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Abstract
Painful neuropathy is one of the most serious complications of diabetes and remains difficult to
treat. The muscarinic acetylcholine receptor (mAChR) agonists have a profound analgesic effect
on painful diabetic neuropathy. Here we determined changes in T-type and high voltage-activated
Ca2+ channels (HVACCs) and their regulation by mAChRs in dorsal root ganglion (DRG) neurons
in a rat model of diabetic neuropathy. The HVACC currents in large neurons, T-type currents in
medium and large neurons, the percentage of small DRG neurons with T-type currents, and the
Cav3.2 mRNA level were significantly increased in diabetic rats compared with those in control
rats. The mAChR agonist oxotremorine-M significantly inhibited HVACCs in a greater proportion
of DRG neurons with and without T-type currents in diabetic than control rats. In contrast,
oxotremorine-M had no effect on HVACCs in small and large neurons with T-type currents and in
most medium neurons with T-type currents from control rats. The M2 and M4 antagonist
himbacine abolished the effect of oxotremorine-M on HVACCs in both groups. The selective M4
antagonist muscarinic toxin-3 caused a greater attenuation of the effect of oxotremorine-M on
HVACCs in small and medium DRG neurons in diabetic than control rats. Additionally, the
mRNA and protein levels of M4, but not M2, in the DRG were significantly greater in diabetic
than control rats. Our findings suggest that diabetic neuropathy potentiates the activity of T-type
and HVACCs in primary sensory neurons. M4 mAChRs are upregulated in DRG neurons and
probably account for increased muscarinic analgesic effects in diabetic neuropathic pain.

Introduction
Peripheral neuropathy is one of the most serious complications of diabetes. Diabetic
neuropathy is frequently painful that typically involves the extremities, occurring as an
exaggerated response to either a painful stimulus (hyperalgesia) or a mild and normally
nonpainful stimulus (allodynia) (Clark and Lee 1995; Veves et al. 2008). Existing therapies
for this devastating complication of diabetes are largely inadequate. The cholinergic system
and muscarinic acetylcholine receptors (mAChRs) are critically involved in the control of
pain transmission. For example, blocking mAChRs with atropine causes a large increase in
pain sensitivity (Zhuo and Gebhart 1991). Furthermore, intrathecal injection of mAChR
agonists or acetylcholinesterase inhibitors produces potent analgesia in animal models
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(Smith et al. 1989; Naguib and Yaksh 1994; Chen and Pan 2003). Spinally administered
neostigmine has been used to effectively treat patients with various pain conditions (Hood et
al. 1997; Nakayama et al. 2001). The acetylcholinesterase inhibitor or mAChR agonist has a
profound analgesic effect in a rat model of painful diabetic neuropathy (Chen et al. 2001;
Chen and Pan 2003). Nevertheless, little is known about how diabetic neuropathy affects the
mAChR function in primary sensory neurons.

Five molecularly distinct mAChR subtypes (M1–M5) have been identified and divided into
two functional classes according to their G-protein coupling preference (Caulfield 1993;
Wess 1996). The M1, M3 and M5 subtypes selectively couple to the Gq/G11 family of G
proteins, whereas the M2 and M4 subtypes mainly couple to Gi/Go family of G proteins
(Caulfield 1993; Wess 1996). M2–M5 mAChR subtypes play an important role in the control
of glutamatergic synaptic transmission and nociception at the spinal level (Gomeza et al.
1999; Chen et al. 2005; Zhang et al. 2007a; Cai et al. 2009; Chen et al. 2010). Both M2 and
M4 subtypes are expressed in dorsal root ganglion (DRG) neurons (Bernardini et al. 1999;
Cai et al. 2009). Although M2 is the most abundant mAChR subtype in the DRG (Bernardini
et al. 1999; Tata et al. 2000; Cai et al. 2009), stimulation of M4 subtype also reduces
nociception (Ellis et al. 1999; Duttaroy et al. 2002; Cai et al. 2009). It remains unclear about
the relative changes in M2 and M4 subtypes in DRG neurons and their contribution to
muscarinic analgesia in painful diabetic neuropathy.

Voltage-activated Ca2+ channels (VACCs) are critically involved in the regulation of
neurotransmitter release. We have shown that μ-opioid agonist inhibits high voltage-
activated Ca2+ channels (HVACCs) only in small DRG neurons devoid of T-type VACCs
(Wu et al. 2009). However, it is unclear whether the inhibitory effect of the mAChR agonist
on HVACCs is present in DRG neurons with T-type VACCs. Therefore, in the present
study, we determined the relationship between inhibition of HVACCs by mAChR activation
and the presence of T-type VACCs in DRG neurons in a rat model of diabetic neuropathy.
Furthermore, using the HVACCs as a functional readout, we tested the hypothesis that the
activity of M2 and M4 subtypes is upregulated in DRG neurons in diabetic neuropathy.

