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Abstract

The pH dependence of the facilitation by dopamine (10 M), 5-hydroxytryptamine (10 M), adenosine (1 and 100 wM), Zn?* (10
wM) and Cd?* (1 mM) of P2X, purinoceptor /channels was tested by expressing these channels in Xenopus oocytes. In a pH range
between 6.0 and 8.5, concentration—response curves for an inward current activated by ATP were shifted toward a lower concentration
range at a more acidic pH, indicating that the sensitivity to ATP is pH-dependent. Comparison of the effects of the neurotransmitters and
the divalent cations on the ATP-activated current was made using a concentration of ATP which activated 40-50% of the maximal
current at each pH value. The current facilitation by dopamine was obvious at pH 7.1 and 7.7, but was not observed at pH 8.5. At pH 6.0,
the current was inhibited upon first trials of dopamine, but it was facilitated upon second trials. With 5-hydroxytryptamine and adenosine,
the current facilitation was most remarkable at pH 6.0, less remarkable at pH 7.1 and 7.7, and the facilitation was almost abolished at pH
8.5. On the other hand, the current facilitation by Zn?* and Cd?* was more remarkable at alkaline pH values (7.7 and 8.5), and the
facilitation was almost abolished at pH 6.0. The results suggest that the facilitation of P2X, purinoceptors depends on pH, and the pH

dependence was different between the neurotransmitters and the divalent cations. © 1997 Elsevier Science B.V.
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1. Introduction

Extracellular ATP has been shown to act as a fast
neurotransmitter by activating non-selective cation chan-
nels (P2X , purinoceptor /channels: for reviews, see Ed-
wards and Gibb, 1993; Surprenant et al., 1995). Various
compounds including endogenous substances have been
reported to modulate P2X purinoceptor /channels in PC12
cells. Dopamine (Inoue et a., 1992; Nakazawa et 4.,
1993) and 5-hydroxytryptamine (Nakazawa et al., 1994b)
facilitate an inward current activated by ATP. Zn?* poten-
tiates the ATP-evoked responses in these cells (Koizumi et
al., 1995), as it does in other mammalian periphera neu-
rons (Clouse et a., 1993; Li et a., 1993). Cd*" aso
potentiated the ATP-evoked responses in PC12 cells (Ikeda
et al., 1996). All these compounds appear to potentiate the
responses by increasing the sensitivity to ATP, but not by
increasing maximal responses. Such interaction of ATP
with these compounds is of interest because several lines
of evidence have indicated that dopamine, 5-hydroxytryp-
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tamine or Zn** coexists with ATP or P2X-purinoceptors
in central or peripheral neurona regions, as discussed in
our previous paper (Nakazawa and Ohno, 1997). The
modulation by Cd?* is also interesting because this may
relate to toxic effects of heavy metals (Kiss and Osipenko,
1994).

We previousy demonstrated that the enhancement by
dopamine, 5-hydroxytryptamine, adenosine, Zn?* or Cd?*
also occurs with respect to the ATP-activated current
through recombinant P2X, purinoceptor /channels ex-
pressed in Xenopus oocytes (Nakazawa and Ohno, 1996,
1997). Recently, King and co-workers reported that acid-
ification increases the sensitivity of P2X,
purinoceptor /channels (King et al., 1996), and, further-
more, suggested that the facilitation by neurotransmitters
including 5-hydroxytryptamine and adenosine of these
channels is due to acidification of extracellular solutions
by these compounds (Wildman et al., 1997). We, however,
report here the facilitation by neurotransmitters and diva
lent cations that is not due to extracellular acidification:
dopamine, 5-hydroxytryptamine, adenosine, Zn’* and
Cd** augmented ionic current through P2X, purinocep-
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tor /channels expressed in Xenopus oocytes even after the
pH of extracellular solution had been precisely adjusted.
We further characterized the pH dependence of the current
facilitation, and found the facilitation by neurotransmitters
and that by divalent cations exhibited an almost opposite
pH dependence.

