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Trigeminal ganglion (TG) neurons are primary sensory
neurons involved in the transmission of orofacial sensation,
including pain. It is known that intracellular free calcium
concentration plays a critical role in neurotransmitter
release. In the present study, we examined the effects of
pain-inducing agents, bradykinin and histamine, on voltage
dependent Ca®™ current (I;,) and compared these with the
effects of the analgesic agent, eugenol. I, was measured
using a whole-cell patch clamp method. Bradykinin (10 uM)
inhibited I, in TG neurons. Maximum inward I, was
reduced by 26 % by bradykinin compared with the controls
(n=13, p<0.05). Decreased I, induced by bradykinin did
not recover to the prestimulus level after washing out
bradykinin, In contrast, histamine (100 pM) increased I,
by 25% compared with controls (n=7, p<0.05) in an irreversible
manner: Eugenol (250 pM), commonly used to produce analgesia
in dental clinics, decreased I, to 22.6 % (n=9, p<0.05) and this
effect on the I, was reversible. Although the effect of eugenol
on the I, was consistent, the effects of the two pain-inducing
agents, bradykinin and histamine, were different. Qur results
suggest that the modulation of /., in TG neurons is not a
decisive factor underlying the pain mechanism evoked by
pain-inducing agents.

Keywords: trigeminal ganglion (TG), voltage dependent Ca™
current (/,), bradykinin, histamine, eugenol

Introduction

Tissue damage results in the local release of various
biochemical species which mediate the inflammatory
process. Bradykinin and histamine activate nociceptors and
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are directly involved in the pain producing process.
Bradykinin, one of the important inflammatory mediators,
stimulates nociceptive nerve terminals and induces the
sensation of pain (Kumazawa and Mizumura, 1980);
Manning ez al., 1991). Two types of bradykinin receptor, B1
and B2, have been defined pharmacologically (Farmer and
Burch, 1992). The physiological significance of the Bl
receptor is as yet unclear. In contrast, the B2 receptor is
much better characterized, and accounts for the majority of
the pharmacological effects of bradykinin. Histamine is
released from mast cells in response to substance P, which is
released from nociceptor terminals. It activates sensory neurons
and evokes the sensations of itch and pain (Broadbent,
1955). It is believed that low concentrations of histamine
induce itch and that higher concentrations cause pain (Simone
etal., 1991). However, the mechanisms by which histamine
exerts its effects remain unknown.

There are various ion channels in the trigeminal ganglion
(TG) neurons, including K conductance (Puil ef al., 1988,
1989). In these neurons, Na* and Ca® contribute to the
formation of tetrodotoxin-resistant long-duration action
potentials. It has been suggested that the slow component of
the spike, recorded in the presence of TTX, might be
mediated by Ca” (Hsiung and Puil, 1990). Nonselective
cation channels in TG neurons were reported to be activated
by capsaicin (Liu and Simon, 1994, 1996). Studies on
sensory neurons in culture (Burgess et al., 1989; McGehee
et al., 1992) show that the excitatory effect of bradykinin
is associated with an inward current and an increase in
the membrane conductance mainly with respect to
sodium ions. However, little is known about the role of
the voltage dependent Ca”* channel (I,,) in TG neuron pain
transmission. In this study, we examined the effects of the
pain-inducing agents, bradykinin and histamine, on /,. The
effect of eugenol, an analgesic, on the /., was also examined
and compared with the effects of the pain-inducing
agents.
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Materials and Methods

Experimental solutions and reagents

Cold Ca™"/Mg**-free phosphate buffered saline (CMF-PBS)
solution was composed of 137 mM NaCl, 5 mM KCl, 22 mM
KH,PO,, 5.5 mM glucose, 59 mM sucrose, phenol red
and antibiotics. The bath and pipette solutions used for
electrophysiological recordings were designed to record Ca™
currents and minimize other ion-channel currents. The
pipette solution was comprised of 100 mM CsCl, 20 mM
tetraethylammonium (TEA)-Cl, 0.1 mM CaCl,, 2 mM Mg-
ATP, 10 mM ethyleneglycol bis (-aminoethyl ether) N,N,
N'N'-tetraacetic acid (EGTA) and 40mM N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic (HEPES) acid
at a final pH of 7.3. Bath solution contained 120 mM
choline-Cl, 10 mM CaCl,, 2 mM MgCl, and 10 mM HEPES
at a final pH of 7.3. The pH was adjusted with CsOH.
Bradykinin, histamine, eugenol and type XI trypsin were
purchased from Sigma (USA).

