
Modulation of ATP-induced currents by zinc in acutely isolated

hypothalamic neurons of the rat

1,2Vladimir S. Vorobjev, 1,2Irina N. Sharonova, *,1Olga A. Sergeeva & 1Helmut L. Haas

1Department of Neurophysiology, Heinrich-Heine-University, Duesseldorf, Germany

1 Whole-cell patch-clamp and fast perfusion were used to study the effects of zinc on adenosine 50-
triphosphate (ATP)-induced responses of histaminergic neurons.

2 At 10–30mm ATP, Zn2þ had biphasic effects on ATP responses. Zn2þ at 3–100mm increased the
ATP-induced currents, but inhibited them at higher concentrations.

3 At 300mm ATP, Zn2þ predominantly but incompletely inhibited the currents.

4 At 5 and 50 mm, Zn2þ shifted to the left the concentration–response curve for ATP-induced
currents, without changing the maximal response. At 1 mm, Zn2þ inhibited ATP-induced currents in a
noncompetitive way, reducing the maximal response by 58%.

5 Zn2þ increased the decay time of ATP-evoked currents nine fold with an EC50 of 63mm. Upon
removal of high concentrations of Zn2þ , there was a rapid increase of the current followed by a slow
decline towards the response amplitude seen with ATP alone. The appearance of a tail current is
consistent with a Zn2þ -induced increase of ATP affinity and an inhibition of its efficacy.

6 Thus, Zn2þ acts as a bidirectional modulator of ATP receptor channels in tuberomamillary
neurons, which possess functional P2X2 receptors. The data are consistent with the existence of two
distinct modulatory sites on the P2X receptor, which can be occupied by Zn2þ .

7 Our data suggest that zinc-induced potentiation of ATP-mediated currents is caused by the
slowing of ATP dissociation from the receptor, while inhibition of ATP-induced currents is related to
the suppression of ATP receptor gating.
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Introduction

Adenosine 50-triphosphate (ATP) acts as a transmitter or

cotransmitter in the central and peripheral nervous systems

(for a review, see Ralevic & Burnstock, 1998; Norenberg &

Illes, 2000; Khakh, 2001). ATP released from presynaptic

terminals can cause a fast excitatory postsynaptic potential in

neurons (Edwards et al., 1992; Evans et al., 1992; Galligan &

Bertrand, 1994). Fast responses to ATP are mediated by P2X

receptors comprising a family of at least seven P2X subtypes

(P2X1–7) (Brake & Julius, 1996; North & Surprenant, 2000;

Khakh, 2001). All P2X receptors are cation-selective channels

with almost equal permeability to Naþ and Kþ and significant

permeability to Ca2þ (Evans et al., 1996; Koshimizu et al.,

2000).

Neurons in the rat hypothalamus express mRNA encoding

the P2X2, P2X4 and P2X6 subunits (Collo et al., 1996; Xiang

et al., 1998; Kanjhan et al., 1999). Furukawa et al. (1994) and

Sorimachi et al. (2001) have reported ATP-activated currents

in the neurons of hypothalamic tuberomamillary (TM) and

ventromedial nucleus. The pharmacological properties of

ATP-mediated responses in TM neurons were consistent with

the activation of homomeric P2X2 receptors; however, the

presence of heteromeric P2X2/5 receptors could not be excluded

(Vorobjev et al., 2003). In order to further characterize P2X

receptors in TM neurons, we have now analyzed the

modulation of ATP responses by zinc. The interaction of

Zn2þ with P2X receptors depends on their subunit composi-

tion. Whereas Zn2þ inhibits the activity of homomeric P2X1

and P2X7 receptors (Virginio et al., 1997; Wildman et al.,

2002), the activity of P2X2, P2X4 and heteromeric P2X4/P2X6

receptors is potentiated by Zn2þ (Brake & Julius, 1996; Soto

et al., 1996; Nakazawa et al., 1997; Wildman et al., 1998;

Xiong et al., 1999). A biphasic effect of zinc on P2X2, P2X4

and P2X2/6 receptors has also been described (Wildman et al.,

1998; Acuna-Castillo et al., 2000; King et al., 2000).

