
Neuropharmacology 215 (2022) 109156

Available online 9 June 2022
0028-3908/© 2022 Elsevier Ltd. All rights reserved.

Prolonged PGE2 treatment increased TTX-sensitive but not TTX-resistant 
sodium current in trigeminal ganglionic neurons 

Xiao-Yu Zhang a, Xi Wu b, Peng Zhang a,1, Ye-Hua Gan a,* 

a Central Laboratory, Peking University School and Hospital of Stomatology, Beijing, 100081, PR China 
b Academy for Advanced Interdisciplinary Studies, College of Future Technology, Institute of Molecular Medicine, Peking University, Beijing, 100871, PR China   

A R T I C L E  I N F O   

Keywords: 
Electrophysiology 
Inflammation 
Neurophysiology 
Orofacial pain/TMD 
Cytokine(s) 
Pharmacology 

A B S T R A C T   

Prostaglandin E2 (PGE2) is an important inflammatory mediator for the initiation and maintenance of inflam-
matory and neuropathic pain. The acute effect of PGE2 on sodium currents has been widely characterized in 
sensory neurons; however, the prolonged effect of PGE2 remains to be determined. Here, we performed patch 
clamp recordings to evaluate the acute and prolonged effects of PGE2 on sodium currents in trigeminal ganglionic 
(TG) neurons from male Sprague–Dawley rats. We found that 24-h treatment with PGE2 (10 μM) increased the 
peak sodium current density by approximately 31% in a voltage-dependent manner and shifted the activation 
curve in a hyperpolarized direction but did not affect steady-state inactivation. Furthermore, treatment with 
PGE2 for 24 h increased the current density of tetrodotoxin-sensitive (TTX-S) but not TTX-resistant (TTX-R) 
channels significantly. Interestingly, TTX-S current was increased mostly in medium-sized, but not in small-sized, 
neurons after 24 h of treatment with PGE2. Moreover, the mRNA level of TTX-S Nav1.1 but not TTX-R Nav1.8 or 
Nav1.9 was significantly increased after 24 h of treatment with PGE2. In contrast, 5-min treatment with PGE2 (10 
μM) increased the peak sodium current density by approximately 29% and increased TTX-R sodium currents, but 
not TTX-S currents, in both small- and medium-sized TG neurons. Our results presented a differential regulation 
of subtypes of sodium channels by acute and prolonged treatments of PGE2, which may help to better understand 
the mechanism of PGE2-mediated orofacial pain development.   

1. Introduction 

Prostaglandin E2 (PGE2) is an important inflammatory mediator that 
induces the onset and maintenance of inflammatory and neuropathic 
pain (Petho and Reeh, 2012). PGE2 at the injury site is increased 
simultaneously with the onset of postoperative pain after dental or hip 
surgery in patients (Buvanendran et al., 2006; Dionne et al., 2003; 
Roszkowski et al., 1997). In the carrageenan-induced inflammatory pain 
model, the increase in PGE2 lasted for several days at the inflammatory 
site of the paw or knee (Dirig and Yaksh, 1999; Guay et al., 2004). In the 
spinal nerve ligation (SNL)-induced neuropathic pain model, the in-
crease in PGE2 lasts from months to years at the site of nerve injury (Ma 
et al., 2010; Ma and Eisenach, 2003; Treutlein et al., 2018). Cyclo-
oxygenases (COXs), the key enzymes for PGE2 synthesis, are targets for 
many nonsteroidal anti-inflammatory drugs for attenuating human and 
animal inflammatory pain symptoms (Liu et al., 2020; Ma et al., 2010; 

Samad et al., 2002). In our previous study, we found that PGE2 facilitates 
temporomandibular joint (TMJ) inflammatory pain by increasing the 
mRNA and protein levels of the voltage-gated sodium channel Nav1.7 in 
the trigeminal ganglion (TG) (Zhang et al., 2018a; Zhang and Gan, 
2017). However, the details of how functional sodium currents are 
modulated by PGE2 in TG neurons remain unknown. 

Voltage-gated sodium (Nav) currents are key players in generating 
neuronal activity during pain transduction (Dib-Hajj et al., 2010). Ac-
cording to their sensitivity to tetrodotoxin (TTX), sodium channels are 
classified into TTX-sensitive (TTX-S) and TTX-resistant (TTX-R) sub-
types (Bennett et al., 2019). TTX-S channels, including Nav1.1, Nav1.3, 
Nav1.6, Nav1.7, and TTX-R channels, including Nav1.8 and Nav1.9, are 
all expressed in adult peripheral sensory neurons (Bennett et al., 2019; 
Dib-Hajj et al., 2010). TTX-R channels are mainly expressed in small- 
and medium-sized dorsal root ganglion (DRG) or TG neurons (Djouhri 
and Lawson, 2004; Nakamura et al., 2016). Acute exposure to PGE2 for 
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several minutes increases the TTX-R current by approximately 30% in 
small TG neurons (Kadoi et al., 2007; Liu and Duan, 2016), while how 
PGE2 affects TTX-S current in TG neurons has not yet been determined. 
In DRG neurons, several minutes of exposure to PGE2 increases the 
TTX-R current in approximately 50% of small-to medium-sized neurons 
but has no effect on the TTX-S component in PGE2-responsive DRG 
neurons (England et al., 1996; Gold et al., 1996, 1998; Vaughn and Gold, 
2010). Although DRG and TG share many functional and molecular 
similarities (Lopes et al., 2017; Megat et al., 2019), there is still a lack of 
evidence on whether PGE2 affects subtypes of sodium currents in DRG 
and TG in the same way. 

