dorsal root ganglia neurons

As for other 15 low threshold neurons from CCD group, 10/15
neurons generated rapidly adapted burst firing without a

corresponding prominent ADP in response to both step and
ramp current inputs (Figure 2(a)). Similar to that of ADP firing
neurons in response to ramp input current, the non-ADP burst
firing neurons also generated repetitive firing (Figure 2(a)) at
potential ranging from �50 to �30 mV (from �41.20 ±
0.90 mV to �33.30 ± 1.58 mV, n = 10), suggesting that low-
voltage-activated T-type Ca2+ channels contribute to the
non-ADP burst firing. The rheobase for the non-ADP burst
firing was higher than that of ADP burst firing (Figure 2(a),
73.00 ± 7.00 pA, n = 10, vs. 37.67 ± 2.48 pA, n = 30, unpaired
t-test, ****p < 0.0001), implying T-type Ca2+ channels ex-
pression level may be low in neurons with non-ADP burst
firing. Other 5/15 low threshold neurons generated a combi-
nation of ADP firing and non-ADP burst firing (Figure 2(b)). In
response to ramp input current, these neurons generated ADP
firing followed by non-ADP repetitive firing (Figure 2(b)) at
potential from �55 to �30 mV (from �48.0 ± 3.3 mV to
�34.2 ± 3.8 mV, n = 5).

Hyperpolarization ensured more T-type Ca2+ channels in a
state of non-inactivated. Thus we hyperpolarized the resting
membrane potentials (RMPs) to observe changes in rapidly
adapted burst firings. Then non-ADP burst firing switched to
burst firing with prominent ADP (Figure 2(c)). And hyper-
polarization changed combination firing pattern to repetitive
burst firing (Figure 2(d)). These changes confirmed that these
non-ADP burst firing neurons were distributed with low
density of T-type Ca2+ channels, implying that large T-type
Ca2+ currents contributed to ADP firing whereas small T-type
Ca2+ currents contributed to burst firing.

NiCl2 (100–200 µM) inhibited non-ADP burst firing but
left the first AP intact (Figure 2(e)), and only slightly in-
creased the rheobase from 57.50 ± 8.54 pA to 87.50 ± 12.50
pA (n = 4, paired t-test, **p < 0.01), suggesting that other ion
channels than T-type Ca2+ channels modulated the threshold
of non-ADP burst firing.

The role of Na+ channels in afterdepolarizing
potentials firing

High density of T-type Ca2+ channels induced large-
amplitude-ADP and it corresponded with low threshold.
However, we observed that the amplitude of ADP varied
widely. Small-ADP or non-ADP firing was also correlated
with low-threshold, implying that T-type Ca2+ currents in
combination with Na+ currents determined the threshold
potential. In response to increasing intensities of step input
currents, large-amplitude-ADP (≥20 mV) gradually dimin-
ished in size to a small amplitude of depolarized potential
without an AP above it (Figure 3(a)), implying that the Na+

channels of these neurons may be activated at high-voltage
and these neurons may be sensitive to both low intensity and
high intensity of stimuli.

Two neurons from the sham group and eight neurons from
the CCD group exhibited very large ADP (ADP amplitude
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≥20 mV). Application of tetrodotoxin (TTX) (300 nM) only
slightly reduced the amplitude of the AP for these neurons
(Figure 3(b)). However, 300 nM TTX fully blocked small-
ADP firing and low-threshold non-ADP burst firing (Figure
3(c)).

T-type Ca2+ current of dorsal root ganglia neurons

T-type Ca2+ currents were recorded in medium-sized DRG
neurons from both sham-operated and CCD rats. Ramp
voltage command clearly separated T-type Ca2+ currents

