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ABSTRACT  

The current study investigated whether ethanol alters adenosine 5’-triphosphate (ATP) activation 

of purinergic receptors (P2Rs) in the ventral tegmental area (VTA). The VTA is a key region of 

the brain that has been implicated in the development of alcohol addiction. We investigated the 

effects of ATP and ethanol on spontaneous inhibitory postsynaptic currents (sIPSCs) and the 

spontaneous firings in the VTA dopaminergic neurons, obtained using an enzyme-free procedure. 

These neurons preserved some functional GABA-releasing terminals after isolation. We found 

that ATP (1–200 µM) either increased or decreased the frequency of sIPSCs and the activity of 

VTA dopaminergic neurons. The effects of ATP on sIPSC frequency inversely correlated with its 

effects on dopaminergic neuron activity. The ATP-induced changes in sIPSC frequency were 

blocked by tetrodotoxin, a sodium channel blocker and by suramin, a non-selective P2R 

antagonist. Furthermore, α, β-MeATP, a selective P2X1 and P2X3 receptor agonist, increased 

sIPSC frequency while ADP-βS, a preferential agonist of P2Y receptors, decreased sIPSC 

frequency. Testing the effects of ethanol (10 and 40 mM) on sIPSCs found that ethanol 

significantly attenuated ATP-induced increase and enhanced ATP-induced decrease in sIPSC 

frequency. Taken together, the results demonstrate that multiple subtypes of P2Rs exist on 

GABA-releasing terminals which make synapses on VTA dopaminergic neurons. It appears that 

ATP increases sIPSC frequency involving P2X1 or/and P2X3 receptors, and ATP decreases sIPSC 

frequency involving P2YRs. The findings are also consistent with the notion that P2Rs at 

GABA-releasing terminals on VTA dopaminergic neurons are important targets for ethanol 

action.  
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Introduction          

The molecular mechanism underlying ethanol (EtOH) addiction is not completely 

understood. It is well documented that the mesolimbic dopaminergic (DA) system originating 

from the ventral tegmental area (VTA) plays a critical role (Imperato and Di Chiara, 1986; 

Nowak et al., 1998). The VTA DA neurons are under the tonic control of GABA neurons, and 

both DA and GABA neurons in the VTA are sensitive to EtOH (Brodie et al., 1990; Stobbs et al., 

2004; Xiao et al., 2007). 

 Adenosine 5’- triphosphate (ATP) activates the P2 receptor (P2R) family, which includes 

the P2X superfamily of ligand-gated cationic channels and the P2Y superfamily of seven 

transmembrane domain G protein-coupled receptors. P2XRs are fast acting, cation-permeable 

ion channels gated by synaptically released extracellular ATP (Khakh, 2001; North, 2002). To 

date, seven subtypes of the P2X family of ligand-gated cationic channels have been identified 

(P2X1-P2X7). ATP binding to P2Y receptors leads to a G-Protein cascade, including activation 

of phospholipase C and inhibition of adenylyl cyclase (Lazarowski et al., 2003). Presently eight 

members of the P2Y superfamily have been identified (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, 

P2Y13 and P2Y14). Messenger RNA or subunit proteins for all of the P2Rs have been found in the 

central nervous system (Khakh, 2001; Rubio and Soto, 2001; North, 2002; Franke et al., 2006). 

The function of P2XRs and P2YRs in the CNS is not well understood, but it is a rapidly growing 

area of research in the neuroscience community.   

Results from previous studies support the notion that P2XRs play a role in mediating 

and/or modulating at least a subset of the cellular and behavioral effects of EtOH. In recombinant 

expression systems, EtOH inhibits or potentiates P2XR function depending on the particular 

P2XR subtype tested.  EtOH inhibits P2X2R and P2X4R function but potentiates P2X3R function 

(Li et al., 2000; Davies et al., 2002; Fischer et al., 2003; Davies et al., 2005). Native P2XRs are 

sensitive to direct modulation by pharmacologically relevant EtOH concentrations (Li et al., 

1998; Li et al., 2000). In addition, EtOH can modulate GABAergic transmission and change 

GABA receptor expression levels in the VTA (Charlton et al., 1997; Melis et al., 2002; Xiao and 
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Ye, 2008).  Moreover,  presynaptic P2XRs can modulate the release of neurotransmitters such as 

GABA, glycine and glutamate (Mori et al., 2001; Papp et al., 2004), that are implicated in 

mediating behavioral effects of EtOH (Mihic et al., 1997; Woodward, 2000; Davies et al., 2003). 

Therefore, EtOH modulation of P2XRs may directly and indirectly affect neuronal activity 

leading to altered behavioral functions. 