Subtypes of sodium channels in DRG sensory neurons have been 
found to be differentially modulated in persistent pain models (Basbaum 
et al., 2009). The currents of TTX-S and TTX-R were increased in parallel 
in small afferent DRG neurons after carrageenan injection in the hind 
paw (Black et al., 2004b; Tanaka et al., 1998; Tate et al., 1998). How-
ever, in a chronic constriction injury-induced neuropathic pain model, 
only the TTX-S current is increased, while the TTX-R sodium current is 
reduced in small DRG neurons (Dib-Hajj et al., 1999; Kral et al., 1999). 
The acute effect of PGE2 on sodium currents in DRG and TG neurons 
involves cAMP/PKA-dependent phosphorylation of the sodium channel 
(England et al., 1996; Fitzgerald et al., 1999; Gold et al., 1998; Liu and 
Duan, 2016; Tripathi et al., 2011). However, prolonged exposure of 
PGE2 to DRG from 12 h to 5 days fails to activate PKA due to its 
desensitization (Malty et al., 2016), raising the question of whether 
PGE2 affects sodium channels differently between acute and prolonged 
treatments. 

In this study, we performed patch clamp electrophysiology in TG 
neurons and investigated the effects of acute and 24-h PGE2 treatments 
on TTX-S and TTX-R sodium currents in small-to medium-sized neurons 
with both TTX-S and TTX-R currents. The results showed that both acute 
and prolonged PGE2 treatments increased sodium currents in a voltage- 
dependent manner in small-to medium-sized neurons. Treatment with 
PGE2 for 24 h increased the TTX-S but not the TTX-R current density, 
and the increase in TTX-S occurred mainly in medium-sized but not in 
small-sized TG neurons. In comparison, acute PGE2 exposure increased 
current through TTX-R, but not TTX-S, in small- and medium-sized TG 
neurons. These results may help uncover the different functions of TTX-S 
and TTX-R in PGE2-mediated orofacial persistent pain development. 

2. Material and methods 

2.1. Cell preparation 

All experiments were performed according to the protocol approved 
by the Animal Use and Care Committee of Peking University in China. 
Freshly isolated TG neurons were prepared from specific pathogen-free 
100–120 g male Sprague Dawley rats after decapitation as previously 
described (Liu et al., 2021). TGs were collected in L15 medium at 4 ◦C 
and were cut into pieces to be digested later with collagenase IA (Sigma 
Chemicals, St. Louis, MO, USA; 1 mg/mL) and trypsin I (Sigma Chem-
icals, St. Louis, MO, USA; 0.3 mg/mL) at 37 ◦C for 40 min. Individual 
cells were dissociated by triturating through pipettes and then plated 
onto poly-L-lysine pretreated dishes containing F12 medium (Invitrogen, 
Carlsbad, CA, USA) for incubation (Supplemental Table 1). Small- (<30 
pF) to medium-sized (30–70 pF) TG neurons were used 1–8 h after 
preparation as freshly isolated neurons to study the acute effect of PGE2 
(10 μM) or vehicle (0.1% ethanol). PGE2 has a short half-life, equal to 
approximately 30 h in standard culture medium at 37 ◦C (Watzer et al., 
2009); thus, the prolonged effect of PGE2 was examined by incubation in 
medium with PGE2 (10 μM) or vehicle for 24–30 h. 