Figure 1. Low-threshold ADP-firing of DRG neurons. (a) Representation of single-AP firing with prominent ADP (left panel). ADP
amplitudes in single-AP firing were compared between the sham and CCD group (right panel, *p < 0.05). Arrow indicates ADP, ADP:
afterdepolarizing potential. (b) Representation of burst firing with prominent ADP (left panel). ADP amplitudes in burst firing were compared
between the sham and CCD groups (right panel). (c) Representation of ADP-firing in response to ramp current input (left panel). The
threshold potentials of AP in response to ramp current were compared between sham group and CCD group (right panel). (d)
Representation of spontaneous ADP-firing. The arrow indicates an enlarged single AP. E: Application of 50 µM NiCl2 blocked ADP firing.
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Figure 2. Low-threshold non-ADP burst firing of DRG neurons from CCD rats. (a) Representation of non-ADP burst firing in response to
step current (upper panel) and ramp current (lower panel). The rheobase of ADP-firing was lower than that of non-ADP-firing (middle
panel, ****p < 0.0001). (b) Combination of ADP-firing and non-ADP burst firing. In response to gradually increasing intensities of current
steps, neurons discharged ADP-firing first (upper panel) then a combination firing including ADP firing and non-ADP burst firing (middle
panel). In response to a ramp current input, the same neuron exhibited combination firing pattern (lower panel). (c) Non-ADP burst firing
(upper panel) switched to ADP burst firing (lower panel) after hyperpolarization of the RMP. (d) Combination firing pattern (upper panel)
switched to repetitive ADP firing (lower panel) after hyperpolarization of the RMP. (e) Application of NiCl2 (100 µM) inhibited ADP firing.
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(LVA Ca2+ currents) from high voltage activated Ca2+ currents
(HVA Ca2+ currents). LVA current reached the peak around
�40 mV whereas HVA current reached the peak around 0 mV.

With ramp voltage clamp recording, 18/60 DRG neurons
from the sham group exhibited T-type calcium currents,
whereas 28/45 neurons from the CCD group exhibited T-type
calcium currents (Figure 4(a)) (sham group vs. CCD group:
30.0% vs. 62.22%, Chi-square test, **p < 0.01).

Representative traces of T-type Ca2+ currents of CCD
group neurons recorded with step and ramp-voltage com-
mands are shown in Figure 4(a). In step voltage clamp re-
cording, at �40 mV the T-type Ca2+ currents peak density
varied within a large range from less than 10 pA/pF to more
than 80 pA/pF. After injury the proportion of neurons with
large LVA Ca2+ currents (≥10 pA/pF) remarkably increased
(sham group vs. CCD group: 8/60 (13.33%) vs.17/45
(37.78%), Chi-square test, **p < 0.01). Neurons exhibited
large T-type Ca2+ current peaks at�40 mV voltage command
(Figure 4(b), sham group: n = 8, 48.54 ± 13.04 pA/pF; CCD
group: n = 17, 52.09 ± 8.67 pA/pF). For other neurons, T-type

Ca2+ currents were small (Figure 4(c), sham group: n = 10,
6.35 ± 0.71 pA/pF; CCD group: n = 11, 5.67 ± 0.68 pA/pF).

Cav3.2 and Cav3.3 T-type Ca2+ channels expression
in dorsal root ganglia neurons

In the CNS, Cav3.2 channels act as pacemaker and Cav3.3
channels are associated with burst-firing. Since the occur-
rences of both ADP-firing and non-ADP burst firing in-
creased in CCD rats, we examined both Cav3.2 and Cav3.3
protein levels in L4 and L5 DRG neurons. Western blotting
analysis showed Cav3.2 protein level significantly increased
after CCD injury (Figure 4(c), sham group, n = 10: 0.700 ±
0.060; CCD group, n = 10: 1.410 ± 0.070, unpaired t-test,
****p < 0.0001), Cav3.3 expression levels also increased
after CCD injury, although overall remained very low. In
Figure 4(d), the normalized Cav3.3 expression level was
0.157 ± 0.006 in CCD group (n = 12), whereas that was 0.037
± 0.006 in the sham group (n = 12, unpaired t-test, ****p <
0.0001).