Isolation of trigeminal ganglion (TG) neurons

TG neurons were isolated according to a previously
published method (Oh et al., 1997). Briefly, after identifying
the mandibular and ophthalmic/maxillary division, the TG
neurons on both sides were isolated surgically and the
peripheral and central nerve roots excised. The ganglia were
then immersed in CMF-PBS solution (see above) oxygenated
with 95% O,: 5% CO,. Using a sterile Pasteur pipette, the
ganglia were transferred into a 15 ml centrifuge tube containing
trypsin (1 mg/ml) dissolved in CMF-PBS solution and then
incubated at 37°C in a shaking water bath for approximately
45 min. After enzymatic treatment, they were washed four
times with CMF-PBS solution and suspended in 3 ml of
Dulbecco’s Modified Eagle’s Medium (Sigma, USA) for
trituration. Fetal bovine serum (10% final concentration)
was then added and the cultures maintained in an incubator
at 37°C equilibrated with 5% CO, for 1-2 hours to allow the
isolated cells to settle and adhere to the Cell-Tak coated
coverslip. Calcium currents were recorded within 12 h of
such treatment.

Electrophysiological recordings of I,

Coverslips with adherent TG neurons were transferred to a
recording chamber containing bath solution (see above),
which was mounted onto an inverted microscope (Olympus
IMT-2, Japan). Electrodes were made from microcapillary
glass tubes (Chase Instruments Co., USA) using two pulls
on a vertical microelectrode puller (PP-83, Narishige, Japan).
Their tip resistance was between 3 and 5 MQ. Electrodes
were placed onto the cell membrane with a micromanipulator
(Burleigh, USA).

Voltage dependent Ca™ current (I,,) was recorded by the
conventional whole-cell patch clamp method (Hamill ez al.,
1981) and currents were measured with an Axopatch 1C
amplifier {(Axon Instruments, USA) at room temperature

(18-25°C). Cell diameter was defined as the mean of the
major and minor axis of each cell body. Only small to
intermediate-sized neurons (<50 pm) were used in this
experiment. Currents were evoked by step depolarization to
between -70 and +60 mV in 10 mV increments from a
holding potential of -80 mV, filtered at 5 KHz, digitally
sampled by analogue-to-digital converter (TL-1 DMA
interface, Axon Instruments, USA), and analyzed with pClamp
6 software (Axon Instrument).

Results

Morphologically isolated TG neurons were round with no
processes. Neurons with cytoplasm appearing bifringent
under phase contrast microscopy were considered to be
healthy. The I, was recorded from neurons with diameters
less than 50 um. Two types of I, were observed in TG
neurons based on their activation thresholds, i.e., low-

Fig. 1. Voltage dependent currents (I,) in trigeminal ganglion (TG)
neurons. (A) A typical profile of the voltage dependent currents
(I,) in trigeminal ganglion (TG) neurons. Both low voltage-acti-
vated (LVA) and high voltage-activated (HVA) currents were
observed. (B) LVA Ca™ currents activated from a membrane poten-
tial of -30 mV. The currents were of small amplitude and rapidly
inactivated during the 40 msec time course. (C) HVA Ca”" currents.
Currents were of large amplitude and inactivated very slowly.
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Fig. 2. The effect of bradykinin on the I, in TG neurons. The effect of 10 uM of bradykinin on the I, in TG neuron (n=13) before (A) and
during (B) application. (C) Current-voltage relationships before (O), during (@) and after bradykinin washout (£ ). The average inhibition of
maximal I, by bradykinin was 26%. Horizontal axis means membrane potential (mV).

voltage-activated (LVA, Fig. 1B) or high-voltage-activated
(HVA, Fig. 1C). LVA Ca’" currents were activated at a
membrane potential of -30 mV, which were inactivated
during a 40 msec time course. HVA Ca™ currents activated
at a O0mV command potential, and produced a current
amplitude much larger than the LVA Ca®* current and were
inactivated very slowly. In the present study, we did not
distinguish between the two types of I, and examined the
effects of bradykinin, histamine and eugenol on the mixed
I, (Fig. 1A).

