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Abstract

Tetrodotoxin (TTX)-resistant sodium currents are important in nociception and nociceptive sensitization, which is partially due to their

cAMP/protein kinase A (PKA)-mediated enhancement. Here we studied the effects of group II mGluR activation on TTX-resistant sodium

currents in cultured mouse dorsal root ganglion (DRG) neurons. Activation of adenylyl cyclase with forskolin caused an increase in the

amplitude of TTX-R currents and a leftward shift of the activation curve. When neurons were treated with ammonium

pyrrolidinedithiocarbamate (APDC), a selective group II mGluR agonist, both the forskolin-induced increase in current amplitude and

the shift of activation curve were blocked. LY341495, a group II mGluR antagonist, prevented these inhibitory effects of APDC. Our results

suggest that group II mGluRs can negatively regulate TTX-R sodium currents in mouse DRG neurons.
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Tetrodotoxin (TTX)-resistant sodium channels are

expressed in primary nociceptive sensory neurons and are

insensitive to tetrodotoxin at concentrations in the micro-

molar range [5]. These channels play a major role in

generating the action potentials that signal pain and are

thought to play an important role in inflammation-induced

pain sensitization [8]. Reducing TTX-resistant currents by

either knocking out Nav1.8, the gene encoding the majority

of these currents, or injecting anti-sense Nav1.8 RNA can

significantly decrease pain sensation or pain sensitization in

various models [1,12 – 14,20]. Many inflammatory

mediators, including prostaglandin E2 (PGE2), serotonin,

adenosine, nitric oxide and endothelin-1 can enhance TTX-

R sodium currents [11,21]. The cAMP/protein kinase A

(PKA) pathway is known to play an important role in the

modulation of TTX-resistant currents [3,6,10]. Considering

the importance of TTX-resistant sodium currents in

nociceptive transmission and inflammatory pain, agents

that negatively regulate these currents could potentially

reduce pain transmission or hypersensitivity.

Activation of mu-opioid receptors blocks PGE2-induced

enhancement of TTX-R, which is likely to contribute to the

anti-nociceptive effects of opioids [9]. The group II mGluRs

(mGlu2/3) are also candidate negative modulators of TTX-R.

Systemic or intrathecal application of group II mGluR agonists

can produce anti-nociceptive effects [7,16,17]. We recently

reported that activation of peripheral group II metabotropic

glutamate receptors decreases inflammation-induced thermal

hyperalgesia and mechanical allodynia [18,19]. These recep-

tors are known to couple to Gi, and in mouse DRG neurons

mGlu2/3 negatively regulate cAMP/PKA-mediated sensitiz-

ation of TRPV1 receptors by inhibiting adenylyl cyclase [18].

In this study, we examined whether group II mGluRs could

also act as negative modulators of TTX-R currents in dorsal

root ganglia (DRG) neurons.

Dorsal root ganglia isolated from 4–6-week-old male CD1

mice were enzymatically treated and mechanically triturated

as described previously [18]. Dissociated cells were plated on
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12-mm glass coverslips coated with poly-D-lysine and

collagen (Sigma) and grown in medium containing Neuroba-

sal medium, 10% fetal bovine serum, 100 U/ml penicillin/

streptomycin and 2 mM Glutamax (all from Invitrogen) at 37

8C in humidified air with 5% CO2.

Ammonium pyrrolidinedithiocarbamate (APDC) and

LY341495 were purchased from Tocris Cookson (Ballwin,

MO) and dissolved in NaOH of the same concentration or

1.2 times the concentration, respectively. Forskolin (Sigma)

was dissolved in dimethyl sulfoxide (DMSO) with final

concentration of DMSO in the external solution , 0:1%. In

all experiments where forskolin is used, 3-isobutyl-1-

methylxanthine, a phosphodiesterase inhibitor (5 mM,

Sigma), was added.