Materials and Methods
Animal model of diabetic neuropathic pain

All experiments were approved by the Animal Care and Use Committee of the University of
Texas MD Anderson Cancer Center and conformed to the guidelines of the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals. Male Sprague-
Dawley rats (9 weeks old, Harlan Sprague-Dawley, Indianapolis, IN) were used.
Experimental diabetes was induced by administration of a single dose streptozotocin (STZ,
60 mg/kg, i.p) (Chen and Pan 2002; Cao et al. 2010). This low dose of STZ was used to
minimize the effect of STZ on the overall health of the animal (Chen and Pan 2002, 2003).
This animal model mimics the symptoms of neuropathy in diabetic patients and shows
increased pain sensitivity and poor responses to μ opioid agonists administered systemically
or intrathecally (Courteix et al. 1993; Malcangio and Tomlinson 1998; Chemin et al. 2002).
Early insulin treatment can prevent or impede the development of painful diabetic
neuropathy induced by STZ in rats (Sasaki et al. 1998; Hoybergs and Meert 2007). Age-
matched saline-injected rats were used as the controls. Three weeks after STZ injection,
diabetes was confirmed by testing the glucose concentration in the tail vein blood using
ACCU-CHEK test strips (Roche Diagnostics, Indianapolis, IN). Neuropathic pain in diabetic
rats was confirmed by examining nociceptive thresholds using the paw pressure test
(Analgesy-Meter, Ugo Basile Biological Research, Comerio, Italy) (Chen and Pan 2002,
2006). All the diabetic rats remained relatively healthy except that their growth rate was
reduced (body weight gain: 5 g/week in the diabetic group versus 20 g/week in the
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nondiabetic group). The final electrophysiological experiments were performed on rats 3
weeks after STZ or vehicle treatment.

Dissociation of DRG neurons
Rats were anesthetized with 2–3% isoflurane and then rapidly decapitated. The lumbar
DRGs were quickly dissected out and transferred immediately into cold Dulbecco’s medium
(DMEM; Gibco, Carlsbad, CA). DRG neurons were dissociated enzymatically as we
described previously (Wu et al. 2009; Cao et al. 2010). The cell suspension was platted onto
a 35-mm culture dish containing poly-L-lysine (50 µg/ml) pre-coated coverslips and
incubated in 5% CO2 at 37°C for 1 hr. DRG neurons were kept in the incubator for at least
another hour before they were used for electrophysiological recordings.

Electrophysiological recordings of calcium currents
The recording electrodes (resistance, 1–4 MΩ) were pulled and fire-polished. The neurons
were visualized using differential interference contrast optics on an inverted microscope
(Olympus, Tokyo, Japan). Images of the cells were taken with a CCD camera and displayed
on a video monitor. The neurons were recorded in the whole-cell configuration using an
EPC-10 amplifier (HEKA Instruments, Lambrecht, Germany). Signals were filtered at 2
kHz and digitized at 10 kHz. Whole-cell series resistance was electronically compensated,
and the leak currents were subtracted using the online P/4 protocol. All experiments were
performed within 7 hours at room temperature (about 25°C) after DRG dissociation.

VACC currents were measured using barium as the charge carrier (IBa). The extracellular
solution consisted of (in mM) 140 tetraethylammonium chloride, 2 MgCl2, 3 BaCl2, 10
glucose, and 10 HEPES (pH 7.4 adjusted with tetraethylammonium hydroxide; osmolarity,
320 mOsm). The pipette internal solution contained (in mM) 120 CsCl, 1 MgCl2, 10
HEPES, 10 EGTA, 2 Mg-ATP, and 0.1 Na-GTP (pH 7.2 adjusted with CsOH; osmolarity
300 mOsm). GTP and ATP were included in the pipette solution to minimize the “run-
down” of VACC currents associated with the whole-cell recording (Wu et al. 2009). The
stock drug solutions were diluted in the appropriate external solution immediately before use
and held in a series of independent syringes connected to corresponding fused silica
columns. All drugs and chemicals were purchased from Sigma-Aldrich except muscarinic
toxin-3 (MT-3), which was obtained from Peptide Institute, Inc (Osaka, Japan).