2. Materials and methods

cDNA encoding P2X ,-purinoceptor /channel (Brake et
al., 1994; the Genbank entry U14414) was kindly supplied
by Dr. T. Brake of the University of California (San
Francisco, CA, USA). The cDNA, which had originally
been cloned into pcDNA1/AMP (Invitrogen, Leek, UK),
was subcloned into pBluescript I (SK™; Stratagene, La
Jolla, CA, USA) by ligation at EcoRI /Not!| sites. Proce-
dures for expression of the channels and recordings of
membrane currents were basically the same as those uti-
lized for nicotinic receptor channels described in our previ-
ous report (Nakazawa et al., 1994a). The plasmids were
linearized with Notl (Toyobo, Osaka, Japan), and sense
fragments of RNA were transcribed using T7 RNA poly-
merase (Wako, Osaka, Japan). Defolliculated oocytes, iso-
lated from Xenopus laevis, were injected with the synthe-
sized RNA (each oocyte received about 20 to 40 ng of
RNA), and kept at 18°C in a standard ND96 solution
containing (mM) NaCl 96, KCl 2, CaCl, 1.8, MgCl,
1,2-[4-(2-hydroxyethyl)-1-piperazinylJethansulfonic  acid
(HEPES; Dojin, Kumamato, Japan) 5 (pH 7.5 with NaOH)
supplemented with 0.01% gentamycin for 3 to 7 days.

Membrane currents were measured with two microelec-
trode voltage-clamp methods at room temperature (25—
27°C). Oocytes were placed in an experimental chamber of
about 0.2 ml capacity filled with ND96 solution. The pH
of ND96 solution was adjusted with HEPES-NaOH be-
tween 7.1 and 7.7. ATP and other drugs were applied by
superfusion at a constant flow rate of 0.5 ml /s. ATP was
applied for 10 s, every 1 min. Before testing the effects of
various compounds, ATP alone was repeatedly applied to
confirm the stability of the current response to ATP. Test
compounds were applied 20 s before and during trials with
ATP. When pH was adjusted to 6.0 or 8.5, HEPES was
replaced with equimolar 2-[ N-morpholino]ethanesulfonic
acid (MES; Sigma, St. Louis, MO, USA) or N-trighy-
droxymethyl]methyl-3-aminopropanesulfonic acid (TAPS;
Sigma), respectively. In these cases, oocytes was bathed in
a standard ND96 solution (pH 7.5), and the solution was
switched to solutions of desired pH values upon the appli-
cation of test compounds (for control responses to ATP,
the switching was made 20 s before the ATP application).

Drugs used were ATP (adenosine 5-triphosphate dis-
odium salt; Sigma), dopamine hydrochloride (Sigma), 5-
hydroxytryptamine creatine sulfate complex (Sigma),
adenosine (Sigma). Other chemicals were of reagent grade.
After addition of drugs to extracellular solutions, pH was

re-adjusted with NaOH. With the test compounds, dight
acidification was observed in extracellular solutions.
Among the test compounds (not including ATP), the largest
change was observed with 100 wM adenosine (0.04 pH
unit or smaller). None of other test compounds produced
changes larger than 0.03 pH unit.

All the data are given as mean + S.E.

3. Resaults

3.1. The pH-dependence of inward current activated by
ATP

King et al. (1996) have demonstrated that the ATP
sengitivity of P2X, purinoceptor /channels expressed in
Xenopus oocytes increases with acidification. This finding
was also confirmed in our study (Fig. 1). As neurotrans-
mitters and divalent cations facilitate the ATP-activated
current without affecting maximal current responses (see
Section 1), appropriate concentrations of ATP should be
selected to observe the current facilitation, in other words,
to avoid current saturation.

Examples of such current saturation are illustrated in
Fig. 2. In these preliminary experiments, the concentra
tions of these compounds (10 wM dopamine, 10 uM
5-hydroxytryptamine, 100 wM adenosine, 10 wM, Zn?*
and 1 mM Cd?*) were selected such that maximal current
facilitation was obtained (Nakazawa and Ohno, 1996,
1997). A lower concentration of adenosine (1 wM) was
also tested because the compound exhibited opposite mod-
ulations on cloned P2X , purinoceptor /channels (facilita-
tion; Nakazawa and Ohno, 1996) and channels expressing

1001

80

Q

T

2

'a'g 60

EE

28

£ 407 —®— pH6.0

° —O— PpH71

| —4&— pH77

20 —&— pH8S5

-7 -6 -5 -4 -3 -2
log ATP (M)