2.2. Patch-clamp recording 

Whole-cell recording was performed using an EPC/10 amplifier 
(HEKA Elektronik, Lambrecht, Pfalz, Germany) and PatchMaster 

Software on small- or medium-sized TG neurons with a cellular capac-
itance between 15 and 70 pF. Patch pipettes with 1–2 MΩ resistance 
were used during voltage clamp procedures. Capacitance transients and 
series resistance were compensated, and 85%–95% series resistances 
compensation were used to minimize voltage errors. The liquid junction 
potential was not adjusted. A P/4 protocol was used to subtract the leak 
current. The cells with series resistances larger than 20 MΩ or with a 
difference of more than 20% were excluded. For the sodium current 
recording, the extracellular solution contained (in mM): 60 NaCl, 3 KCl, 
2.5 CaCl2, 3 MgCl2, 10 HEPES, 0.1 CdCl2, 10 tetraethylammonium 
chloride (TEA-Cl), and 10 glucose, 110 sucrose (pH 7.4 adjusted with 
NaOH). TEA-Cl and CdCl2 were puffed extracellularly onto the neurons 
to block endogenous voltage-gated potassium and calcium channels. The 
intracellular solution contained (in mM): 145 CsCl, 5 NaCl, 1 CaCl2, 
2 MgCl2, 2 Mg2ATP, 10 HEPES, 10 EGTA, and 1 NaGTP (pH 7.2 with 
CsOH). PGE2 was stocked as 10 mM in ethanol and diluted to 10 μM with 
extracellular solution or culture medium for the acute or prolonged ef-
fect, respectively. TTX was stocked as 1 mM in ddH2O and diluted to 1 
μM with extracellular solution. Vehicle (0.1% ethanol) was used for the 
control group. All drugs were from Sigma. 

2.3. Voltage protocols 

Neurons were depolarized from a holding potential of − 100 mV to a 
series of voltage steps from − 80 to 20 mV (at 5 mV steps) for 50 ms at an 
interval of 1 s to obtain current-voltage (I–V) relationships and activa-
tion curves as previously described (Zhang et al., 2018b). The sodium 
conductance (G) was calculated from G = I/(V-Vrev), where I is the peak 
current during voltage steps (V), and Vrev is the reversal potential of the 
sodium channel. For steady-state inactivation curves, cells were held at 
conditioning potentials from − 120 mV to 0 mV (at 5 mV steps) for 200 
ms and then depolarized to a − 10 mV test pulse for 50 ms at an interval 
of 1 s. A Boltzmann function was used to fit the activation and inacti-
vation curves: G/Gmax (or I/Imax) = [1 + exp ((Vm − Vhalf) k)]− 1, where 
Vhalf is the half-activated voltage, k is the slope factor, and Vm is the 
membrane potential. The current density of the sodium current was 
calculated by dividing the peak value by the membrane capacitance. 

For the separation of TTX-S or TTX-R currents, cells were depolarized 
from − 120 mV (200 ms duration) to − 10 mV for 50 ms to record the 
total sodium current, and TTX-R current was elicited in two ways: from a 
preinactivation voltage of − 50 mV (200 ms duration) to − 10 mV for 50 
ms (without TTX) or from − 120 mV (200 ms duration) to − 10 mV for 50 
ms in the presence of TTX (0.5 μM). Then, the TTX-S current was 
calculated by subtracting the TTX-R current from the total sodium cur-
rent digitally. 

2.4. Statistics 

Data were analysed with Igor software (Wavemetrics, Lake Oswego, 
Oregon) and GraphPad Prism (GraphPad Software, San Diego, CA) and 
are shown as the mean ± SEM. Significance changes were tested using 
one-way ANOVA, two-tailed unpaired or paired Student’s t-test, and the 
Mann–Whitney test as indicated (*P < 0.05). 

3. Results 

3.1. PGE2 increased sodium currents at 24 h posttreatment in small-to 
medium-sized TG neurons 

We first examined the effect of PGE2 (10 μM) on sodium current at 
24 h posttreatment. Sodium currents were elicited by a series of voltage 
steps for 50 ms from a holding potential of − 100 mV, and we observed 
that PGE2 (10 μM) increased the peak value of sodium current density by 
31% compared with the vehicle group at 24 h posttreatment in small-to 
medium-sized TG neurons (Fig. 1, A-C; control: n = 32 neurons from 12 
rats; PGE2: n = 35 neurons from 12 rats; unpaired Student’s t-test, t 
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(2.212) = 65, P = 0.0305). The membrane capacitances of the control 
group and PGE2 group were 29.36 ± 2.25 pF and 24.59 ± 1.49 pF, 
respectively (control: n = 32 neurons from 12 rats; PGE2: n = 35 neurons 
from 12 rats; Mann–Whitney test, U = 479, P = 0.3129). Furthermore, 
the I–V curve showed that PGE2 (10 μM) increased the current density, 
especially at − 25 mV, compared to the control (Fig. 1D, n = 35 neurons 
from 12 to 13 rats for each group, unpaired Student’s t-test, t(2.049) =
68, P = 0.0443). Then, we studied the 24 h effect of PGE2 (10 μM) on the 
voltage-gating properties of sodium currents, including activation and 
inactivation of sodium currents, and observed that PGE2 (10 μM) did not 
affect the voltage dependence of steady-state inactivation (control: n =
13 neurons from 9 rats; PGE2: n = 24 neurons from 9 rats; Vhalf = − 45.00 
± 3.75 for control and Vhalf = − 47.18 ± 0.64 for the PGE2 group, un-
paired Student’s t-test, t(0.4574) = 35, P = 0.6502) but shifted the 
activation curve to the hyperpolarizing direction (control: n = 19 neu-
rons from 10 rats; PGE2: n = 18 neurons from 11 rats; Vhalf = − 32.71 ±
2.03 mV for control and Vhalf = − 41.55 ± 2.59 mV for the PGE2 group, 
unpaired Student’s t-test, t(2.691) = 35, P = 0.0108) (Fig. 1E), lowering 
the threshold for the activation of sodium current in small-to medium- 
sized TG neurons. 