The effect of bradykinin on /., was variable. In five of 18
neurons, the 7, was increased after bradykinin stimulation.
However, in most of the neurons (n=13), I, was decreased
by bradykinin addition to the bath solution. Figs 2A and 2B
show typical Ca’* currents from the 13 experiments before
{(A) and after (B) the application of 10 uM bradykinin. Both
LVA and HVA Ca™ currents were observed in these
neurons. Currents from neurons shown in Fig. 2A and 2B
were recorded using the leak subtraction protocol. Fig. 2C
shows the mean current-voltage relationship before, during
and after bradykinin washout. In the control bath solution,
the inward current was activated from a membrane potential
of -30 mV and reached a peak at membrane potential of
6 mV. In the presence of ten micromolar bradykinin, all
currents above a membrane potential of -30 mV were
reduced. Bradykinin significantly reduced the peak inward
I, from 768.1x£105.5 pA (n=13) to 575.5£99.3 pA (n=13)
(p<0.05 by paired t-test). The average inhibition of I, by
bradykinin was 26%. This decrease in /., did not recover to
the prestimulus level by washing out the bradykinin (data
not shown, n=8, p>0.1).

In contrast to the effect of bradykinin, the I, of most of
the neurons was increased by exposure to 100 uM histamine
(n=6). However, the I, in three neurons decreased with
histamine exposure; there was no change in the /, of the
other two neurons. Fig. 3A and Fig. 3B show typical Ca™
currents before and after application of histamine for an
average six experiments before and after application of
histamine. In the control bath solution (Fig. 3A), the inward
current was activated from a membrane potentia of -30 mV.
In the presence of histamine (Fig. 3B), the currents recorded
at membrane potentials of -30 and -20 mV increased
significantly. Fig. 3C shows the mean current-voltage
relationship of six experiments. The maximal inward /7, In
the membrane potential range between -30 and -10 mV
significantly increased to -769.2+63.8 pA (n=6) from -617x
105.6 pA (n=6) (p<0.035, by paired t-test). The average
increase of I, by histamine was 25%, which did not recover
to the prestimulus level by washing out the histamine (data
not shown, n=6, p>0.1).

We then examined the effect of eugenol on the /..
Eugenol decreased the I, consistently in all the neurons we
studied (n=9). Fig. 4A shows a typical /., of nine
experiments before, during and after washout of 250 yM
eugenol. The ., was recorded at a command potential of
0 mV stepped from a -80 mV hoiding potential and currents
were not subtracted. The inward current at a membrane
potential of 0 mV was reduced to -645 pA by eugenol (Fig.
4A) from the -1360 pA in the control bath solution (Fig.
4A). Application of 250 uM eugenol decreased the I, by
53% and this decreased I, recovered to 69% of the
prestimulus level by washing out the eugenol (Fig. 4A). The
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Fig. 3. The effect of histamine on the I, in TG neurons. The effect of 100 pM histamine on the I, in the TG neuron (n=6) before (A) and
during (B) application. (C) Cwrrent-voltage relationships before ( O ), during ( @ ) and after ( 2 ) histamine washout. The average increase of

maxima] ICa by histamine was 25%.

-2

nA

-1

control
-2

50 msec

Fig. 4. The effect of eugenol on the /., in TG neurons. (A) A typ-
ical I, of nine experiments before (a) and during (b) application
and after washout (c) of 250 M eugenol in a TG neuron. I, was
recorded at a command potential of 0 mV stepped from a -
80 mV holding potential. Application of 250 uM eugenol
decreased I, by 53% and this decreased I, recovered to 69% of
the prestimulus level by eugenol washout. (B) The effect of
250 uM eugenol on I, after 2, 4, 6 and 8 min after application of
eugenol.

average inhibition of I, was 22.6+3.9% (n=9) in the range
between 0.2 uM and 250 uM. In contrast to the results of
bradykinin and histamine, the effect of eugenol on [, was
reversible (n=6). Fig. 4B shows a delayed eugenol effect on
I, in TG neurons. Maximal inhibition of I, was observed at
6+1.2 min (n=9) after eugenol application.

Discussion

Voltage-dependent Ca’ currents (I,,) in sensory neurons are
well defined on the basis of their electrical properties and
pharmacology (Nowychy ef al., 1985; Swandulla and
Armstrong, 1988; Fox et al., 1987; Mintz and Bean, 1993;
Dichot et al., 1995). In the present study, HVA and LVA-
type currents were also observed in TG neurons. We
investigated the effects of bradykinin, histamine and eugenol
on mixed Ca®* currents.