Real-time PCR analysis of M2, M4, Cav3.2, and Cav3.3 mRNA levels
Total RNA was extracted from rat lumbar DRGs at the L4–L6 level using the Purelink total
RNA purification system (Invitrogen, Carlsbad, CA) with on-column DNase I digestion
according to the manufacturer’s instructions. cDNA was prepared by using the Superscript
III first-strand synthesis kit (Invitrogen, Carlsbad, CA). Quantitative PCR was performed
using the iQ5 real-time PCR detection system with the SYBR green PCR kit (Bio-Rad,
Hercules, CA). All samples were analyzed in duplicate using an annealing temperature of
60°C, and each experiment was repeated at least once. The primer pairs used are listed in
Table 1. The relative mRNA amount of M2, M4, Cav3.2, and Cav3.3 in each sample was
first normalized to the level of the housekeeping gene GAPDH and was then normalized to
its expression level in control rats (the mean values of M2, M4, Cav3.2, and Cav3.3 in
control rats were considered to be 1). The PCR product specificity was verified by melting-
curve analysis and agarose gel electrophoresis (Cai et al. 2009).

Western blot analysis of M2 and M4 protein levels in the DRG
To quantify the protein level of M2 and M4 subtypes in the DRGs, rats were anesthetized by
2–3% isoflurane and decapitated. Both sides of DRGs at the L4–L6 level were quickly
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collected and homogenized in ice-cold buffer containing 20 mM Tris (pH 7.6), 0.5% NP-40,
250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 2 mM DTT, 10% sucrose, and the protease
inhibitor cocktail (Sigma). The homogenate was centrifuged at 12,000×g for 20 min at 4°C.
The supernatant was collected and the protein concentration was determined using the
Lowry protein assay. For Western blotting, 50 µg proteins was separated by 10% SDS–
polyacrylamide gel electrophoresis and transferred to a PVDF membrane (Millipore). The
membrane was blocked for 30 min in 5% skim milk in phosphate-buffered saline containing
0.05% Tween-20 and then incubated with rabbit anti-M2 and rabbit anti-M4 primary
antibodies (from Dr. Jürgen Wess, NIDDK/NIH) for overnight at 4 C. The specific protein
band of M4 was confirmed by using CCD-1064Sk whole-cell lysate as a positive control,
because M4 protein is present in this cell lysate (Santa Cruz Biotechnology, sc-2263). The
membrane was then rinsed and incubated with horseradish peroxidase-conjugated anti-rabbit
secondary antibody (Jackson ImmunoResearch) at 1:10,000 dilutions for 1 hr at room
temperature. The membrane was developed with an enhanced chemiluminescence kit
according to the manufacturer’s instructions. For the protein loading control, membranes
were also incubated with a mouse anti-β actin antibody (Sigma). The intensity of protein
bands was captured digitally and analyzed quantitatively with AIS software (Imaging
Research Inc., London, UK).

Data analysis
Data were presented as means ± SEM. Unpaired Student’s t-test was used to examine the
difference in the current density of T-type and HVACC IBa between the control and diabetic
group. The activation (τm) and inactivation (τh) constants of the HVACC currents were
calculated by fitting the current (I) with the following Hodgkin-Huxley relation: Imax(t) =
A(1-e(−t/τm))P (hinf − (hinf − 1) e (−t/τh)), where A indicates the voltage-depending part of the
current, p is the exponent of m, hinf is the equilibrium value reached by h according to the
potential, and t is the time (in ms). Cells were considered as having T-type currents if the
amplitude of IBa at −45 mV was more than 20 pA. Also, cells were considered as responsive
to Oxo-M if the peak amplitude of IBa was reduced more than 15% during Oxo-M
application. Chi-square test was used to determine the difference in the percentage of the
cells inhibited by Oxo-M between the control and diabetic groups. One-way ANOVA test
was used to determine the contribution of M2 or M4 subtype to the inhibition of HVACC IBa
by Oxo-M, and two-way ANOVA was used to examine the difference in dose-dependent
inhibition of HVACC IBa by Oxo-M between the control and diabetic groups. P < 0.05 was
considered to be statistically significant.

Results
Three weeks after diabetic induction, the diabetic rats showed a significant reduction in the
paw withdrawal threshold in response to the pressure stimulus applied to the hindpaw,
compared with that in control rats (control rats: 122.67 ± 2.67 g; diabetic rats: 77.33 ± 2.06
g, P < 0.05).