Figure 3. Na+ channels and ADP/non-ADP firing. (a) Representation of large-amplitude-ADP firing. ADP amplitude gradually decreased in
response to increasing intensities of input current. (b) For large-amplitude-ADP firing, the amplitude of the AP was slightly reduced by
300 nM TTX. (c) The APs were fully blocked by 300 nM TTX in non-ADP burst firing, while the post-hyperpolarization rebound APs were
also fully blocked by TTX and leave the depolarization potential peak intact.
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Discussion

It has been reported that T-type calcium channels modulate neu-
ron’s excitability and contribute to acute and chronic pain.4,5,21,22

Both nerve injury and inflammatory mediators increase the ex-
pression of T-type Ca2+ channels in DRG neurons.23–25 Nerve
injury increases the T-type Ca channels distribution in medium-
sized and large DRG neurons.25 Our electrophysiological data and
western blotting results are consistent with this. After CCD injury,
the proportion of neurons with T-type Ca2+ currents increase,
meanwhile T-type Ca2+ channels expression level also increases.

There are three isoforms in T-type Ca2+ channel family,
Cav3.1, Cav3.2 and Cav3.3.10 In comparison with Cav3.1

and Cav3.3, Cav3.2 has been paid more attention in the
research of neuropathic pain for the abundant distribution in
nociceptive pathway.1 After afferent nerve injury, Cav3.2
protein expression was significantly increased in DRG, spinal
cord and brain.2,3,26–28

The neurons with ADP firing exhibited low rheobase. It is
known that Cav3.2 Ca2+ currents underlie ADP.10–12 Genetic
tracing has revealed that Cav3.2 channels are not expressed in
slow adapting mechanoreceptors.29 Coincidentally, ADP-
firing displays fast adaptation. ADP amplitude may reflect
Cav3.2 T-type Ca2+ current. Consistently, in the present
study, both the incidence of ADP-firing and Cav3.2 ex-
pression level increase after CCD injury.

In addition to large-amplitude-ADP firing, the injured
neurons also display small-amplitude-ADP firing and low-
threshold non-ADP burst firing. Moreover, non-ADP burst
firing pattern switched to ADP firing pattern after hyperpo-
larization of the RMP, indicating that neurons with non-ADP
burst firing were distributed with T-type Ca2+ channels, but
the expression level was very low. The rheobase of ADP
firing is lower than that of non-ADP burst firing, implying
that the density of T-type Ca2+ channels is critical to the
rheobase of neurons. Consistently, the delivery of T-type Ca2+

channel blocker remarkably increases the rheobase of ADP
firing, but only slightly increases the rheobase of non-ADP
firing. However, the AP number of non-ADP firing is more
than that of ADP firing. So there is a trend that large T-type
Ca2+ currents reduce threshold potential and small T-type
Ca2+ currents contribute to repetitive firing. In the ramp re-
cording, both ADP firing and non-ADP burst firing were only
generated within a membrane potential range from�55 mV to
�30 mV, implying that the activation of Na+ currents was
dependent on the activation of T-type Ca2+ currents in response
to constant stimulation for these neurons and the threshold
potential was determined by the interaction between Na+

currents and T-type Ca2+ currents. So, with the contribution of
T-type Ca2+ channels, neurons with high-voltage-activated
TTX-insensitive Na+ channels may be low threshold. Coin-
cidently, the present study revealed that low-threshold large-
amplitude-ADP firing neurons are TTX-insensitive; by contrast,
low-threshold small-amplitude-ADP firing and non-ADP burst
firing neurons are TTX-sensitive. Firing pattern of injured DRG
neurons indicated that after injury the regulation of T-type Ca2+

channels was associated with Na+ channels.
In the DRG, T-type Ca2+ channels are mainly found in

small and medium-sized neurons. These neurons are re-
sponsible for a variety of sensory modes of signal trans-
mission such as pain, temperature and touch signal. In
neuropathic pain models including CCD, the distribution,
expression and activation voltage of Na+ channels are altered
among DRG neurons.30–33 After DRG/nerve injury, TTX-
insensitive Na+ channels expression was downregulated,
whereas TTX-sensitive Na+ channels expression was upre-
gulated.34 So the expression of T-type Ca2+ channels may
upregulate or downregulate in conjunction with Na+ channels