In nodose ganglion cells, bradykinin produced a different
kind of excitatory effect associated with the inhibition of a
long-lasting spike after hyperpolarization (Weinreich 1986;
Weinreich and Wonderlin 1987). Studies on sensory neurons in
culture (Burgess et al., 1989; McGehee et al., 1992) show
that the excitatory effect of bradykinin is associated with an
inward current and an increase in membrane conductance,
mainly to sodium ions. However, in the present study,
bradykinin inhibited I, currents in TG neurons. Although
our result, i.e., a decrease of inward Ca”™ currents by bradykinin,
is hard to reconcile with the ability of bradykinin to evoke
neuropeplide release from sensory neurons, it is in agreement
with previous results (Kusano and Gainer, 1993; Connor
and Henderson, 1997). In contrast to bradykinin, histamine



Effects of pain-inducing agents on voltage dependent calcium currents in the trigeminal ganglion 5

increased I, in our experiments. Histamine receptor
activation increased intracellular free Ca® concentration in
TG (Tani er al., 1990), which supports our results.
Activation of I, induced by histamine might contribute to
an increase of [Ca’*]. The different effects on I, by
bradykinin and histamine are probably due to their different
intracellular transduction mechanisms. The main biochemical
pathway through which bradykinin acts involves the G
protein-mediated activation of phospholipase C, which
generates two intracellular second messengers, 1,4,5-
inositol-trisphosphate (IP3) and diacylglycerol (DAG)
(Thayer et al., 1988; Burgess et al., 1989; Gammon et al.,
1989). However, the effect of histamine on the intracellular
transduction mechanism is not known. Furthermore, the
release of histamine involves further complex interactions,
for example, histamine releases both tachykinins and
calcitonin gene-related peptide (CGRP) in rat sensory
neurons (Saria et al. 1988; Vedder and Otten 1991).

Eugenol has been commonly used in dental clinics to
produce analgesia in cases of toothache, pulpitis and dentin
hyperalgesia. In the present study, eugenol decreased I,
consistently in all the neurons we studied. The onset time of
eugenol on I, was, however, very slow compared to the
response to agents such as bradykinin or histamine (delay
of 3-4 min). This presumably reflects the time-course of
the biochemical events that follow receptor occupation,
presumably via vanilloid receptors. In dorsal root ganglion
(DRG) neurons, eugenol activated Ca” permeable currents
(Ohkubo and Kitamura, 1997). Our results indicate that /.,
in TG neurons is modulated both by pain-inducing or
analgesic agents, which could substantially contribute to the
membrane potential and the intracellular concentration of
free Ca”*([Ca™"],). However, the different effects of bradykinin
and histamine on the I, suggest that it is unlikely that Ca™
influx via I, is the only way of increasing [Ca®"],. We cannot
rule out the possibility of [Ca™], increase via other pathways,
e.g., involving a release of Ca®* from the intracellular Ca®
stores or Ca’ influx via non-selective cation channels,
which could override the decreased I, induced by
bradykinin.

Acknowledgements

This paper was supported by the Research Fund (KRF-97-
021-F00128) for Basic Medicine(1997) of the Ministry of
Education of Korea.

References

Broadbent, J.L.: Observations on histamine-induced pruritus
and pain. British Journal of Pharmacology 10:183-185,
1955.

Burgess, G.M., Mullaney, I., McNeil, M., Duan, P. and Rang,

H.P.: Second messengers involved in the action of bradykinin
on cultured sensory neurons. Journal of Neuroscience 9:
3314-3325, 1989.

Connor, M. and Henderson,G.: Bradykinin inhibition of N-
and L-type calcium channel currents in NG108-15 cells.
Neuropharmacology 36:115-124, 1997.

Diochot, S., Richard, S. and Valmier, J. Diversity of voltage-
gated calcium currents in large diameter embryonic mouse
sensory neurons. Neuroscience 69:627-641, 1995.

Farmer, S.G. and Burch, R. M.: Biochemical and molecular
pharmacology of kinin receptors. Annual Review of
Pharmacology 32:511-536, 1992.

Fox, A.P, Nowycky, M.A. and Tsien, R.-W. Single-channel
recordings of three types of calcium channels in chick
sensory neurons. 394:173-200, 1987.

Gammon, C.M., Allen, A.C. and Morell, P.: Bradykinin
stimulates phosphoinositide hydrolysis and mobilisation of
arachidonic acid in dorsal root ganglion neurons. Journal of
Neurochemistry 53:95-101, 1989.

Hamill, O.P,, Marty, A., Neher, E., Sakmann, B. and Sigworth,
EJ.: Improved patch-clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
European J. Physiol. 391:85-100, 1981.

Hsiung, G.R. and Puil, E.: Tonic dependence of tetrodotoxin-
resistant action potentials in trigeminal root ganglion neurons.
J. Neurosciences 37(1):115-123, 1990.