The DRG neurons obtained from control and diabetic rats were divided into three groups
according to their cell diameters measured with a calibrated eyepiece reticule: small (< 30
µm), medium (30–40 µm), and large (> 40 µm) (Cao et al. 2010). To determine the whole-
cell IBa currents in these three groups of DRG neurons, we normalized the peak inward
current to the cell capacitance.

Changes in T-type and HVACC currents in different sizes of DRG neurons in diabetic rats
To measure the T-type and HVACC currents in DRG neurons, neurons were voltage
clamped at −90 mV and depolarized to −45 mV (T-type IBa) for 200 ms followed by a pulse
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from −90 mV to 0 mV (HVACC IBa) for 200 ms at 1-s intervals (Wu et al. 2009). The
percentage of small, DRG neurons with T-type IBa was significantly increased in diabetic
rats (26/86, 30.2%) compared with that in control rats (21/149, 14.1%, Fig. 1, A–C).
However, the percentage of medium (control: 51/101, 50.50%; diabetic: 34/80, 42.50%) and
large (control: 4/54, 7.41%; diabetic: 4/38, 10.53%) DRG neurons with T-type IBa did not
differ significantly between the two groups. In addition, the T-type IBa current density was
significantly increased in medium and large, but not small, DRG neurons in the diabetic
group compared with the control group (Fig. 1D).

The HVACC current density was significantly increased in large DRG neurons in diabetic
rats compared with that in control rats (Fig. 1E). However, there were no significant
differences in the HVACC current density in small and medium DRG neurons between
control and diabetic rats.

Changes in the mRNA level of Cav3.2 and Cav3.3 subunits in the DRG from diabetic rats
We next determined changes in the mRNA level of Cav3.2 and Cav3.3 subunits in the DRG
of control and diabetic rats, because Cav3.1 mRNA is not present in the DRG (Talley et al.
1999). Quantitative PCR analysis revealed that the Cav3.2 mRNA level was increased about
30% in the DRG from diabetic rats compared with that from control rats (Fig. 1F). However,
the mRNA level of Cav3.3 subunit in the DRG did not differ significantly between the
control and diabetic group (Fig. 1F).

Effects of mAChR activation on IBa currents in different sizes of DRG neurons in diabetic
rats

To determine the effect of mAChR activation on HVACCs in DRG neurons, we used
oxotremorine-M (Oxo-M), a nonselective agonist for all mAChR subtypes. Oxo-M at 0.1,
0.3, 1, and 3 µM was bath applied to the neuron, and each concentration was applied for 2
min. In control rats, Oxo-M significantly inhibited HVACC IBa in 19/67 (28.36%) small,
12/51 (23.53%) medium, and 4/45 (8.89%) large DRG neurons in a dose-dependent manner.
Oxo-M inhibited HVACC IBa in a significantly greater proportion of DRG neurons in
diabetic (small, 22/44, 50%; medium, 28/46, 60.87%; large, 12/29, 41.38%) than in control
rats. However, the degree of inhibition of HVACC IBa by Oxo-M in DRG neurons
responsive to Oxo-M did not differ significantly between control and diabetic rats (Figs. 2–
4, A–C). In all of the DRG neurons in which the effect of 1 µM Oxo-M on IBa was
examined, Oxo-M inhibited HVACC IBa in a significantly greater proportion of different
sizes of neurons in diabetic group (small: 44/85, 51.16%; medium: 50/80, 62.50%; large:
17/38, 44.74%), compared with that in control group (small: 40/149, 26.85%; medium:
29/101, 28.71%; Large: 7/54, 12.96%; Figs. 2–4, D,E). The inactivation time constant of
HVACC currents was faster in diabetic than in control rats (Fig. 2F). Also, Oxo-M
significantly increased the activation time constant of HVACCs in both control and diabetic
rats (Fig. 2G).