Microinjection of the ATP analogue 2-methylthio ATP into the VTA increases the activity of 

VTA DA neurons, the release of dopamine, and the locomotor activity of the animals in the open 

field (Krugel et al., 2001; Krugel et al., 2003). Furthermore, immunohistochemistry studies have 

demonstrated that P2Rs exist in the VTA (Heine et al., 2007). Nevertheless, P2R modulation of 

VTA DA neurons remains intricate in the anatomical and pharmacological scenario because of 

the following observations: (1) P2X and P2Y receptors exist on both the soma and the neurites of 

VTA neurons (Heine et al., 2007), (2) Activation of the P2X and the P2Y receptors respectively 

depolarizes and hyperpolarizes VTA neurons, (3) Functional P2X receptors exist on GABA-

releasing terminals that are on VTA DA neurons and (4) EtOH regulates the function of the 

GABA-releasing terminals that are on the VTA DA neurons (Theile et al., 2008; Xiao and Ye, 

2008).  

The goal of the current study was to begin to determine the contribution of P2Rs to the 

activity of VTA neurons and the sensitivity of the P2Rs to EtOH. To accomplish this goal, we 

tested the following hypotheses: (1) ATP modulates GABA release onto VTA DA neurons 

through the activation of the P2Rs on the GABA-releasing terminals. The effect of ATP on 

GABA release negatively correlates with its effect on the activity of VTA DA neurons and (2) 

These P2Rs are sensitive to EtOH. We recorded spontaneous inhibitory postsynaptic currents 

(sIPSCs) and spontaneous firings in the VTA DA neurons, obtained using an enzyme-free 

procedure, which preserved some functional GABA-releasing terminals.  
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Methods 

Brain Slice Preparation and Mechanical Dissociation of Neurons.  Midbrain slices from 

Sprague Dawley rats (14- 19 postnatal days) were prepared as described previously (Xiao et al., 

2007). In brief, rats were anesthetized and sacrificed by decapitation. The midbrain was isolated 

and transversely sliced at a thickness of 400 µm using a VF-200 Slicer (Precisionary Instruments, 

Greenville, NC, USA) in ice-cold artificial cerebrospinal fluid (ACSF) saturated with 95%O2 and 

5%CO2 (Carbogen). The ACSF contained (in mM): 126 NaCl, 1.6 KCl, 1.25 NaH2PO4, 1.5 

MgCl2, 2 CaCl2, 25 NaHCO3, and 10 glucose. Midbrain slices were then kept in the 

carbogenated ACSF at room temperature (22-24 °C) for at least 1 hr before use. 

Neurons with functional presynaptic terminals attached were obtained by mechanical 

dissociation, as previously described (Akaike and Moorhouse, 2003), with some modifications 

(Ye et al., 2004). Briefly, a midbrain slice was transferred to a 35 mm culture dish (Falcon, 

Rutherford, NJ, USA ) and held down with a flat U-shape wire. The dish was filled with standard 

external solution containing (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 10 

glucose, 320 mOsm, pH was adjusted to 7.3 with Tris base. Under an inverted microscope 

(DIAPHOT, Nikon, Tokyo, Japan), VTA was identified. A heavily fire polished pipette lightly 

touched the surface of the VTA and vibrated horizontally at 15 - 20 Hz for 2 - 5 min using a 

homemade device. Finally, the slice was removed. After 20 min, isolated neurons adhered to the 

bottom of the dish were used for electrophysiological recordings. 

 

Electrophysiological Recordings. Whole-cell and cell-attached configurations were used 

to record the electrical activity using Axopatch 200B amplifier, Digidata 1320A analog-to-digital 

converter and Clampex 9 software (Molecular Devices Corp, Union City, CA, USA). Data were 

sampled at 5 kHz and filtered at 1 kHz. The patch electrodes had a resistance of 3-5 MΩ when 

filled with the following internal solution (in mM): 140 KCl, 2 MgCl2, 5 EGTA, 0.5 CaCl2, 10 

HEPES, 2 MgATP and 0.1 GTP. pH was adjusted to 7.2 with KOH, and osmolarity was adjusted 

to 280-300 mOsm with sucrose. All recordings were collected at room temperature (22-24°C).  
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VTA DA neurons were identified according to the following criteria: a slow firing rate (< 5 

Hz), wide action potentials with widths of ≥ 1.2 ms (measured from the beginning of inward 

current to the peak of outward current of the action potential) recorded in the cell-attached mode. 

These features are found in tyrosine hydroxylase (TH)+ dopamine cells in the VTA (Ford et al., 

2006). In addition, the DA neurons also show the presence of prominent hyperpolarization-

induced currents (Ih), inhibition by the D2/D3 receptor antagonist quinpirole, and disinhibition by 

Tyr-D-Ala-Gly-N-Me-Phe-Gly-ol enkephalin (DAMGO, an agonist of µ-opioid receptor) 

(Johnson and North, 1992; Margolis et al., 2003). 