Fig. 1. Concentration—response relationship for ionic current activated by
ATP at different pH values (6.0, 7.1, 7.7 and 8.5) in Xenopus oocytes
expressing P2X , receptor /channels. The recording conditions were simi-
lar to those shown in Fig. 2A. The amplitude of currents activated by
various concentrations of ATP was normalized to maximal current ampli-
tude. Each symbol represent the mean from 3 to 5 oocytes tested at pH
6.0 (filled circles), pH 7.1 (open circles), pH 7.7 (filled triangles) and pH
8.5 (open triangles). Bars are SEE.
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in PC12 cells (inhibition; Inoue et d., 1992), from which
the P2X, purinoceptor /channel was cloned (Brake et .,
1994). In Fig. 2A, the facilitation by dopamine of the
current activated by the same concentration of ATP (30
wM) was compared at different pH values. The ATP-
activated current was more remarkably facilitated at pH
7.7 than a pH 7.1. For other compounds tested (5
hydroxytryptamine, adenosine, Zn?* and Cd?"), the cur-
rent facilitation examined with 30 uM ATP was also
accentuated at more alkaline pH values (7.4 and 7.7), and
markedly reduced at pH 7.1 (Fig. 2B). This phenomenon is
most likely attributed to the fact that 30 w.M ATP aloneis
able to activate a current fraction as large as 80% of the
maximal current at pH 7.1, but the current fraction acti-
vated is smadler at pH 7.4 and 7.7 (Fig. 1). Thus, to
compare the current at different pH values, the usage of
the concentrations of ATP which activate a similar current
fraction is desirable. For this purpose, we adopted 3, 10,
30, and 300 wM ATP for pH 6.0, 7.1, 7.7 and 8.5,
respectively, in the following experiments. These concen-
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Fig. 2. (A) Effects of dopamine (10 wM; A) on ionic current activated by
30 wM ATP a pH 7.1 (upper panels) and pH 7.7 (lower panels). The
oocytes were held a8 —50 mV, and a 400 ms hyperpolarizing step to
—80 mV was applied every 2 s. The ATP-activated current just before
(control; left) and during the application of dopamine (right) are com-
pared. Arrows indicate zero current levels. (B) Increase in the magnitude
of the current facilitation at more alkaline pH values when currents were
activated by a single concentration (30 wM) of ATP. The current
amplitude normalized to that just before the application of various
compounds is plotted against pH values. Each symbol and bar represent
mean and S.E. from 5 to 10 oocytes tested with dopamine (10 wM, filled
circles), 5-hydroxytryptamine (5-HT, 10 wM, open circles), adenosine (1
wM, filled triangles; 10 wM open triangles), Zn?>* (10 wM, filled
squares) or Cd?* (1 mM, open squares).
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Fig. 3. (A) Effects of dopamine (10 wM) on the ATP-activated current at
different pH values. The current was activated by 3 uM ATP at pH 6.0
(upper panels) or by 300 wuM ATP at pH 85 (lower panels). The
recording conditions were the same as in Fig. 2A. (B) Summarized data
for the enhancement by dopamine of the ATP-activated current at pH
6.0-8.5. The current was activated by 3 (pH 6.0), 10 (pH 7.1), 30 (pH
7.7) and 300 (pH 8.5), respectively. The normalized current amplitude
during the application of dopamine, and that after the washout of these
compounds are shown. The data were the mean and S.E. from 5 to 8
oocytes tested.

trations activated a fraction of 40-50% of the maximal
current at each pH value (Fig. 1).

3.2. The pH-dependence of the current facilitation by
neurotransmitters

Fig. 3 compares the effects of 10 wM dopamine on the
ATP-activated current at various pH values. Dopamine did
not facilitate the current at pH 8.5 (Fig. 3A, lower panel).
The effects of dopamine on the current at pH 6.0 were
complicated: the current was inhibited by the first applica-
tion of dopamine (Fig. 3A, upper panel, the second trace),
but the current was enhanced by the second application of
dopamine (the last trace). It is noted that such inversion of
the effect (inhibition to facilitation) was not observed
under any other experimental conditions utilized in the
present study: inhibition was never observed upon the first
trials of the test compounds, and when the current en-
hancement was obvious upon the first trials of the test
compounds, the second trials produced the enhancement
comparable to or somewhat smaller (by up to 30%) than
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the enhancement by the first trials. Dopamine markedly
facilitated the ATP activated current at two neutral pH
vaues (7.1 and 7.7; Fig. 3B).

5-Hydroxytryptamine (10 wM) and adenosine (100
wM), like dopamine, did not facilitate the current at pH
8.5 (Fig. 4). These compounds enhanced the current at
other less akaline pH values tested, and the enhancement
was largest at pH 6.0 (Fig. 4).