3.2. PGE2 increased TTX-S but not TTX-R currents at 24 h posttreatment 
in small-to medium-sized TG neurons 

We separated the TTX-R from the total current in cultured TG neu-
rons in two ways: from a preinactivation voltage of − 50 mV (200 ms) to 
− 10 mV for 50 ms (TTX-R1) or by depolarizing neurons from − 120 mV 
to − 10 mV with TTX (0.5 μM) in the extracellular solution (TTX-R2) 
(Fig. 2A) (Black et al., 2004a; Cummins and Waxman, 1997). The peak 

values of current density for TTX-R1 and TTX-R2 were comparable 
(Fig. 2B, n = 21 neurons from 7 rats for each group, one-way ANOVA, F 
(2, 40) = 55.21, P = 0.5929), confirming that the two protocols were 
equally applicable. Because the preinactivation method was faster and 
easier, we used it to examine the effect of PGE2 (10 μM) on the TTX-R 
current. Most of the TG neurons (74/79 neurons) exhibited both 
TTX-S and TTX-R currents, and only a minority (5/79) exhibited only 
TTX-S currents. We studied the effect of 24-h PGE2 (10 μM) treatment on 
TTX-R currents in TG neurons that contained both TTX-R and TTX-S 
channels and observed that prolonged PGE2 treatment did not signifi-
cantly affect the current density of TTX-R (Fig. 2C and D; control: n = 32 
neurons from 12 rats; PGE2: n = 35 neurons from 12 rats; Man-
n–Whitney test, U = 551.5, P = 0.9181). 

Furthermore, TTX-S (TTX-S1 or TTX-S2) currents were calculated by 
digitally subtracting the TTX-R1 or TTX-R2 currents, respectively, from 
the total sodium currents when neurons were depolarized to − 10 mV for 
50 ms (Fig. 3A). The amplitudes of TTX-S1 and TTX-S2 were comparable 
(Fig. 3A, n = 21 neurons from 7 rats for each group; unpaired Student’s 
t-test, t(0.7428) = 40, P = 0.4619). Because the preinactivation method 
was faster and easier, we used it to examine the effect of PGE2 on the 
TTX-S current. Then, we compared the effect of PGE2 (10 μM) on TTX-S 
after 24 h of treatment and observed that the TTX-S current density was 
increased by approximately 57% in the PGE2 group compared to that of 
the control (Fig. 3B and C; control: n = 32 neurons from 12 rats; PGE2: n 
= 35 neurons from 12 rats; Mann–Whitney test, U = 358, P = 0.0107). 
As TTX-S channels can be activated by a low activation threshold 
(Bennett et al., 2019), its increase may explain the hyperpolarizing shift 
of the activation curve of the total sodium current after 24 h of treatment 
with PGE2. 

Fig. 1. Effect of PGE2 on sodium currents at 24 h posttreatment in small-to medium-sized TG neurons. (A, B) Representative traces showing depolarization-induced 
sodium current density at 24 h posttreatment with vehicle (control, A) or PGE2 (10 μM, B). Cells were depolarized from − 40 mV to 0 mV for 50 ms from a holding 
potential of − 100 mV. (C) Statistics showing the effect of PGE2 on the peak value of the total sodium current density at 24 h posttreatment. Cells were depolarized to 
a range of potentials from − 80 mV to 20 mV for 50 ms from a holding potential of − 100 mV. Currents were normalized to the membrane capacitance. (D) I–V curves 
of sodium current obtained at 24 h posttreatment with vehicle (control) or PGE2 in TG neurons. Currents were normalized to the membrane capacitance. (E) 
Comparison of the activation and steady-state inactivation curves between the control and PGE2 groups. Conductances and currents were normalized to the peak 
value during the activation and inactivation pulses. Error bar, SEM. *P < 0.05, unpaired Student’s t-test for (C), (D) and (E). 
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3.3. PGE2 treatment increased TTX-S current mainly in medium-sized TG 
neurons at 24 h posttreatment 