Figure 4. T-type Ca2+ currents of DRG neurons. (a) The
distribution of T-type Ca2+ currents in two groups of DRG
neurons (upper panel). T-type Ca2+ currents recorded in response
to step voltage (left panel) and ramp voltage clamps (right panel).
LVA: low voltage activated; HVA: high voltage activated. (b) Large
(≥10 pA/pF) (left panel) and small (<10 pA/pF) (right panel) T-type
Ca2+ currents recorded at �40 mV command in step voltage clamp
were compared between the sham and CCD groups, respectively.
(c) Cav3.2 protein expression level of DRG increased in CCD rats.
(d) Cav3.3 protein expression level of DRG increased in CCD rats.
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to enhance neuronal excitability. Watanabe reported that in
inflammatory pain Cav3.2 expression tended to increase in all
DRG cells, but drastically increases in TRPV1-positive
neurons. And the the upregulation may be involved in me-
chanical hyperalgesia.35 Consistently, spinal nerve injury
significantly increased T-type Ca2+ current density in small
DRG neurons.25

Usually high threshold small and medium-sized DRG
neurons represent the cell bodies of C and Aδ fiber nociceptors
that express both TTX-sensitive and TTX-insensitive Na+

channels.36 The upregulation of T-type Ca2+ channels density
after nerve/DRG injury may significantly reduce the activation
potential threshold and enhance the sensitivity of nociceptor
neurons to weak nociceptive stimulation or even non-
nociceptive stimulation. Then nociceptive signals may be
amplified or non-nociceptive signals may be transmitted as
nociceptive signals, resulting in hyperalgesia or allodynia.
Coincidentally, the blocker of TTX-insensitive Nav1.8 chan-
nels attenuated mechanical allodynia.37 Accordingly, sponta-
neous ADP firing may be associated with spontaneous pain. In
normal, large-amplitude-ADP firing DRG neurons are likely to
transmit both nociceptive and non-nociceptive signals.

Different from other neuropathic pain model, Fan et al. found
that TTX-insensitive Na+ currents also increased in CCD
medium-sized DRG neurons.38 We found more DRG neurons
discharged large-amplitude-ADP firing after CCD injury, sug-
gesting both T-type Ca2+ and TTX-insensitive Na+ channels may
be increased after CCD injury. So clarifying the change of Na+

channel subgroup in each neuron category is necessary in future.
In addition to Cav3.2, DRG neurons also expressed

Cav3.3. In CNS, Cav3.3 channels contribute to burst firing. In
the present study, compressed DRG neurons also display low-
threshold non-ADP burst firing. Cav3.3 channels are not as
sensitive to NiCl2 as Cav3.2.20 Meanwhile non-ADP firing
was inhibited by higher concentration of NiCl2 than ADP
firing, indicating non-Cav3.2 (Cav3.3) may contribute to
non-ADP firing. The expression of Cav3.3 was very low in
our study and other reports.35,38,39 Yue J et al. reported that
Cav3.3 level in DRG significantly increased after spinal
injury and may contribute to neuropathic pain.25 Coinci-
dentally, Wen et al. observed that Cav3.2 and Cav3.3 ex-
pression level increased in lumber spinal cord after CCD
injury.40 Jeub et al. proposed that the upregulation of Cav3.1
or Cav3.3 channels might contribute to the increased T-type
Ca2+ current of DRG neurons in neuropathic pain animal.27

Consistently, our data showed Cav3.3 expression level in
DRG is low but it increased after CCD injury. As for Cav3.1,
it is hardly detected in DRG and may not contribute to pain at
peripheral nervous system level, but it may play a role in
trigeminal neuropathic pain.41

Together, the results indicate that collaborations between
Na+ channels and T-type Ca2+ channels contribute to low-
threshold firing patterns. Thus, large-amplitude-ADP coexists
with single AP, whereas small-amplitude-ADP and non-ADP
coexist with burst firing. Consistent with the large variation of

ADP amplitude, T-type Ca2+ current amplitude also varies
widely among DRG neurons. Both large and small T-type
Ca2+ currents contribute to elevated neuronal excitability.

Conclusion

T-type Ca2+ channels including Cav3.3 may play a a dual role
in modulating injured neurons’ excitability by cooperating
with Na+ channels, and thereby contribute to neuropathic pain.
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