Zinc is stored in presynaptic terminals and released upon

nerve stimulation (for a review, see Smart et al., 1994;

Frederickson & Bush, 2001). The effect of zinc on P2X

receptors varies in different tissues: it potentiates ATP-induced

currents in, for example, spinal cord neurons (Cloues et al.,

1993), but inhibits ATP-activated currents in bullfrog dorsal
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root ganglion neurons (Li et al., 1997). A bidirectional

modulation of ATP currents by Zn2þ was described in rat

vagus neurons (Ueno et al., 2001). The effect of Zn2þ on native

P2X receptors in central neurons has not been studied. We

explore now the modulation of ATP-activated currents by zinc

in freshly dissociated histaminergic TM neurons using patch-

clamp recording techniques.

Methods

Animals and cell preparation

Housing of rats and all procedures were carried out in

accordance with the Animal Protection Law of the Federal

Republic of Germany. All efforts were made to minimize

animal suffering or discomfort and to reduce the number of

animals used. After swift decapitation and removal of the

brain from the skulls of 18–25-day-old male Wistar rats,

450 mm thick transverse slices containing the TM region were

cut and incubated for 1–6 h in a solution containing (mm): 124

NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 1.28 NaH2PO4, 26 NaHCO3,

10 glucose, phenol red 0.01%, bubbled with carbogen (pH

7.4). For preparation of isolated cells, the TM nucleus was

dissected from the slice and incubated with papain in crude

form (1mg ml�1) for 40min at 371C. After rinsing with

enzyme-free solution, the tissue was placed in a small volume

of recording solution with the following composition (in mm):

150 NaCl, 3 KCl, 2.5 CaCl2, 1.5 MgCl2, 10 N-2-hydroxyethyl-

piperazine-N0-2-ethanesulfonic acid (HEPES), 10 glucose, pH

adjusted to 7.4 with NaOH. Cells were separated by gentle

pipetting. Cell suspensions were transferred to the recording

chamber and TM neurons were visually identified based on

their large cell bodies (20–35mm) (see Vorobjev et al., 2003).

Whole-cell, patch-clamp recording

Voltage-clamp recording was obtained using the whole-cell

configuration of the patch-clamp technique. Patch-clamp

micropipettes were pulled out from filament-containing

thick-wall borosilicate glass tubes using a two-stage puller

and had a resistance between 2 and 4MO. The electrodes were

filled with a recording solution of the following composition

(in mm): 140 CsCH3SO3; 1 CaCl2; 3 MgCl2; 10 HEPES; 10

O,O0-bis(2-aminomethyl)ethyleneglycol-N,N,N0,N0-tetraacetic

acid (EGTA) (pH adjusted to 7.3 with CsOH). The cells were

voltage-clamped by an EPC-7 amplifier (HEKA, Germany).

Currents were filtered at 2 kHz, sampled at 4 kHz and stored

on a hard disk using TIDA acquisition software (HEKA).

Recordings were made at a membrane potential of �60 mV at

room temperature (221C). Current amplitudes were always

measured at the peak during the application.

Drug application

ATP and ZnCl2 were dissolved in the bath solution and

applied using a fast perfusion technique (Vorobjev et al., 1996;

Sharonova et al., 2000). After establishing whole-cell record-

ing, the cell was lifted into the application system, where it was

perfused with a control bath solution. All solutions flowed

continuously, and lateral movements of the application system

exposed a cell either to control solution or to agonist solution.

The flow through each tube was gravity-driven. ATP was

usually applied for periods of 1 s, at 2min intervals. For the

study of dose–response curves, the intervals between ATP

applications were increased up to 4 min at 1–3 mm ATP, to

prevent the run-down of ATP responses. The exchange time

for the perfusion fluids was estimated by single exponential

fitting of the decay time of the current induced by application

of 100mm kainate. In experiments aiming to measure the rate

of deactivation of ATP current, it was typically 35ms.