To further determine whether PGE2 differentially affected TTX-R and 
TTX-S currents in different-sized neurons, TTX-R and TTX-S currents 
from the small- (Cm < 30 pF) and medium-sized (30 pF < Cm < 70 pF) 
TG neurons were quantified at 24 h post-treatment with PGE2 (10 μM). 
We observed that the TTX-R current was not significantly affected by 
PGE2 (10 μM) in either small- or medium-sized neurons (Fig. 4A and B, 
small: n = 21 neurons and 28 neurons from 11 to 13 rats for the control 
and PGE2 groups; unpaired Student’s t-test, t(0.8270) = 47, P = 0.4124; 
medium: n = 11 neurons and 7 neurons from 6 to 7 rats for the control 
and PGE2 groups; unpaired Student’s t-test, t(1.104) = 16, P = 0.2859). 
The TTX-R current density at each individual neurons was plotted 
against membrane capacitance, showing that relative higher levels of 
TTX-R currents were preferentially clustered in the small neurons other 
than medium-sized neurons (Fig. 4B). Interestingly, The TTX-S current 
density at each individual neurons and the averaged TTX-S current 
density showed potentiated effect by 24-h treatment with PGE2 (10 μM) 
in medium-sized neurons but not in small-sized neurons (Fig. 4C and D, 
small TG neurons: n = 19 neurons and 25 neurons from 11 to 13 rats or 
the control and PGE2 groups; medium TG neurons: n = 11 neurons and 7 
neurons from 6 to 7 rats for the control and PGE2 groups; small TG 
neurons: unpaired Student’s t-test, t(1.493) = 47, P = 0.1421; medium 
TG neurons: unpaired Student’s t-test, t(3.005) = 16, P = 0.00849). 

3.4. PGE2 treatment increased TTX-S Nav1.1 mRNA in TG explants at 
24 h posttreatment 

In our previous work, we have found that 24 h-exposure of PGE2 
increased mRNA and protein levels of TTX-S channel Nav1.7. Beside 
this, we performed real-time PCR experiment to test effect of PGE2 on 
mRNA levels of the other channels, and observed that 24-h-treatment of 
PGE2 also increased the TTX-S channels Nav1.1 significantly (Supple-
mental Fig. 1, n = 8 TG explants from 8 rats, P = 0.0273, Wilcoxon 
matched-pairs signed rank test), and had no significant effect on the 
mRNA levels of TTX-R channels Nav1.8 and Nav1.9, and TTX-S channels 
Nav1.3 and Nav1.6 (Supplemental Fig.1, n = 8 TG explants from 8 rats 
for each group, P = 0.3125 for Nav1.3; P = 0.6875 for Nav1.6; Wilcoxon 
matched-pairs signed rank test for Nav1.3 and Nav1.6; P = 0.2482 for 
Nav1.8, t(1.260) = 14 for Nav1.8; P = 0.4370 for Nav1.9, t(0.8243) = 14 
for Nav1.9; Paired Student’s t-test for Nav1.8 and Nav1.9). This result is 
consistent with our present data showing that 24-h exposure of PGE2 
increased TTX-S current but not TTX-R current, which suggests that both 
Nav1.7 and Nav1.1 may contribute to the upregulation of TTX-S current. 

3.5. Acute PGE2 treatment increased TTX-R but not TTX-S currents in 
small-to medium-sized TG neurons 

To compare with the prolonged effect of PGE2, we determined the 
acute effect of PGE2 on subtypes of sodium channels in small-to medium- 

Fig. 2. Intact TTX-R current in TG neurons at 24 h posttreatment with PGE2. (A) TTX-R was elicited in two ways: from a preinactivation voltage of − 50 mV for 200 
ms to a test pulse of − 10 mV for 50 ms (TTX-R1) or from a conditioning voltage of − 120 mV for 200 ms to the test pulse of − 10 mV for 50 ms in the presence of TTX 
(0.5 μM) (TTX-R2), and the total sodium peak current was excited from − 120 mV (200 ms duration) to a test pulse of − 10 mV for 50 ms. (B) Statistics showing the 
current density of TTX-R1 was comparable to that of TTX-R2. (C) Representative trace showing the TTX-R current at 24 h posttreatment with vehicle (control) or PGE2 
(10 μM). (D) Statistics showing no significant effect of PGE2 on TTX-R peak current density. Error bar, SEM. NS, no significance. ***P < 0.001, one-way ANOVA for B, 
Mann–Whitney test for D. 
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sized TG neurons. We examined sodium currents after the application of 
PGE2 or vehicle for 5 min on freshly isolated small-to medium-sized TG 
neurons following a series of potentials for 50 ms in TG neurons. We 
observed that the peak values of sodium currents were increased by 
approximately 29% evoked by voltage steps from − 80 mV to 20 mV 
from a holding potential of − 80 mV at 5 min post-PGE2 (10 μM) 
application compared with the vehicle-treated group (Fig. 5A and B, n =
11 neurons from 5 rats for vehicle and n = 36 neurons from 11 rats for 
PGE2 group, Mann–Whitney test, U = 115, P = 0.0396), and 50% (18/ 
36) of the examined neurons were PGE2-responsive neurons. The I–V 
curve showed that sodium current density was increased by PGE2 (10 
μM) in a voltage-dependent manner, especially between − 10 mV and 0 
mV in PGE2-responsive neurons (Fig. 5C, n = 10 neurons from 7 rats, 
− 10 mV: paired Student’s t-test, t(3.138) = 6, P = 0.0201; − 5 mV: 
paired Student’s t-test, t(3.005) = 6, P = 0.0239; 0 mV: paired Student’s 
t-test, t(2.652) = 6, P = 0.0379; Paired Student’s t-test was performed 
between the same voltage-steps before and after PGE2 application). 