DRG cells cultured for 12–24 h were used in whole-cell

voltage-clamp experiments. Electrodes were pulled using a

Narishige PC-10 puller to final resistance of 1–4 MV and

fire-polished using Narishige MF-830. The internal solution

contained (mM): CsCl 100, NaCl 10, CaCl2 0.1, EGTA 5,

HEPES 5, TEA 30, MgCl2 4, Na-ATP 3, Na-GTP 0.5; pH

7.35. The external solution contained (mM): CsCl 10, NaCl

100, CaCl2 0.1, MgCl2 2, HEPES 10, TEA 30, CdCl2 0.1,

glucose 10, CoCl2 2, 4-AP 1; pH 7.35. TTX (250 nM,

Alomone Labs, Jerusalem, Israel) was added to the external

solution to isolate TTX-resistant currents. All experiments

were conducted at room temperature. Membrane currents

were amplified using an Axonpatch-200B, low-pass filtered

at 5 kHz and then digitized using Digidata 1322A and

collected using pCLAMP8 software (all from Axon

Instruments, Foster City, CA). Series resistance (3–8 MV)

and capacitance currents were compensated. Conductance

was calculated using the equation: G ¼ I=ðV 2 VmÞ, where

V is the reversal potential calculated from [Naþ]internal and

[Naþ]external. Activation and steady-state inactivation curves

were fitted using a Boltzmann equation:

G ¼ Gmax=ð1 þ expððV0:5 2 VmÞ=kÞÞ. Inactivation time con-

stants were obtained by exponential fits of the falling-phase

of currents. Data are expressed as mean ^ S.E.M. Drug

effects on TTX-R sodium currents were analyzed using one-

way analysis of variance (ANOVA) followed by Tukey’s

post hoc multiple comparisons. The voltage of half-

maximum activation, V0.5, was obtained from each individ-

ual cell and shifts in V0.5 were analyzed using paired

Student’s t-tests. Error probabilities of P , 0:05 were

considered statistically significant. All statistical analysis

was done using Graphpad Prism and Origin software.

Previous studies have shown that TTX-resistant sodium

currents are enhanced by PKA activation [6,10]. In our DRG

neuron cultures, we recorded sodium currents that persisted

in the presence of 250 nM TTX (Fig. 1a). These currents

activated around -20 mV and reached maximum conduc-

tance at about 10 mV. The average V0.5 of TTX-R was

210.0 ^ 0.1 mV. The steady-state inactivation started at

around 250 mV and had V0.5 at -23.6 ^ 0.1 mV (Fig. 1).

Consistent with previous reports [6,10], the adenylyl

cyclase activator forskolin dose-dependently increased

TTX-resistant sodium currents (Fig. 1c), and the PKA

inhibitor H89 (10 mM) significantly reduced the effect of 50

mM forskolin. High concentrations of forskolin have been

reported to have non-specific effects on ion channels [2,4].

To minimize non-specific effects, 1 mM forskolin was used

to study the effect of group II mGluR activation. In

forskolin-treated neurons, Gmax increased by 3 ^ 1 mSie-

mens (n ¼ 7, P , 0:05, paired t-test). Forskolin (1 mM) also

increased the amplitude of TTX-resistant sodium currents

activated by depolarization from 280 to 0 mV (Fig. 2a,b).

The increase of Gmax and current amplitude was

accompanied by a leftward shift of the activation curve.

The average change of V0.5 is 4.7 ^ 0.7mV (n ¼ 7) (Fig.

2c). No change in the slope factor of the activation curve,

steady-state inactivation, T0.5 activation or Tau-inactivation

was observed as compared to control neurons.

We previously showed that peripheral activation of

group II mGluRs could inhibit PGE2- or carrageenan-

induced inflammatory pain [18,19]. One possible mechan-

ism by which group II mGluRs could inhibit inflammatory

pain is by blocking the cAMP/PKA-mediated enhancement

of TTX-resistant sodium currents. We therefore studied the

effect of activating group II mGluRs on TTX-R sodium

Fig. 1. TTX-resistant sodium currents in mouse DRG neurons are sensitized

by adenylyl cyclase activation. (a) Representative traces of Naþ currents.

Neurons were clamped at 280 mV and a 50 ms voltage step to 0 mV was

used to activate Naþ currents. In the presence of 250 nM TTX, ITTX-R was

isolated. (b) Steady-state inactivation curve and activation curve of ITTX-R.