The current enhancement was less readily restored to
the control level when the magnitude of the enhancement
was increased, judging from the amplitude of the current
activated by successive applications of ATP aone
(washout; Figs. 3 and 4). The current, which had been
largely enhanced, however, returned to the control level
normally within several trials with ATP aone.

3.3. The pH-dependence of the current facilitation by
divalent cations

Fig. 5A illustrates the effects of Cd?* on the ATP-
activated current at pH 6.0 and 8.5. In contrast to the
current facilitation by the neurotransmitters in the previous
section (Figs. 3 and 4), Cd?>* markedly enhanced the
current at pH 8.5, but did not affect the current at pH 6.0
(Fig. 5A). Like Cd?*, the current enhancement by Zn?*
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Fig. 4. (A, B) Comparison of the enhancement by 5-hydroxytryptamine
(10 wM; A) and adenosine (100 wM; B) of the ATP-activated current at
pH 6.0-8.5. The current recording was made and the data are shown asin
Fig. 3. The data were the mean and S.E. from 5 to 8 oocytes tested.
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Fig. 5. Effects of Zn** (10 wM; A) and Cd?>* (1 mM; B) on ionic
current activated by ATP at different pH values. The current recording
was made and the data are shown as in Fig. 3. (A) Effects of Cd?* (1
mM) on the ATP-activated current. The current was activated by 3 uM
ATP a pH 6.0 (upper panels) or by 300 uM ATP at pH 8.5 (lower
panels). (B, C) Comparison of the enhancement by Zn?* (10 uM; A)
and Cd** (1 mM; B) of the ATP-activated current a pH 6.0-8.5. The
data were the mean and S.E. from 5 to 7 oocytes tested.

was obvious at pH 8.5 and abolished at pH 6.0 (Fig. 5B).
At neutral and akaline pH values (7.1, 7.7 and 8.5), both
Zn?" and Cd?* facilitated the ATP-activated current, and
the facilitation was most remarkable at pH 8.5 (Fig. 5B
and C).

The current enhancement by the divalent cations was
less readily restored to the control level when the magni-
tude of the enhancement was increased, but even the
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current which had been largely enhanced returned to the
control level normally within severa trials with ATP
alone, as was the case of the neurotransmitters in the
previous section. However, the strong enhancement by 1
mM Cd?* a pH 7.7 and 8.5 remained high even after
these trials. It is aso noted that the ATP-activated current
at pH 6.0 after the washout of Cd?* was larger than the
control current or the current in the presence of Cd?* (Fig.
50).

4, Discussion

We have investigated the pH dependence of the facilita-
tion of P2X, purinoceptor/channels expressed in Xeno-
pus oocytes. Neurotransmitters (dopamine, 5-hydroxytryp-
tamine and adenosine) and divalent cations (Zn** and
Cd?*) enhanced ionic current permeating through these
channels at neutral pH when the concentration of ATP was
such that it activated a smaller fraction of the channels
(Fig. 2). Wildman et al. (1997) reported that dopamine and
adenosine enhanced the ionic current through P2X,
purinoceptors expressed in  Xenopus oocytes, but that this
facilitation was due to acidification of extracellular solu-
tions because it disappeared after re-adjustment of pH of
the solutions containing these compounds. They aso re-
ported that dopamine failed to facilitate the current whether
pH was re-adjusted or not. In the present study, we also
carefully re-adjusted the pH of extracellular solutions, but
the facilitation remained with these three neurotrans-
mitters. There are several small differences between our
experimental condition and theirs (for example, they used
alower concentration of ATP (3 wM) and a higher concen
tration of 5-hydroxytryptamine (100 wM)), but the differ-
ences do not seem substantial. We cannot explain this
rather puzzling discrepancy at present.

The current facilitation by Zn?* and Cd?* was largely
attenuated at acidic pH: the facilitation was smaller at pH
7.1 than a pH 7.7, and was almost abolished at pH 6.0
(Fig. 5). Thus, the facilitation may require deprotonation of
P2X , purinoceptor /channels. Similar attenuation of the
facilitation by Zn?* of the ATP-activated current at acidic
pH was recently reported in rat nodose ganglion neurons
(Li et al., 1996). Among amino acid residues, histidine is
the only residue that has a pK, value between 6.0 and 7.7
(pK, 6.2 at imidazole ring in polypeptide chain; Creighton,
1984). Some histidine residue may play a key role in the
current facilitation by controlling conformational changes
in channel protein. In contrast, the facilitation by dopamine,
5-hydroxytryptamine or adenosine was abolished at pH 8.5
(Figs. 3 and 4). No amino acid residue has a pK, between
neutral pH and pH 8.5, but pH 8.5 is rather close to pK,
for the hydroxyl group of cysteine (pK, 9.1-9.5) or
tyrosine (pK, 9.7) and the amino group side chain of
lysine (pK, 10.4) (Creighton, 1984). Deprotonation may
occur a pH values more acidic than the pK, vlaues of