Data analysis

Agonist concentration–response curves were fit by the least-

squares method to

I ¼ Imax=ð1 þ ðEC50=½ATP�ÞhÞ ð1Þ
where I is the amplitude of ionic current induced by the agonist

concentration [ATP], Imax is the maximal response, h is the Hill

coefficient and EC50 is the concentration for which a half-

maximal response is induced. The concentration dependence

of modulatory effects of zinc and other metal ions upon the

current induced by a constant ATP concentration was

analyzed with the following equation:

I ¼ð1 þ Imax=ð1 þ ðEC50=½ligand�ÞhpÞÞðcþ ð1 � cÞ=
ð1 þ ½ligand�=IC50ÞhbÞ

ð2Þ

where Imax is the relative maximal increase of a response

elicited by the ligand. EC50 and IC50 are the ligand concentra-

tions producing a half-maximal potentiation and a half-

maximal inhibition, respectively, hp and hb are the Hill

slopes, [ligand] is ligand concentration and c is the unblocked

part of the responses. Data values are presented as mean7
s.e.m.

ATP forms complexes with divalent cations, resulting in a

decrease in concentrations of free ATP and metal ions. ATP

chelation was estimated using previously reported binding

constants of corresponding complexes: pKCa¼ 3.91,

pKMg¼ 4.29, pKZn¼ 5.16 (Sigel, 1987). The system of four

equations: three equations for equilibrium of each di-

valent metal: KMg¼ ([total Mg]�[Mg2þ ])/([Mg2þ ]*[ATP4�]);

KCa¼ ([total Ca]�[Ca2þ ])/([Ca2þ ]*[ATP4�]); KZn¼ ([total

Zn]�[Zn2þ ])/([Zn2þ ]*[ATP4�]) and the equation for ion

balance [total Mg]�[Mg2þ ]þ [total Ca]�[Ca2þ ]þ [total

Zn]�[Zn2þ ]¼ [total ATP]�[ATP4�]) was solved. From four

sets of roots, the one with all numbers positive was selected.

The systems of polynomial, linear and differential equations

were solved by Mappl6 software.

Drugs and chemicals

All common salts and reagents were AnalaR grade (Aldrich

Chemicals). Adenosine 50-triphosphate disodium salt (ATP),

zinc chloride (ZnCl2) and papain (crude powder) were

purchased from Sigma/RBI (Deisenhofen, Germany).

Results

Zn2þ modulation of ATP-induced currents

All recorded TM neurons (n¼ 59) displayed responses to ATP,

which were modulated by zinc in a reversible and con-

centration-dependent fashion. Application of zinc alone
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(10–1000 mm) evoked no direct membrane response. The

modulation of an ATP-induced current by Zn2þ was

dependent on both the ATP- and the Zn2þ concentration

(Figure 1); it exhibited a bell-shaped concentration–response

curve. When P2X receptors were activated by 10 or 30mm
ATP, Zn2þ induced a potentiation at 3–30 mm (Figure 1a,

top traces, d, f). The coapplication of 10 or 30mm ATP plus

30 mm Zn2þ induced a maximal potentiation (up to 11- and

3.3-fold for 10 and 30 mm ATP, respectively). The Zn2þ EC50

for 10 mm ATP coapplication was 1471.3mm (n¼ 6); for 30mm
ATP, the zinc EC50 was 5.472.1mm (n¼ 3). Higher Zn2þ

concentrations (100–3000mm) resulted in a decrease of the

potentiation (Figure 1a, bottom traces, d, f). Note that the

calculated maximal degree of the potentiation (Figure 1d,

dashed lines) was about 30% higher than the envelope of the

overlapping curve.

In contrast to the strong augmentation of responses to 10

and 30mm ATP, Zn2þ elicited predominantly inhibitory effects

on currents induced by 300mm ATP (IC50 178723 mm) (Figure

1d, f). The block produced by Zn2þ at 300 mm ATP was not

complete even at 3 mm (6575%, Figure 1e, Table 1).

To correlate the modulating effect of zinc with the maximal

amplitude of the ATP-induced current, 10mm ATPþ 30mm
zinc, 30 mm ATPþ 30mm zinc and 300 mm ATPþ 10 mm zinc