Oxo-M (1 µM) had no significant effect on the T-type IBa in all of the DRG neurons tested
from the control and diabetic rats (Fig. 5, A and B). Also, in neurons with T-type IBa in
control rats, Oxo-M failed to inhibit HVACC IBa in any small or large DRG neurons.
However, Oxo-M inhibited HVACC IBa in 4/51 (7.84%) medium DRG neurons obtained
from control rats. In contrast, 1 µM Oxo-M inhibited HVACC IBa in a significantly greater
portion of DRG neurons with T-type IBa in diabetic rats (small: 7/26, 26.92%; medium:
10/34, 29.41%; large: 1/4, 25%; Fig. 5C).
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Contribution of M2 and M4 subtypes to inhibition of HVACCs by Oxo-M in DRG neurons
from diabetic rats

To assess the contribution of M2 and M4 subtypes to Oxo-M-induced inhibition of
HVACCs, we took advantage of MT-3, a highly specific blocker for M4 subtype (Ellis et al.
1999; Zhang et al. 2005), and himbacine, a selective antagonist for both M2 and M4
subtypes (Miller et al. 1992; Zhang et al. 2005). The appropriate concentrations of MT-3 (50
nM) and himbacine (2 µM) have been validated using M2 single-knockout and M2/M4
double-knockout mice (Zhang et al. 2005; Zhang et al. 2007b; Chen et al. 2010). First, we
tested whether 1 µM Oxo-M inhibited HVACC IBa. Then, we examined whether MT-3 (50
nM) attenuated the inhibitory effect of Oxo-M to define the contribution of M4 subtype.
Inhibition of HVACC IBa by mAChRs is mediated by M2 and M4 subtypes, which was
confirmed by the complete block of Oxo-M’s effect by 2 µM himbacine at the end of the
experiments (Fig. 6). Thus, the contribution of M2 subtype to the inhibitory effect of Oxo-M
was estimated by subtraction of MT-3's effect from the total inhibitory effect of Oxo-M on
HVACC IBa. We normalized M2- and M4-mediated inhibition of HVACCs using the initial
inhibition of HVACC IBa produced by 1 µM Oxo-M in individual DRG neurons.

In small DRG neurons, M4-mediated inhibition of HVACC IBa was significantly increased
in the diabetic group (61.19 ± 6.13%, n = 16) compared with that in the control group (36.86
± 5.07%, n = 14; P < 0.05, Fig. 6, A–C). However, the M2-mediated inhibition of HVACC
IBa (control: 60.37 ± 4.55%; diabetic: 49.41 ± 8.82%) in small DRG neurons did not differ
significantly between control and diabetic rats (Fig. 6, A–C).

Similarly, M4-mediated inhibition of HVACC IBa in medium DRG neurons was also
significantly greater in diabetic than control rats (control: 45.04 ± 10.03%, n = 12; diabetic:
74.49 ± 7.06%, n = 8, P < 0.05, Fig. 6D). However, M2-mediated inhibition of HVACC IBa
in these DRG neurons did not differ significantly between control and diabetic rats (control:
45.96 ± 10.75%; diabetic: 28.51 ± 10.06%; Fig. 6D).

In both control and diabetic rats,1 µM Oxo-M inhibited HVACC IBa in only a few large
DRG neurons. There were no significant differences in M2- and M4-mediated inhibition of
HVACC IBa in large DRG neurons between diabetic (M2: 62.62 ± 9.03%; M4: 30.26 ±
4.76%; n = 6) and control rats (M2: 65.24 ± 5.71%, M4: 28.36 ± 2.09%; n = 5, Fig. 6E).

Changes in the mRNA and protein levels of M2 and M4 subtypes in the DRG in diabetic rats
The mRNA level of M4 subtype in the DRG, measured using quantitative PCR, was
significantly increased in diabetic rats compared with that in control rats (Fig. 7). However,
the mRNA level of M2 subtype in the DRG did not differ significantly between the control
and diabetic groups.

Also, the protein amount of M4 subtype in the DRG, quantified using immunoblotting, was
significantly increased in diabetic rats compared with that in control rats (Fig. 7). However,
the protein level of M2 subtype in the DRG did not differ significantly between the control
and diabetic groups (Fig. 7).

Discussion
In this study, we determined changes in VACCs in different sizes of DRG neurons and the
contribution of M2 and M4 subtypes to inhibition of VACCs by mAChR activation. We
found that T-type VACC current density in medium and large DRG neurons and the
proportion of small DRG neurons with T-type IBa were significantly increased in diabetic
rats compared with those in control rats. Also, the HVACC current density in large DRG
neurons was significantly increased in diabetic rats compared with that in control rats. We
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found that the mAChR agonist Oxo-M inhibited HVACCs in a greater proportion of DRG
neurons in diabetic than control rats. Furthermore, M4 subtype-mediated inhibition of
HVACCs by Oxo-M in small and medium DRG neurons was significantly increased in
diabetic rats compared with that in control rats. In addition, the mRNA and protein levels of
M4, but not M2, in the DRG were significantly greater in diabetic than in control rats. Our
findings suggest that diabetic neuropathy enhances the activity of VACCs in a population of
primary sensory neurons, which may contribute to increased nociceptive input and pain
hypersensitivity. Upregulation of M4 subtype in DRG neurons probably accounts for
increased muscarinic analgesic effect in painful diabetic neuropathy.