(c) Forskolin (2 min) dose-dependently increased the amplitude of TTX-R

sodium currents. H89 (10 mM, open circle) significantly reduced the effect

of 50 mM forskolin. n ¼ 5–11. Inset: representative traces showing the

effect of 10 mM forskolin. (d) Forskolin (1 mM, n ¼ 8) increased the

amplitude of TTX-resistant sodium currents. Bar represents forskolin

perfusion. Cells were held at 280 mV, a 50 ms step to 0 mV was used to

activate TTX-R. *P , 0:05 (two-way ANOVA).
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currents in cultured mouse DRG neurons. Application of the

selective group II mGluR agonist, APDC (5 mM), did not

alter basal TTX-R currents (Fig. 2a,b). However, when the

APDC was applied 1 min in advance and together with

forskolin, the forskolin-induced increase of TTX-R ampli-

tude was totally blocked (Fig. 2b). Application of APDC

also blocked the forskolin-induced increase in Gmax and the

leftward shift of the activation curve. Gmax change and V0.5

change were 21 ^ 2 mSiemens and 1.8 ^ 0.8 mV (n ¼ 6),

respectively, as compared to 3 ^ 1 mSiemens and 4.7 ^ 0.7

mV (n ¼ 7) in forskolin-treated cells (Fig. 2d). To verify

that the effects we observed with APDC were due

specifically to activation of group II mGluRs, we used a

potent group II mGluR antagonist, LY341495. LY341495

(250 nM) blocked the APDC effects on the forskolin-

induced enhancement of TTX-R, confirming the specific

involvement of group II mGluRs (Fig. 3).

Both APDC and LY341495 can affect other groups of

mGluRs at high concentrations. APDC can activate group I

and III mGluRs with EC50 . 100 mM and . 300 mM,

respectively [15]. The concentration used here was 5 mM.

Therefore, the effects we reported are unlikely due to

activation of group I or III mGluRs. Application of 250 nM

LY341495, which acts as a group II mGluR antagonist with

an IC50 of , 30 nM, completely blocked the APDC effects,

further supporting a specific involvement of group II

mGluRs. However, the IC50 of LY341495 at some group

III mGluRs is in the nanomolar range and we cannot rule out

a possible involvement of group III mGluRs.

We showed that 1 mM forskolin significantly enhanced

TTX-R current, inducing an increase of current amplitude

elicited by a step from 280 mV to 0 mV, and a leftward

shift of activation curve. The percentage increase of current

amplitude we observed with 1 mM forskolin is smaller than

what has been previously reported [6,10], likely due to the

choice of depolarizing membrane potential. At more

hyperpolarized potentials, where the activation curve is

steeper, a larger effect is seen (Fig. 2c). A forskolin-induced

change in activation kinetics has been reported previously

[6,10]. We did not see significant change of activation

kinetics in the present study. This may be due in part to the

Fig. 2. Activation of group II mGluRs blocks forskolin-induced

sensitization of TTX-R. (a) The effect of APDC, forskolin (FSK) and

APDC þ FSK on TTX-R currents. Cells were given 2 min for stabilization

before recording. Traces from before and 2 min after APDC or FSK

application are shown. Bars represent drug perfusion. The average of three

current amplitudes before drug perfusion was taken as I0 to which all

current amplitudes were normalized. (b) Mean ^ S.E.M. of normalized

current amplitude. Application of APDC (5 mM, 2 min) alone did not

change current amplitude. Application of forskolin (1 mM, 2 min) increased

the current amplitude and 5 mM APDC completely blocked the effect of

forskolin. n ¼ 6–11, *P , 0:05, significantly different from control (one-

way ANOVA). (c) Forskolin induced a leftward shift of the activation

curve. (d) APDC blocked the shift of the activation curve, P , 0:05.

Fig. 3. The selective group II mGluR antagonist LY341495 blocks the

effects of APDC. (a) LY341495 (250 nM) prevented APDC from blocking

the forskolin-induced increase of TTX-R current amplitude *P , 0:05;

ANOVA. (b) Currents recorded from a series of membrane depolarizations

and the corresponding activation curve showing that LY31495 prevented

APDC from blocking the forskolin-induced shift of activation curve.
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fact that the membrane voltages of some neurons were not

clamped well.

In conclusion, we demonstrate here that activation of

group II mGluRs in mouse DRG neurons inhibits forskolin-

induced cAMP/PKA-mediated enhancement of TTX-R

sodium currents. These results are consistent with previous

studies showing that TTX-R sodium currents are important

for inflammation-induced pain sensitization (reviewed in

[8]) and that activation of peripheral group II mGluRs

inhibits inflammatory pain [18,19]. In addition to negative

regulation of TRPV1 receptors, negative regulation of TTX-

R sodium currents may represent a mechanism by which

activation of peripheral group II mGluRs can inhibit

inflammation-induced pain hypersensitivity. However,

these are unlikely the only targets of group II mGluRs and

we expect that more mechanisms for the anti-nociceptive

effects of group II mGluRs will be found.
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