Figure 1 Modulation of ATP-induced currents by zinc. The current traces in (a–c) are from three different cells. (a) Whole-cell
currents elicited by the 1 s application of 10 mm ATP alone and coapplication of 10 mm ATP with 3, 10, 30, 100 and 300mm of zinc. (b)
Comparison of currents to 1 mm ATP with the currents induced by coapplication of 10, 30, 300mm ATP and zinc. Zinc was taken at
concentrations eliciting a maximal potentiation of ATP-induced currents (10–30 mm). (c) Modulation of ATP (10, 30, 300 mm)-
induced currents by 1 mm zinc. Note the tail currents after termination of zinc and ATP coapplication. The horizontal lines above
current traces indicate duration of drug applications. (d) Analysis of concentration–response relation for zinc modulation of
currents induced by 10, 30 and 300 mm ATP. Data are fitted by Equation (2). Dashed lines show deconvolution of the underlying
potentiation (left bracket) and inhibition (right bracket) curves in Equation (2) taken separately after the fitting of the
concentration–response relation for zinc at 10 mm ATP. (e) Calculated values for free ATP concentrations at 10, 30 and 300 mm of
total ATP. (f) Analysis of the concentration–response relation identical to that in (d), but renormalized to the response to 1 mm

ATP. For the fit with 300 mm ATP, the Hill slope for potentiation was fixed to 1.7.
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were applied immediately after 1mm ATP (Figure 1b). Zinc

was taken at a concentration inducing maximal augmentation

of the corresponding ATP-activated current. The amplitude

ratios of the zinc-modulated ATP responses to the 1mm ATP-

evoked responses were 0.770.03, 1.0670.05 and 170.03 for

responses induced by 10, 30 and 300 mm ATPþ zinc, respec-

tively (n¼ 5 cells). These numbers were used to normalize the

concentration–response relations for Zn2þ (Figure 1f). At any

used ATP concentration, the maximal potentiation by zinc was

limited by the maximal amplitude of the ATP-induced current.

The minimal enhancement during coapplication of zinc and

300 mm ATP is due to the proximity of the response to 300mm
ATP to the maximal ATP response.

Comparison of concentration-response relations for zinc

and the calculated decline of free ATP concentration

(Figure 1e) suggest that at 10 and 30mm ATP the last points

in the graph may be affected by the decline of free ATP

concentration. The reduction of free Zn2þ due to chelation is

given in mm as a fraction [Zn2þ ]/[total Zn] for some selected

points: at 10mm ATP, 0.97/1, 993/1000; at 30 mm ATP, 0.92/1,

94/100, 978/1000; at 300 mm ATP, 0.52/1, 5.2/10, 56/100, 190/

300, 790/1000, 2733/3000. Calculations indicate that the

decrease in Zn2þ concentration at 10 and 30 mm ATP is

negligible, while the concentration response curve obtained at

300 mm ATP was rescaled for the concentration of free zinc

(Figure 1d, f).

Effect of zinc on the concentration dependence of ATP-
induced currents

The concentration–response relation for ATP was measured

in two extracellular solutions: the standard containing 2.5mm

Ca2þ and 1.5 mm Mg2þ (Figure 2a) and the test solution

containing 1.2mm Ca2þ and 0mm Mg2þ (Figure 2b). The

ATP concentration–response relation depended on the con-

centrations of divalent metal ions (Figure 2c),

EC50¼ 48.871.5 and 1170.2mm, respectively, Hill coefficients

for both fit 1.6 (equation (1)). However, when the data were

replotted on the basis of the calculated values for free ATP

rather than the total ATP concentration, the concentration–

response plots for ATP in different extracellular solution were

congruent within the limits of the error bars (Figure 2d); in

standard solution the EC50 was 170.04 mm, h¼ 1.670.08,

n¼ 7, and in solution containing 1.2mm Ca2þ and 0mm

Mg2þ , the EC50 was 1.170.02 mm, h¼ 1.670.05, n¼ 7. To

eliminate the effects of complex formation of divalent cations

with ATP, the concentration–response curves for ATP in the

presence of different zinc concentrations were also analyzed

using the concentration of free ATP (Figure 2d). Zinc at 5 and

50 mm caused a leftward shift in the concentration–response

curve without affecting the maximal response. At 5 and 50 mm,

zinc reduced the EC50 to 0.3270.01 and 0.0870.003mm of free

ATP, respectively. Further increase in Zn2þ concentration to

1000 mm, weakly changed the apparent affinity of free ATP

(EC50 0.1270.01mm), but strongly decreased its efficacy (the

maximal response was reduced to 0.4270.01 of control

response). An analysis considering the total ATP concentra-

tion yielded EC50s for ATP in the presence of 5, 50

and 1000mm Zn2þ of 1570.5, 4.870.4 and 24.771.5mm,

respectively.