T-type VACCs can be activated by weak depolarizations and low-threshold spikes, which in
turn trigger the burst firing and have a key function in neuronal membrane excitability
(Carbone and Lux 1984; Perez-Reyes 2003). T-type VACCs are normally present in DRG
neurons associated with D-hair mechanoreceptors (Shin et al. 2003). However, when T-type
VACCs are expressed in nociceptive DRG neurons in diabetic neuropathy, they can increase
the excitability of these neurons (Jagodic et al. 2007). Gene silencing of the Cav3.2 subtype,
which is the predominant T-type subtype in rat DRG neurons (Talley et al. 1999), reduces
neuropathic pain caused by diabetic neuropathy and sciatic nerve ligation (Bourinet et al.
2005; Messinger et al. 2009). Consistent with the findings from the previous study (Scroggs
and Fox 1992), we found that T-type VACCs were predominantly present in small and
medium DRG neurons in control rats. We also found that T-type VACCs were present in
more small DRG neurons in the diabetic than control rats. Although the percentage of
medium and large DRG neurons with T-type VACCs did not differ between control and
diabetic rats, the current density of T-type VACCs was significantly increased in diabetic
rats compared with that in control rats. Furthermore, we observed that the mRNA level of
Cav3.2, but not Cav3.3, subtype in the DRG was significantly increased in diabetic rats
compared with that in control rats. Thus, increased expression and activity of Cav3.2 in
DRG neurons could contribute to increased excitability of primary afferent neurons and the
development of chronic pain in diabetic neuropathy.

It has been shown that the activity of HVACCs is increased in capsaicin-sensitive DRG
neurons in diabetic Bio Bred/Worchester rats compared with that in non-diabetic controls
(Hall et al. 1995). In the present study, we found that the HVACC current density was
significantly increased in large, but not small and medium, DRG neurons in STZ-induced
diabetic rats compared with that in control rats. Also, diabetic neuropathy increased the
inactivation time constant of HVACC currents in DRG neurons, which may result from
increased expression of different subtypes of HVACCs or changes in trafficking of the
auxiliary subunits of HVACCs. Large DRG neurons, which are commonly associated with
myelinated afferent fibers, typically transduce vibratory and tactile sensation (Lawson
2002). Recent studies suggest that increased excitability of myelinated afferent fibers and
large sensory neurons contributes to tactile allodynia induced by diabetic neuropathy (Khan
et al. 2002; Hong and Wiley 2005). Therefore, increased HVACC activity in large DRG
neurons could also play a role in abnormal hyperexcitability of myelinated primary afferent
nerves and increased neurotransmitter release in the spinal dorsal horn in painful diabetic
neuropathy (Chen and Pan 2002; Khan et al. 2002; Wang et al. 2007).

An important new finding of our study is that mAChR activation inhibited HVACCs in a
greater proportion of DRG neurons with T-type VACCs in diabetic than control rats.
Spinally administrated muscarine produces a profound antinociceptive effect in diabetic rats
(Chen and Pan 2003). Also, diabetic neuropathy leads to upregulation of mAChRs in the
dorsal spinal cord in rats (Chen and Pan 2003). We found in this study that Oxo-M inhibited
HVACC IBa in a significantly greater proportion of all sizes of DRG neurons with and
without T-type VACCs in diabetic than in control rats. Our data clearly suggest that diabetic
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neuropathy increases the activity of inhibitory mAChRs present in various types of DRG
neurons. Oxo-M caused a kinetic slowing of HVACC activation in DRG neurons, consistent
with the inhibition of HVACCs by activation of Gi/Go-coupled receptors. Interestingly, we
found that the mAChR agonist Oxo-M had no effect on T-type currents or HVACC currents
with T-type VACCs in any of small and large DRG neurons obtained from control rats. We
have shown that μ-opioid receptor agonists inhibits HVACCs only in DRG neurons without
T-type VACCs (Wu et al. 2009). The mechanisms underlying the lack of inhibition of
HVACCs by mAChR agonists in neurons with T-type VACCs are not clear. It is possible
that DRG neurons with T-type VACCs normally do not express M2 and M4 subtypes. Also,
it has been shown that T-type VACCs are normally associated with D-hair
mechanoreceptors (Shin et al. 2003). On the other hand, M2 and M4 subtypes may be
primarily expressed in nociceptive DRG neurons (Ellis et al. 1999; Duttaroy et al. 2002;
Hayashida et al. 2006; Cai et al. 2009). The splice variant of Cav2.2 (N-type) has been
reported in DRG neurons (Bell et al. 2004), and the effects of mAChR agonists may depend
on the variation of N-type HVACCs. However, stimulation of M2 and M4 mAChRs also
inhibits L- and P/Q-type HVACCs (Mathie et al. 1992; Jeong and Wurster 1997). Because
all the four subtypes of HVACCs are present in DRG neurons, the presence of various splice
variants of N-type HVACCs cannot explain the complete lack of effects of mAChR
activation on HVACC currents in DRG neurons with T-type currents.