Next, we examined the effect of PGE2 in small- and medium-sized 
freshly-isolated TG neurons separately and observed that TTX-R 

current density was increased by 5-min PGE2 (10 μM) treatment by 
approximately 28% and 38% in small- and medium-sized TG neurons, 
respectively (Fig. 5D and E, small TG neurons: n = 6 neurons from 5 rats, 
paired Student’s t-test, t(4.207) = 5, P = 0.0084; medium TG neurons: n 
= 5 neurons from 3 rats, paired Student’s t-test, t(5.714) = 4, P =
0.0046), while TTX-S current density was not significantly affected 
either in small- or medium-sized TG neurons (Fig. 5D and E, P > 0.05, 
small TG neurons: n = 6 neurons from 5 rats, paired Student’s t-test, t 
(1.127) = 5, P = 0.3110; medium TG neurons: n = 5 neurons from 3 rats, 
paired Student’s t-test, t(0.9168) = 4, P = 0.4111). We also studied the 
acute effect of PGE2 on 24-h cultured neurons after vehicle application, 
and observed that acute treatment of PGE2 (10 μM) increased the peak 
value of sodium current density, and TTX-R but not TTX-S current was 
significantly increased in 24 h-cultured small-to-medium sized TG 
neurons (data not shown). 

4. Discussion 

Here, we demonstrated a differential modulatory effect of PGE2 on 

Fig. 3. PGE2 increased TTX-S currents in TG neurons 
after 24 h of treatment. (A) Upper: Characterization 
and statistics of the TTX-S current. TTX-S currents 
were quantified by digitally subtracting TTX-R1 
(purple) or TTX-R2 (purple) from the total sodium 
currents (black) in the same cell, which were defined 
as TTX-S1 (red) or TTX-S2 (red). Lower left insert: 
enlargement of TTX-S1 and TTX-S2. Lower right: sta-
tistics showing comparable values of TTX-S1 and TTX- 
S2. (B) Representative traces of TTX-S currents in TG 
neurons after 24 h of treatment with vehicle (control) 
or PGE2 (10 μM). TTX-S was calculated by subtracting 
TTX-R from the total current digitally as in (A). (C) 
Statistics showing the effect of PGE2 on the TTX-S 
current density after 24 h of treatment. Error bar, 
SEM. NS, no significance. *P < 0.05, unpaired Stu-
dent’s t-test for A, Mann–Whitney test for C.   
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subtypes of sodium channels in TG neurons after acute and prolonged 
treatments. 5-min and 24-h PGE2 (10 μM) treatment increased sodium 
currents in small-to medium-sized TG neurons, while their modulation 
on TTX-S and TTX-R subtypes were different: 5-min treatment of PGE2 
increased TTX-R but not TTX-S current both in small and medium-sized 
TG neurons, while 24-h treatment of PGE2 increased TTX-S but not TTX- 
R current mainly in medium- but not small-sized TG neurons. 

TG neurons were classified as small sized TG neurons (<30 μm, 23.5 
± 5.9 pF) which exhibited both TTX-S and TTX-R current, and large 
sized TG neurons (>40 μm, 106.1 ± 18.5 pF) which exhibited only TTX- 
S sodium current (Nakamura et al., 2016; Xu et al., 2010), so for this 
reason we classified TG neurons as small (<30 pF) and medium (30–70 
pF). Acute treatment with PGE2 (10 μM) increased TTX-R but not TTX-S 
currents in 50% of small-to medium-sized TG neurons. Previous studies 
have reported that acute PGE2 treatment increased TTX-R Nav1.8 and 
Nav1.9 in a population of small-to medium-sized TG neurons (Kadoi 
et al., 2007; Liu and Duan, 2016). We confirmed the results in our study 
and further observed that there was little effect on the TTX-S current 
after acute PGE2 treatment in TG neurons, which is similar to previous 
results in the DRG (Gold et al., 1996; Vaughn and Gold, 2010). The 
percentage of PGE2-responsive TG neurons in our study is also consistent 
with previous DRG results (England et al., 1996; Gold et al., 1996, 
1998). The increase in TTX-R by acute PGE2 treatment could contribute 
to the neuronal activity by increasing the frequency and lowering the 
threshold of action potentials in dorsal root ganglion neurons within 
several minutes (Davidson et al., 2016; Gold and Traub, 2004) and also 
in trigeminal ganglion sensory neuron (Kadoi et al., 2007; Liu and Duan, 
2016). TTX-R Nav1.9 has an inactivation voltage of − 40 mV, which is 
lower than that of Nav1.8 (Cummins et al., 1999), and, because we 
recorded the TTX-R current at an inactivation voltage of − 50 mV, the 
two isoforms were not discriminable by the protocol. However, as the 
Nav1.9 current is more prominent in fluoride-based intracellular solu-
tions than in chloride-based intracellular solutions (Bennett et al., 
2019), in our study, Nav1.8 might constitute a majority of the TTX-R 
current. 