Table 1 Zinc potentiation and inhibition of ATP currents

Zinc potentiation Zinc inhibition

[Total ATP]
(mm)

EC50 (mm) Hill coefficient Maximum
calculated

potentiation (-fold)

Maximum
observed

potentiation (-fold)

IC50 (mm) Hill coefficient Unblocked
part of
current

n

10 1471.3 1.4670.07 1671 1171 180715 1.470.1 070.05 6
30 4.770.8 1.770.5 3.370.3 3.2770.3 305795 1.670.5 0.1970.12 3
300 1.470.1 1.7 (fixed) 1.270.05 1.1770.05 178723 0.970.1 0.2170.05 5

Figure 2 Concentration–respone relationships for ATP and ATP
in the presence of zinc. (a) Whole-cell currents were evoked by ATP
at the concentrations 10, 30, 100, 300 and 1000 mm; the outer
(standard) solution contained 2.5mm Ca2þ and 1.5m Mg2þ . (b)
Currents induced by ATP at 1, 3, 10, 30, 100 and 300 mm in another
cell recorded with the outer solution containing 1.2 mm Ca2þ and
0 mm Mg2þ . (c) Concentration–response relationships for ATP in
1.2 mm Ca2þ and 0 mm Mg2þ and for ATP in 2.5mm Ca2þ - and
1.5 mm Mg2þ -containing solution. The data are fitted with the
Equation (1) with the following values: EC50¼ 11.670.4mm,
h¼ 1.670.05 for the 0 Mg2þ -containing solution and EC50¼
48.871.5mm, h¼ 1.570.1 for the standard solution. (d) Concentra-
tion–response relationships displayed against free ATP þ 5, 50,
1000 mm Zn2þ and those shown in (c) (same symbols in (c) and (d)).
Data points are fitted by the Equation (1). The respective values for
EC50 and Hill coefficients for the ATP-induced currents in the
solutions containing: (i) 0 Mg2þ , 1.2 Ca2þ ; (ii) 1.5 Mg2þ , 2.5 Ca2þ ;
(iii) 1.5 Mg2þ , 2.5 Ca2þ þ 5, 50 and 1000 mm Zn2þ are: (i)
1.170.05 mm and 1.670.04; (ii) 170.06 mm and 1.670.08; (iii)
0.470.1 mm and 1.670.1; 0.0870.002 mm and 1.970.07;
0.1270.01 mm and 1.270.07, respectively. All responses are normal-
ized to the current elicited by 1mm ATP. Numbers of cells were 7, 7,
4, 3, 4 in the same order. Zinc was coapplied with ATP for 1 s. The
peak amplitudes of currents during the application are measured.
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Zinc modulation of ATP-activated currents is voltage
independent

To reveal possible channel-blocking effects of high zinc

concentrations that could account for the noncompetitive zinc

inhibition (see Figure 1d), we analyzed the current–voltage

relation of ATP-induced currents in the absence and presence

of 300 mm zinc. Zinc inhibited the current activated by 300mm
ATP at membrane voltages between �75 and þ 40mV to the

same extent and did not change the reversal potential of ATP

responses (three cells).

Influence of zinc on the kinetics of ATP responses

Zinc increased the decay time of ATP-evoked currents (Figure

1a,c). To analyze this effect, we applied ATP in the presence of

zinc. Figure 3a,c illustrates the influence of metal ions on the

deactivation rate after ATP offset. The kinetics were examined

in control conditions with 10 mm ATP and in the presence of 3,

10, 30, 100, 300 and 1000 mm zinc. In all experiments, the time

course of deactivation could be well fitted with a single

exponential function whose time constant (tdeact) was used to

quantify the kinetics of this process. Zinc slowed the

deactivation process in a concentration-dependent manner

(Figure 3c). The tdeact increased from 5576ms in the absence

of zinc to 512712ms at 1mm zinc (n¼ 5), or by a factor of

about 9, providing an EC50 value of 6374mm zinc with a Hill

slope of 1.370.1.

To measure the rate of Zn2þ dissociation, the metal ion was

applied during a steady-state ATP (30 mm) response, so that the

onset and reversal of the effects of Zn2þ could be observed

during a single agonist response. Figure 3b shows augmenta-

tion of ATP current by 10mm Zn2þ (upper trace) and a

reversal of the potentiation with the time constant of 190 ms.