M2 and M4 activation inhibits HVACCs, which possibly contribute to the antinociceptive
effect of mAChR agonists through attenuation of the excitatory neurotransmitter release
from primary afferent terminals (Zhang et al. 2007a). It has been shown that the inhibitory
effect of mAChR agonists on VACCs is mediated by pertussis toxin-sensitive Gi/o proteins
in neonatal DRG neurons (Wanke et al. 1994). HVACCs are inhibited by Gi/o protein
activation through the release of Gβ/γ subunits (Herlitze et al. 1996; Ikeda 1996; Pan et al.
2008). The effect of diabetic neuropathy on the function of M2 and M4 subtypes in DRG
neurons has not been studied previously. While M2 subtype is distributed in different sizes
of DRG neurons (Hayashida et al. 2006), M4 subtype seems preferentially present in small
and medium DRG neurons (Tata et al. 2000). To determine the contribution of M2 and M4
subtypes to increased inhibition of HVACCs by mAChR stimulation in diabetic rats, we
used MT-3 and himbacine to assess the role of M4 and M2 subtypes. MT-3 is a highly
specific blocker for M4 subtype (Miller et al. 1992; Ellis et al. 1999; Zhang et al. 2005), and
himbacine is a potent mAChR antagonist that displays selectivity for M2 and M4 subtypes
(Miller et al. 1992). We found that M4-mediated inhibition of HVACCs by Oxo-M was
significantly increased in small and medium DRG neurons in diabetic rats. Furthermore, we
found that the mRNA and protein levels of M4, but not M2, subtype in the DRGs were
significantly increased in diabetic rats compared with those in control rats. Interestingly, it
has been shown that nerve transection injury primarily upregulates M2 subtype in small and
medium DRG neurons (Hayashida et al. 2006). Our biochemical and electrophysiological
data consistently suggest that diabetic neuropathy primarily potentiates the expression and
activity of M4 subtype in DRG neurons.