these residues if multiple hydroxyl or amino groups are
closely located one another, and these residues, thereby,
may contribute to the conformational control responsible
for the facilitation by the neurotransmitters. Another possi-
bility is that alkalization resulted in changes in protona-
tion/deprotonation states of the neurotransmitters. The
pK, of alkylamine is about 10 (Ege, 1989), and that of
5-hydroxytryptamine is reported to be 9.8 (Windholz et 4.,
1976), suggesting that 5-hydroxytryptamine and, presum-
ably, dopamine is protonated and positively charged at
neural pH. On the other hand, the pK, of phenylamine is
4.6 (Ege, 1989), and, thus, the amino group of adenosine
may be deprotonated and the compound may be uncharged
at neutral pH. These pK, values indicate that the akaliza-
tion adopted in the present study (pH 8.5) may not affect
the protonation /deprotonation states of the neurotrans-
mitters as long as special loca interactions between the
neurotransmitter molecules and the structure of the channel
protein surrounding the binding-site are not introduced.
Finally, we cannot exclude a possibility of the contribution
of amino acid residues with acidic pK, values, such as
histidine, to the attenuation of the current facilitation at
akaline pH because the apparent pK, of these amino acid
residues can be more alkaline if another acidic amino acid
residue cooperates with them, as suggested by Prod’ hom et
al. (1989) for the pH-dependent modulation of L-type
Ca?* channels.

We previously reported that neuroamines and divalent
cations facilitate ionic current permeating through P2X,
purinoceptor /channels, but not that through P2X,
purinoceptor /channels, and that the current facilitation is
largely attenuated when an aspartic acid residue (Asp??!)
of the P2X, receptor /channel is replaced by histidine, the
amino acid residue that is present in the corresponding
position of the P2X, purinoceptor/channel (Nakazawa
and Ohno, 1996, 1997). The attenuation of the current
facilitation in the present study at acidic or alkaline pH
may not be attributed to direct modulation by pH of Asp?*
because aspartic acid residues are completely deprotonated
in the pH range adopted in the present study (Creighton,
1984). It is, however, possible that Asp??! may contribute
to the pH-dependent modulation of the current facilitation
by cooperating with other amino acid residues as sug-
gested above.

At pH 6.0, dopamine rather inhibited the ATP-activated
current upon the first trials of this compound, but facili-
tated the current upon its second trias (Fig. 3). The results
suggest that dopamine exhibits an inhibitory action on
P2X , purinoceptor /channels in addition to the facilitation
at acidic pH. As the extracellular pH in tissues can fall
markedly (less than 6.0) during ischemia (see Steen et al.,
1992), this inhibition by dopamine may counteract the
increased sensitivity to ATP in such pathological condi-
tions. Similarly, the disappearance of the facilitation by
Zn?*, an endogenously occurring divalent cation in the
nervous system (Frederickson, 1989), at acidic pH (Fig.
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5B), may be relevant when the sensitivity of P2X,
purinoceptor /channels to ATP is increased.

In conclusion, the present study clearly demonstrated
that dopamine, 5-hydroxytryptamine, adenosine, Zn** and
Cd?** enhance ionic current permeating through P2X,
purinoceptor /channels under the condition where the slight
acidification of external solutions induced by these com-
pounds was compensated. The current facilitation by the
neurotransmitters and that by the divalent cations exhibited
rather opposite pH-dependent profiles, which suggests that
different amino acid residues determine appropriate con-
formation for these two types of the channel facilitation.

Acknowledgements

The authors are grateful to Dr. T. Brake for the supply
of the P2X, receptor /channel clone and to Dr. S. Ueno
for stimulating discussion. This study was partly supported
by a grant from the Ministry of Health and Welfare, Japan
awarded to K.N. M.L. is avisiting researcher supported by
the Japan China Medical Association.

References

Brake, A.J., Wagenbach, M.J., Julius, D., 1994. New structural motif for
ligand-gated ion channels defined by an ionotropic ATP receptor.
Nature 371, 519-523.

Clouse, R., Jones, S., Brown, D.A., 1993. Zn?>* potentiates ATP-activated
currents in rat sympathetic neurons. Pflug. Arch. 424, 152—-158.