At 100 mm, Zn2þ concentration was increased up to 100mm, the

potentiation was still observed, but it was impeded by a slowly

developing inhibition (Figure 3b, middle trace). When zinc was

washed out, the ATP-induced current transiently increased

(‘tail current’) and then recovered gradually to the control

level. At 1 mm, Zn2þ induced only a marginal potentiation of

ATP current, but upon removal of zinc, there was a rapid

increase of the current followed by a slow decline towards the

response amplitude seen with ATP alone (Figure 3b, bottom

trace). A similar tail current was also observed after

simultaneous washout of ATP and zinc (Figure 1a, lower

panel, c). The decay time of the zinc effect was about the same

at all tested concentrations (200–300ms).

Kinetic modeling of the transient currents at zinc and
ATP removal

There are several possible kinetic alterations that could lead to

a slowing of current deactivation and appearance of the tail

current. We developed a model aimed at demonstrating that

the tail current following washout of zinc and ATP is

compatible with an allosteric mechanism of the Zn2þ -induced

block and reflects a change in the balance between the

potentiating and inhibitory effects of zinc, caused by the rapid

dilution of substances.

Figure 4a presents the receptor states, which are directly

associated with channel openings. At equilibrium, in the

presence of 1mm Zn2þ and 30 mm ATP (0.5 mm of free ATP),

most of the receptors are in the state RZAB because the

concentrations of both substances exceed the corresponding

EC50 values for Zn2þ -induced potentiation and inhibition. The

agonist molecule is bound, but the transitions to the open state

are suppressed because the blocking site is occupied too. After

withdrawal of both ATP and Zn2þ , there are two ways for the

receptor to lose the agonist molecule. First, ATP can unbind

from the receptor directly (toff¼ 550ms). Second, the receptor

makes two transitions: (1) The blocking molecule unbinds (toff

about 30 ms) and the receptor passes to the state RZA where

the channel openings are more probable and the receptor-

mediated current increases. (2) The agonist dissociates from

the receptor. When the ATP current decays in 10 the presence

of zinc (Figure 3a), the channel openings are five-fold reduced

and the time that the receptor spends in the open state is

negligible. The probability of open state for the P2X2 receptor

in control conditions is about 0.5 (P0¼ 0.6, Ding & Sachs,

1999), and since the agonist can unbind only from the closed

state of the receptor, the current will decay for about 1 s.

The second model (Figure 4c) does not differ conceptually

from the first one, but includes the dissociation of zinc from

the binding site responsible for potentiation of the P2X

receptor. Zinc unbinds from the receptor with a time constant

of 200 ms and the receptor enters into the states RAB or RA.

From these states, the ATP molecule unbinds much faster.

However, the situation does not change in principle, and the

conditions for appearance of the tail current persist. The

Figure 3 Kinetic features of zinc modulation of ATP-induced
currents. (a) Whole-cell currents induced by 600 ms perfusion of
10 mm ATP and 10 mm ATP in the continuous presence of 3, 10, 30,
100, 300 and 1000 mm of zinc. Zinc was applied 600ms before ATP
and washed out 1 s after the end of ATP application. The
deactivation time (toff) was measured by single exponential fitting
of current decay after ATP withdrawal. All recordings are from a
single cell. (b) Another cell. Zinc recovery kinetics in the presence of
ATP. Zinc was applied at 10, 100 and 1000 mm for 1 s in the presence
of 30 mm ATP. The current decay is fitted by a single exponential. (c)
Dependence of the deactivation time of ATP-induced currents on
the zinc concentration. Data are taken from experiments similar to
those presented in Figure 4a. Data were fitted with a logistic
equation with the following parameters: toff for ATP response alone
5976 ms, EC50¼ 6374 mm, n¼ 1.370.1 and toff max¼ 512712ms,
n¼ 5 cells.
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simulated parameters of the tail current coincide well with

those observed in our experiments. Figure 4d, e also

demonstrates that the simulated tail currents are the result of

ATP–Zn2þ interaction through a wide range of kinetic

parameters.