In summary, our study demonstrates that diabetic neuropathy enhances the activity of T-type
VACCs and HVACCs in subpopulations of DRG neurons. Our results also provide new
functional evidence for the critical role of M4 subtype in the muscarinic control of HVACCs
in DRG neurons in diabetic neuropathy. Thus, the inhibitory mAChRs, especially the M4
subtype, represents a potential therapeutic target for treatment of painful diabetic
neuropathy.
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Figure 1.
Changes in the activity of T-type VACCs and HVACCs in DRG neurons of diabetic rats. A,
B: typical traces show T-type (indicated by arrows) and HVACC IBa in small, medium, and
large DRG neurons from control and diabetic rats. C: summary data show the percentage of
small, medium, and large DRG neurons with T-type IBa in control and diabetic rats. D:
group data show the current density of T-type IBa of control and diabetic rats. E: summary
data show the current density of HVACCs of DRG neurons in control and diabetic rats. F:
group data show changes in the mRNA level of Cav3.2 and Cav3.3 subtypes in the DRG
from control and diabetic rats (n= 6 samples in each group). Data were presented as mean ±
SEM. *P < 0.05, compared with the control group.
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Figure 2.
Effects of Oxo-M on HVACC IBa in small DRG neurons from control and diabetic rats. A,
B: original traces show that Oxo-M dose-dependently inhibited HVACC IBa in small DRG
neurons from control and diabetic rats. C: summary data show the dose-response effect of
Oxo-M on HVACC IBa in small DRG neurons from control and diabetic group. *P < 0.05,
compared with the baseline before Oxo-M application. D: group data show the number of
Oxo-M-responsive and Oxo-M-unresponsive small DRG neurons in control and diabetic
rats. E: comparison of the percentage of Oxo-M-responsive small DRG neurons in control
and diabetic rats. F: the inactivation time constant of HVACC currents in small DRG
neurons in diabetic and control rats. G: effects of 1 µM Oxo-M on the activation time
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constant of HVACCs in small DRG neurons in control and diabetic rats. *P < 0.05,
compared with the control or baseline group.
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Figure 3.
Effects of Oxo-M on HVACC IBa in medium DRG neurons from control and diabetic rats.
A, B: representative traces show that Oxo-M dose-dependently inhibited HVACC IBa in
medium DRG neurons from control and diabetic rats. C: summary data show the dose-
response effect of Oxo-M on HVACC IBa in medium DRG neurons from control and
diabetic group. *P < 0.05, compared with the baseline before Oxo-M application. D: group
data show the number of Oxo-M-responsive and Oxo-M-unresponsive medium DRG
neurons in control and diabetic rats. E: comparison of the percentage of Oxo-M-responsive
medium DRG neurons in control and diabetic rats. *P < 0.05, compared with the control
group.
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Figure 4.
Effects of Oxo-M on HVACC IBa in large DRG neurons from control and diabetic rats. A,
B: original traces show that Oxo-M dose-dependently inhibited HVACC IBa in large DRG
neurons from control and diabetic rats. C: summary data show the dose-response effect of
Oxo-M on HVACC IBa in large DRG neurons from control and diabetic group. *P < 0.05,
compared with the baseline before Oxo-M application. D: group data show the number of
Oxo-M-responsive and Oxo-M-unresponsive large DRG neurons in control and diabetic
rats. E: comparison of the percentage of Oxo-M-responsive large DRG neurons in control
and diabetic rats. *P < 0.05, compared with the control group.
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Figure 5.
Lack of effects of Oxo-M on T-type IBa in DRG neurons from control and diabetic rats. A:
original traces show that 1 µM Oxo-M had no effect on T-type IBa in a medium DRG
neuron from a diabetic rat. B: group data show that Oxo-M had no effect on the current
density of T-type IBa in a total of 140 DRG neurons from control and diabetic rats. C:
summary data show the percentage of neurons with T-type IBa inhibited by 1 µM Oxo-M in
control and diabetic rats. *P < 0.05, compared with the control group.
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Figure 6.
Contribution of M2 and M4 subtypes to inhibition of HVACC IBa by Oxo-M in DRG
neurons from control and diabetic rats. A, B: representative traces show the effect of 1 µM
Oxo-M on HVACC IBa in the presence of 50 nM MT-3 or 2 µM himbacine in small DRG
neurons from a control and a diabetic rat. C: comparison of the contribution of M2 and M4
subtypes to inhibition on HVACC IBa by Oxo-M in small DRG neurons from control and
diabetic rats. D: summary data show M2- and M4-mediated inhibition of HVACC IBa by
Oxo-M in medium DRG neurons from control and diabetic rats. E: group data show M2-
and M4-mediated inhibition of HVACC IBa by Oxo-M in large DRG neurons from control
and diabetic rats. *P < 0.05, compared with the control group.
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Figure 7.
Changes in the mRNA and protein levels of M2 and M4 subtypes in the DRG of diabetic
rats. A: group data show the difference in the mRNA level of M2 and M4 subtypes in the
DRG between control and diabetic rats (n = 6 samples in each group). B: original gel images
show the protein level of M2 and M4 subunits in the DRG from control and diabetic rats. C:
summary data show the M2 and M4 protein levels in the DRG from control and diabetic rats
(n = 6 samples in each group). *P < 0.05, compared with the control group.
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Table 1

List of primers used for real-time PCR analysis.

Gene Primer Sequence Location

Rat-M2 M2-R1 5' tcccgggcaagcaagagtagaataaaga 3' 1079–1106

(NM_031016) M2-R2 5' ccaggccgccatcaccaccag 3' 1217–1197

Rat-M4 M4-R1 5' gcccctgggtgccgtggtctgtga 3' 765–788

(XM_001078223) M4-R2 5' ggcgggcgggataggtgaggggtttg 3' 901–87

Rat-Cav3.2 Cav3.2-P1 5' cgccggccctactacgcagactattc 3' 4831–4856

(NM_153814) Cav3.2-P2 5' atgatgcggatgatggtgggattgat 3' 5195–5170

Rat-Cav3.3 Cav3.3-P1 5' tgggcgagatgacactgaagg 3' 3524–3544

(NM_020084) Cav3.3-P2 5' aggatgccgaagatgatgaagaag 3' 3845–3822
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