Kumazawa, T. and Mizumura, K.: Chemical responses of
polymodal receptors of scrotal contents in dogs. Journal of
Physiology 299:219-231, 1980.

Kusano, K. and Gainer, H.: Modulation of voltage-activated
Ca currents by Pain-inducing agents in a dorsal root ganglion
neuronal line, F-11. J. Neurosci. Res. 34:158-169, 1993.

Liu, L. and Simon, S.A.: A rapid capsaicin-activated current in
rat trigeminal ganglion neurons. Proc. Natl. Acad. USA
91:738-741, 1994.

Liu, L. and Simon, S.A.: Similarities and differences in the
currents activated by capsaicin, piperine, and zingerone in
rat trigeminal ganglion cells J. Neurophysiol. 76:1858-1869,
1996.

Manning, D.C., Raja, S.N., Meyer, R.A. and Campbell, J. N.:
Pain and hyperalgesia after intradermal injection of bradykinin
in humans. Clinical Pharmacology and Therapeutics 50:
721-729, 1991.

McGehee, D.S., Goy, M.E. and Oxford, G.S.: Involvement of
the nitric oxide-cyclic GMP pathway in the desensitization
of bradykinin responses of cultured rat sensory neurons.
Neuron 9:315-324, 1992.

Mintz, LM. and Bean, B.P.: Block of calcium channels in rat
neurons by synthetic omega-Aga-IVA. Neuropharmacology
32(11):1161-1169, 1993.

Nowycky, M.C., Fox, A.P. and Tsien, R W.: Three type of
neuronal calcium channel with different calcium agonist
sensitivity. Nature, 316:440-443, 1985.

Oh, S.B., Yoon, C.S., Nam, S.C., Park, K., Lee, J.-H. and Kim,
J.-S.: Effect of capsaicin and its derivative on the voltage
dependent Ca™* currents in spinal dorsal root and trigeminal
ganglion neurons. Int. J. Oral Biol. 22(4):229-239, 1997.

Ohkubo, T. and Kitamura, K.: Bugenol activates Ca™'-



6 Kyungpyo Park et al.

permeable currents in rat dorsal root ganglion cells. J. Dent.
Res. 76(11):1737-1744,1997.

Puil, E., Gimbarzevsky, B., and Spigelman, I.: Primary
involvement of K* conductance in membrane resonance of
trigeminal root ganglion neurons. J. Neurophysiol. 59:77-89,
1988.

Puil, E., Miura, R.M., and Spigelman, I.: Consequences of 4-
amino-pyridine applications to trigeminal root ganglion
neurons. J. Neurophysiol. 62(3):810-820, 1989.

Saria, A., Martling, C.R., Yan, Z., Theodorssen-Northeim, E.,
Gamse, R. and Lundberg, J. M.: Release of multiple
tachykinins from capsaicin-sensitive sensory nerves in the
lung by bradykinin, histamine, dimethylphenyl piperazinium,
and vagal nerve stimulation. American Review of Respiratory
Disease 137:1330-1335, 1988.

Simone, D.A., Alrejo, M. and LaMotte, R.H.: Psychophysical
studies of the itch sensation and itchy skin (sllokinesis)
produced by intracutaneous injection of histamine. Somatosensory
and Motor Research 8:271-279, 1991.

Swandulla, D. and Armstrong, C.M.: Fast deactivating calcium

channels in chick sensory neurons. J. Gen. Physiol. 92:197-
218, 1988,

Tani, E., Shiosaka, S., Sato, M., Ishikawa, T. and Tohyama,
M.: Histamin acts directly on calcitonin gene-related peptide-
and substance P-containing trigeminal ganglion neurons as
assessed by calcium influx and immunocytochemistry.
Neuroscience Letters 115:171-176, 1990.

Thayer, S.A., Pemey, TM. and Miller, R.J.: Regulation of
calcium homeostasis in sensory neurons by bradykinin.
Journal of Neuroscience 8:4089-4097, 1988.

Vedder, H. and Otten, U.:. Biosynthesis and release of
tachykinins from rat sensory neurons in culture. Journal of
Neuroscience Research 30:288-299, 1991.

Weinreich, D.: Bradykinin inhibits a slow spike after
hyperpolarization in visceral sensory neurons. European
Journal of Pharmacology 132:61-63, 1986.

Weinreich, D. and Wonderlin, W.F.: Inhibition of calcium-
dependent spike after- hyperpolarization increases excitability of
rabbit visceral sensory neurons. Journal of Physiology 394:
415-427, 1987.