Discussion and conclusions

Zinc exerts a potent biphasic modulation of native P2X

receptors in TM neurons. The extent of potentiation or

inhibition by zinc depends on both the metal ion concentration

and the concentration of ATP used to elicit the response. Such

a bidirectional modulation of P2X receptor-mediated re-

sponses by zinc has been demonstrated in superior cervical

ganglion neurons (Cloues et al., 1993), in preganglionic vagal

neurons (Ueno et al., 2001) and recombinant P2X2, P2X3,

P2X4 and P2X2/6 receptors expressed in Xenopus oocytes

(Seguela et al., 1996; Soto et al., 1996; Wildman et al., 1998;

Acuna-Castillo et al., 2000; King et al., 2000). The Zn2þ

concentrations for potentiation and suppression of P2X

receptor-mediated responses in these studies are very close to

those in our study.

Concentration–response analysis was performed using free

ATP concentration in extracellular solution. It shows that 5–

50 mm zinc shifted the concentration-response relation for ATP

to the left and did not affect the maximal amplitude of ATP-

induced current, suggesting that zinc potentiated the agonist

response by allosterically enhancing the affinity of agonist

binding. Further increase of the zinc concentration up to 1 mm

does not change the EC50 for ATP dramatically, but halves the

maximal amplitude. The moderate decrease in the rise of ATP

affinity in the presence of 1mm zinc may be due to an allosteric

character of the inhibition. During such a block, the fraction

of receptors in the active state decreases, and because the

agonist can leave the receptor only from the closed state, the

agonist unbinds faster, resulting in a decrease of the apparent

affinity. The probability of the open state of P2X2 receptors

(P0¼ 0.6; Ding & Sachs, 1999; Whitlock et al., 2001) suggests

dependence of the apparent affinity on channel gating

(Colquhoun, 1998).

These observations correlate well with the biphasic dose–

response relation for zinc at a fixed ATP concentration, where

zinc first enhanced ATP-induced current with an EC50 of 14 mm
and then suppressed it at higher zinc concentrations. The effect

of zinc was greatest at lower concentrations of ATP, which

activated only a small fraction of the maximal current. The

zinc-induced potentiation was evident at 10–30 mm ATP, but

weak at 300 mm ATP. There was a remarkable difference in the

suppression of ATP currents by high zinc concentrations at

different ATP concentrations. Inhibition of the ATP current at

300 mm ATP was clearly not complete. The full decline of

currents at 10 mm ATP is consistent with depletion of free ATP.

The concentration–response relation for Zn2þ at 30mm ATP

follows the relation obtained at 300 mm ATP until 1 mm Zn2þ ,

but the last point at 3 mm Zn2þ does not follow the fit

(Figure 1f). In this case, Zn2þ inhibits the current, which is

maximally potentiated by a lower Zn2þ concentration until

ATP chelation achieves a critical value (Figure 1e).