PGE2 (10 μM) robustly increased the current density of the TTX-S 
channel at 24 h posttreatment but had no measurable effect on the 
TTX-R current. A previous study reported that acute PGE2 treatment 
increased TTX-S conductance but had no effect on its activation curve in 
some TTX-S-only DRG neurons (Tripathi et al., 2011). As TTX-S channels 
such as Nav1.3 and Nav1.7 can be activated by a low activation 
threshold (Bennett et al., 2019), the hyperpolarizing shift of the acti-
vation curve of total sodium current by 24-h PGE2 treatment may be 
explained by the increase in TTX-S but not TTX-R current. The I–V curve 
was increased by 5-min and 24-h treatment of PGE2 especially at 
approximately − 5 mV and − 25 mV, respectively, which could be 
explained by the increased TTX-R and TTX-S currents, respectively, for 
5-min and 24-h treatment of PGE2. 

In our previous study, we found that 24-h treatment with PGE2 in the 
TG ganglion increases the mRNA and protein levels of Nav1.7, under-
lying a mechanism in complete Freund’s adjuvant (CFA)-induced TMJ 
inflammatory hyperalgesia (Zhang and Gan, 2017). In this study, 24-h 
treatment with PGE2 (10 μM) increased the TTX-S current, which sup-
ports our previous work on Nav1.7 by showing a functional increase in 
the TTX-S current. We also observed that the mRNA of Nav1.1 was 
significantly increased by 24-h treatment with PGE2, suggesting Nav1.1 
probably also contribute to the increase of TTX-S current after prolonged 
treatment of PGE2. Nav1.1 has been found expressed mainly in the 
medium-sized TG neurons, and it could be activated by subthreshold 
stimuli and contribute to mechanical hyperalgesia (Griffith et al., 2019; 
Osteen et al., 2016). TTX-S channels including Nav1.1 and Nav1.7 are 
crucial for the threshold and frequency of action potential in response to 
suprathreshold and subthreshold depolarization (Griffith et al., 2019; 
McDermott et al., 2019; Meents et al., 2019; Osteen et al., 2016), we 
hypothesized that 24-h treatment of PGE2 may also contribute to the 
excitability of sensory neurons, which need to be investigated further in 
the future. The acute effect of PGE2 on sodium current lasts less than 15 
min (Gold et al., 1996); while the expression of mRNA and protein levels 
involved-prolonged effect of PGE2 may contribute to a much longer 
time-course of the excitability (1–3 days for sodium channel turnover) 

Fig. 4. Effect of PGE2 on TTX-R and 
TTX-S current density in small- and 
medium-sized neurons in the total so-
dium current at 24 h posttreatment. (A) 
TTX-R current density obtained in either 
small- or medium-sized TG neurons at 
24 h posttreatment with vehicle (control) 
or PGE2 (10 μM). (B) TTX-R current 
density versus membrane capacitance in 
the vehicle (control) and PGE2 (10 μM) 
groups. (C) TTX-S current density ob-
tained in either small- or medium-sized 
TG neurons after 24 h of treatment with 
vehicle (control) or PGE2 (10 μM). (D) 
TTX-S current density versus membrane 
capacitance in the vehicle (control) and 
PGE2 groups (10 μM). NS, no signifi-
cance. Error bar, SEM. *P < 0.05, un-
paired Student’s t-test for (A) and (B).   
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(Devor, 2006; Porreca et al., 1999). 
In the acute phase, 5-min PGE2 (10 μM) treatment primarily 