Creighton, T.E., 1984. Proteins. W.H. Freeman, New York, NY, p. 515.

Edwards, F.A., Gibb, A.J, 1993. ATP — A fast neurotransmitter. FEBS
Lett. 325, 86—89.

Ege, S., 1989. Reactions of organic compounds as acids and bases. In:
Organic Chemistry, 2nd ed. D.C. Health Company, Lexington, MA,
pp. 74-108.

Frederickson, C.J., 1989. Neurobiology of zinc and zinc-containing neu-
rons. Int. Rev. Neurobiol. 31, 145-238.

lkeda, M., Koizumi, S., Nakazawa, K., Inoue, K., Ito, K., Inoue, K.,
1996. Potentiation by cadmium ion of ATP-evoked dopamine release
in rat phaeochromocytoma cells. Br. J. Pharmacol. 117, 950-954.

Inoue, K., Nakazawa, K., Watano, T., Ohara-lmaizumi, M., Fujimori, K.,
Takanaka, A., 1992. Dopamine receptor agonists and antagonists
enhance ATP-activated currents. Eur. J. Pharmacol. 215, 321-324.

King, B.F., Ziganshina, L.E., Pintor, J., Burnstock, G., 1996. Full sensi-
tivity of P2X, purinoceptor to ATP revealed by changing extracellu-
lar pH. Br. J. Pharmacol. 117, 1371-1373.

Kiss, T., Osipenko, O.N., 1994. Toxic effects of heavy metals on ionic
channels. Pharmacol. Rev. 46, 245-267.

Koizumi, S, lkeda, M., Inoue, K., Nakazawa, K., Inoue, K., 1995.
Enhancement by zinc of ATP-evoked dopamine release from rat
pheochromocytoma PC12 cells. Brain Res. 673, 75-82.

Li, C., Peoples, RW., Li, Z., Weight, F.F., 1993. Zn?" potentiates
excitatory action on mammalian neurons. Proc. Natl. Acad. Sci. USA
90, 8264-8267.

Li, C., Peoples, RW., Weight, F.F., 1996. Proton potentiation of ATP-
gated ion channel responses to ATP and Zn?' in rat nodoese
ganglion neurons. J. Neurophysiol. 76, 3048—3058.

Nakazawa, K., Ohno, Y., 1996. Dopamine and 5-hydroxytryptamine
selectively potentiate neuronal type ATP-receptor channels. Eur. J.
Pharmacol. 296, 119-122.

Nakazawa, K., Ohno, Y., 1997. Effects of neuroamines and divaent
cations on cloned and mutated ATP-gated channels. Eur. J. Pharma
col. 325, 101-108.

Nakazawa, K., Watano, T., Inoue, K., 1993. Mechanism underlying
facilitation by dopamine of ATP-activated current in rat pheochromo-
cytoma cells. Pflug. Arch. 422, 458—464.

Nakazawa, K., Akiyama, T., Inoue, K., 1994a Block by apomorphine of
acetylcholine receptor channels expressed in Xenopus oocytes. Eur. J.
Pharmacol. 269, 375-379.

Nakazawa, K., Inoue, K., Koizumi, S., Inoue, K., 1994b. Facilitation by
5-hydroxytryptamine of ATP-activated current in rat pheochromocy-
toma cells. Pflug. Arch. 427, 492—499.

Prod’hom, B., Pietrobon, D., Hess, P., 1989. Interactions of Protons with
single open L-type calcium channels: Location of protonation site and
dependence of proton-induced current fluctuations on concentration
and species of permeant ion. J. Gen. Physiol. 94, 23-42.

Steen, K.H., Reeh, PW., Anton, F., Handwerker, H.O., 1992. Protons
selectively induce lasting excitation and sensitization to mechanical
stimulation of nociceptorsin rat skin, in vitro. J. Neurosci. 12, 86—95.

Surprenant, A., Buell, G.N., North, R.A., 1995. P2X receptors bring new
structure to ligand-gated ion channels. Trends Neurosci. 18, 224—229.

Wildman, S.S., King, B.F., Burnstock, G., 1997. Potentiation of ATP-re-
sponses at a recombinant P2X, receptor by neurotransmitters and
related substances. Br. J. Pharmacol. 120, 221-224.

Windholz, W. et a. (Eds), 1976. Merck Index. Serotonin, 9th ed.
Rahway, NJ, p. 1095.