At low concentrations up to 50mm, zinc increased both the

ATP affinity and the time constant of the ATP off-relaxation,

toff. The simplest explanation for this observation is a slowing

of the ATP dissociation from its binding site. There is some

discrepancy between the Zn2þ concentration–deactivation

time and concentration–response relations. The deactivation

time rises through the whole range of Zn2þ concentrations,

while the EC50 has its minimum at 50 mm Zn2þ . This mismatch

could be explained in several ways. As noted above, the

suppression of channel gating halves the apparent affinity with

P0¼ 0.6. With regard to the doubled deactivation time at 50–

1000 mm Zn2þ , this may only compensate for the correspond-

ing increase of apparent affinity. However, the probability for

the open state was obtained for excised patches and may not

Figure 4 Proposed kinetic schemes for the tail current at removal
of zinc and ATP from the P2X receptor. (a) Four-state model. The
shown states of receptor are: RZA, receptor occupied by Zn2þ at
potentiating site (Z) and by agonist molecule (A). In this state, the
receptor can bind zinc at another site causing the transition of the
receptor to the blocked state RZAB. From both states, the receptor
can enter the open states RZA* or RZAB*. However, transitions
between RZAB and RZAB* result in a lower open-state probability.
The scheme shows the transitions after removal of agonist and
blocker molecules. (b) Simulation of current traces after removal of
ATP and zinc. The current traces were generated with b�¼ 1000,
300, 100, 30 using scheme (a). (c) Eight-state model. The same as
above, but four receptor states with Zn2þ unbound from its sites on
the ATP receptor are added: RA, RAB, RA* and RAB*. (d)
Simulation of current traces using the scheme (c) with z�¼ 30, 100,
200 and 300. (e) Simulation of current traces using the scheme (c)
with b�¼ 30, 100 and 300. At the first step the schemes were
considered closed. The system of linear equations was solved to find
the equilibrium for receptor states inside it. Then the differential
equations were solved. Unless otherwise specified, the rate constants
were set to: b¼ a¼ 1000 (P0¼ 0.6; Ding & Sachs, 1999), b1¼ b/3.3,
a1¼ a*3.3 (the coefficient is adjusted to 3.3 to block the ATP-
induced current by 80%, Figure 1f), a1�¼ 1/0.55 (1/tdeact Figure 3c,
maximal value), b�¼ 1/0.03 (1/onset of tail current, Figure 1c),
bþ ¼ 1000*30/178 ([Zn2þ ]*b�/IC50, Figure 1d), z�¼ 1/0.2 (1/tdeact

for Zn2þ -induced potentiation, Figure 3b), zþ ¼ 1000*5/14
([Zn2þ ]*z�/EC50), a�¼ 1/(0.06/2) (1/tdeact/2, Figure 3c, half of the
minimal value). Dimensions: s�1 and mm�1.
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exactly fit our case. If P0 were about 0.8 or 0.9, the expected

increase in EC50 would be three- or five-fold, respectively and

would overcome the increase of the affinity related with the

rising deactivation time. In addition to slowing the ATP

dissociation, zinc may affect its association as well. The

decrease of apparent affinity of the binding site for ATP by

zinc was reported for dorsal root ganglion neurons (Li et al.,

1997).

Our results are consistent with the existence of two distinct

zinc modulatory sites on the P2X receptor. The high-affinity

modulatory site for zinc appears to be associated with a

potentiation of the ionophore function, distinct from the low-

affinity inhibitory site. Two distinct binding sites with different

affinities and mechanisms have been proposed by Ueno et al.

(2001). Experimental support for this interpretation is

provided by the different apparent binding affinities of zinc

potentiation and inhibition, as well as by the influence of zinc

on the offset kinetics of the ATP-mediated current. While there

is a consensus that zinc potentiates P2X2 receptors allosteri-

cally (Wildman et al., 1998; Xiong et al., 1999), and our

experiments specify the parameters of this effect for TM

neurons, the nature of zinc-induced inhibition remains

uncertain. There are several mechanisms by which zinc can

produce receptor inhibition. These include (1) open channel

block, (2) allosteric inhibition and (3) acceleration of

desensitization. The latter is unlikely, as we did not observe

a change in the rate of ATP response desensitization at any

zinc concentration. During the open channel block, the

channel cannot close while blocked, resulting in the prolonga-

tion of deactivation time. This would explain the appearance

of the tail currents after substance removal. However, our

modeling features the tail currents as an essential attribute of

responses to ATPþ Zn2þ during allosteric block. Further-

more, should the open channel block increase the probability

of the open state, this would result in an increase of the

apparent agonist affinity. But as we have shown, this is not the

case. The observation that the Zn2þ -induced inhibition is

incomplete and voltage-independent also supports an allosteric

mechanism of zinc action. Our data suggest that the effects of

inhibitory concentrations of zinc are a consequence of

blocking the gating rather than the open channel or the ion

permeability ratio.

The existence of multiple binding sites for zinc and different

localization of positive and negative modulatory sites at P2X

receptors are further supported by a recent mutation study

(Clyne et al., 2002) using site-directed mutagenesis. Of the

seven cloned P2X subunits P2X2, P2X4 and P2X6 mRNA

transcripts and proteins were determined in TM (Collo et al.,

1996; Loesch & Burnstock, 2001). Our pharmacological and

scPCR data suggest that P2X receptors expressed functionally

in TM neurons seem to be characterized by P2X2 homomeric

receptor (Vorobjev et al., 2003). Extracellular zinc reaches

concentrations in the high micromolar range during neuronal

activity (Assaf & Chung, 1984; Howell et al., 1984; Aniksztejn

et al., 1987) and may thus physiologically regulate ATP–P2x–

receptor interactions in the hypothalamus.

Supported by Deutsche Forschungsgemeinschaft HA 1525/6-4 and a
Lise-Meitner-Stipend to O.A.S.
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