increased the TTX-R current in TG neurons, but 24-h PGE2 (10 μM) 
treatment predominantly increased TTX-S current. PGE2 is acutely 
released several minutes or hours after surgery, simultaneously with 
pain onset (Buvanendran et al., 2006; Dionne et al., 2003; Roszkowski 
et al., 1997), and is maintained at a high level in persistent pain for 
months (Dirig and Yaksh, 1999; Guay et al., 2004; Hedo et al., 1999; Lin 
et al., 2015). A single injection of PGE2 into the paw increases me-
chanical sensitivity within several minutes and lasts for 4–24 h (Huang 
et al., 2015; Kassuya et al., 2007; Ulmann et al., 2010), and daily in-
jection of PGE2 for two weeks induces chronic pain that lasts for months 
(Ferreira et al., 1990). Kinases are differentially involved during the 
initiation and chronification of pain syndrome; cAMP is involved in the 
onset of single PGE2-induced paw mechanical hyperalgesia, while a PKA 
inhibitor is important both for the onset and maintenance of mechanical 
hyperalgesia, which lasts for approximately 3 h (Aley and Levine, 1999). 
PKA is required for hyperalgesia from 0 to 4 h during 
carrageenan-induced inflammation, but PKC is required 4 h 
post-inflammation (Huang et al., 2015). Therefore, we hypothesized 
that the sodium channel shift from TTX-R and TTX-S examined at 5 min 
and 24 h posttreatment with PGE2 may be a cellular marker underlying 
the transition of PGE2-mediated initiation and maintenance of inflam-
matory pain. 

Proinflammatory mediators, such as PGE2, IL-1β and TNF-α, have 
been widely studied on sodium currents after acute treatment of sensory 
neurons (Binshtok et al., 2008; Jin and Gereau, 2006), while the 
different functions of PGE2 on subtypes of sodium channels between 
acute and prolonged treatments suggest that the acute and prolonged 
effects may not be regarded simply as the same. 

The TTX-S current was potently increased at 24 h posttreatment with 
PGE2 (10 μM) in medium-sized TG neurons, while acute treatment with 
PGE2 (10 μM) increased the TTX-R current in both small- and medium- 
sized neurons. According to the classification of DRG/TG neuron types 
(Katagiri et al., 2012; Nakamura et al., 2016), small- and medium-sized 
TG neurons might include mostly C-type neurons and Aδ-type neurons, 
respectively. C- and Aδ-type afferent fibres are both involved in thermal 
and mechanical nociception. C-type fibres are mostly responsible for 
warm sensations and burning or dull pain, while Aδ fibres are respon-
sible for pinprick pain and cold sensations (Beissner et al., 2010; 
Haggard et al., 2013). Therefore, PGE2 may influence the quality of pain 
sensation during exposure for various durations by modulating subtypes 
of sodium currents in different afferent neurons. Following our previous 
work (Zhang and Gan, 2017), and to reduce the unnecessary distraction 
included by effect of estrogen on sodium channels in female rats (Hu 
et al., 2012; Wang et al., 2013), we only used male rats in the present 
study. But the results got in male animals may not be simply regarded as 
the same as in female, so future studies of both sexes are very important. 

In conclusion, we observed that acute PGE2 (10 μM) application 
increased TTX-R but not TTX-S current in both small- and medium-sized 
neurons. Prolonged PGE2 (10 μM) increased TG sodium currents through 
a potent increase in current densities in TTX-S but not the TTX-R subtype 
in medium- but not small-sized TG neurons. This result suggests an 
important shift of TTX-R and TTX-S channels in PGE2-mediated hyper-
algesia during the development of orofacial persistent pain. 

5. Conclusions 

Taken together, we found that acute and prolonged PGE2 treatment 
increased the amplitude of sodium current and augmented the peak 

Fig. 5. Acute PGE2 treatment increased TTX-R but not TTX-S currents in small-to medium-sized TG neurons. (A) Representative traces showing that the application 
of PGE2 (10 μM) for 5 min increased the peak value of TG sodium currents when evoked from − 80 mV to voltage steps of − 10 mV (red) or − 5 mV (black). (B) 
Normalized data showing the acute effect of PGE2 on the peak value of sodium current density. (C) I–V curve of sodium current density in PGE2-responsive neurons, 
with a significant change between − 10 mV and 0 mV after the application of PGE2. (D) Representative traces showing PGE2 increased TTX-R but not TTX-S current 
after application for 5 min. (E) Statistics showing the acute effect of PGE2 on the current densities of TTX-S and TTX-R channels in small- or medium-sized TG 
neurons. NS, no significance. Error bar, SEM. *P < 0.05, **P < 0.01, Mann–Whitney test for (B), paired Student’s t-test for (C) and (E). 
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value of sodium current density in small-to medium-sized TG neurons. 
Prolonged PGE2 treatment shifted the activation curve in the hyper-
polarizing direction and increased the peak value of TTX-S but not the 
TTX-R current density in medium- but not small-sized TG neurons. Acute 
PGE2 increased TTX-R but not TTX-S current in both small- and medium- 
sized TG neurons, suggesting a different role of TTX-S and TTX-R cur-
rents in PGE2-mediated acute and persistent nociceptive signalling, 
which is potentially useful for understanding the mechanisms underly-
ing the development of orofacial persistent pain. 
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