 

Data Analysis. Spontaneous inhibitory postsynaptic currents (sIPSCs) and spontaneous 

firings were counted and analyzed using Clampfit 9.2. sIPSCs were screened automatically using 

an amplitude threshold of 5 pA and then visually accepted or rejected based upon rise and decay 

times. The average value of sIPSC frequency during the control period was calculated. The effect 

of a chemical was quantified as a percentage change in sIPSC frequency compared to the control 

value. Differences in absolute value or % change of amplitude and frequency were statistically 

tested using a Student’s paired two-tailed t-test. Data were presented as the mean ± SEM. p < 

0.05 was considered statistically significant. 

 

Chemicals and Applications. Adenosine 5-triphosphate disodium salt (ATP), Adenosine 

5′-[β-thio]diphosphate trilithium salt (ADP-βS), α,β-Methylene ATP lithium salt (α,β-MeATP), 

7-Chloro-4-hydroxy-2-phenyl-1,8- naphthyridine (CPNT), DL-2-Amino-5-phosphonopentanoic 

acid (APV), 7-Dinitroquinoxaline-2,3(1H, 4H)-dione (DNQX), pyridoxal-phosphate-6-

azophenyl-2',4'-disulfonate (PPADS), suramin (8-[(4-methyl-3-{[3-({[3-({2-methyl 5- [(4,6,8-

trisulfo-1-naphthyl) carbamoyl] phenyl}carbamoyl)phenyl]carbamoyl}amino) benzoyl] amino} 

benzoyl) amino]naphthalene- 1,3,5-trisulfonic acid) and tetrodotoxin (TTX), were purchased 

from Sigma (St. Louis, MO). EtOH (95%, prepared from grains) was purchased from Pharmco 

(Brookfield, CT). Solutions were prepared on the day of the experiment and applied to a 
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dissociated neuron using a ‘Y- tube’ perfusion system. A perfusion pipette with diameter of 50 

µm was placed ~100 µm away from the neuron. Solutions in the vicinity of a neuron can be 

completely exchanged within 40 ms without damaging the seal (Zhou et al., 2006). 
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Results 

ATP Effects on sIPSCs in VTA DA Neurons. Mechanically dissociated VTA DA neurons 

had oval or triangular soma with diameters between 20 and 35 µm. Such preparations had 

several advantages: good space clamp, preservation of some functioning synaptic terminals and 

better control of the surrounding solution (Akaike and Moorhouse, 2003; Ye et al., 2004; Zhu 

and Lovinger, 2005). As previously reported, some functional presynaptic nerve endings 

remained attached on the isolated neurons; therefore, spontaneous inhibitory postsynaptic 

currents (sIPSCs) could be recorded. The sIPSCs recorded in the presence of glutamate receptor 

antagonist (20 µM DNQX and 50 µM APV) were blocked by 10 µM bicuculline, a GABAA 

receptor antagonist, indicating that the measured sIPSCs were mediated by GABAA receptors 

(Fig. 1A). 

We found that ATP (1 200 µM) showed multiple effects on sIPSC frequency, including 

decrease (Fig. 1B), increase (Fig. 1C), or no effect (< 10% change from baseline, data not 

shown).  However, the effect of ATP on the same neurons was consistent and dependent on its 

concentration (Fig. 1B3, left panel, and Fig. 1C3, left panel).  In contrast to its effect on sIPSC 

frequency, ATP at concentrations less than 200 µM had no significant effect on the mean 

amplitude of sIPSCs.  

As illustrated in Fig. 1B, ATP reversibly decreased the sIPSC frequency in 54% (n = 24/44) 

of the VTA DA neurons tested (Fig. 1B1, B2 and B3, left panel).  The decrease was dependent on 

ATP concentration: 1, 10, 100 and 200 µM ATP decreased sIPSC frequency by 23 ± 6% (n = 15, 

p > 0.05), 39 ± 3% (n = 14, p = 0.001), 61 ± 6% (n = 10, p < 0.01), and 63 ± 10% (n = 7, p < 

0.01), respectively (Fig.1B3, left panel).  ATP (≤ 100 µM) did not significantly alter sIPSC 

amplitude: 1, 10 and 100 µM ATP altered sIPSC amplitude by -8 ± 7% (n = 15, p = 0.13), -2 ± 

6% (n = 24, p = 0.12), and -11 ± 11% (n = 10, p = 0.17), respectively.  ATP at 200 µM 

significantly reduced sIPSC amplitude (by 27 ± 10%, n = 7, p = 0.04, Fig. 1B3, right panel).  

As shown in Fig. 1C, ATP reversibly increased sIPSC frequency in 32% (n = 14/44) of the 

VTA DA neurons tested (Fig. 1C1, C2, and C3, left panel). The increase in sIPSC frequency was 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2008 as DOI: 10.1124/jpet.108.139766

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #139766 

 10 

dependent on the concentration of ATP: 1, 10 and 100 µM ATP increased sIPSC frequency by 20 

± 5% (n = 7, p = 0.003), 55 ± 11% (n = 14, p = 0.00005) and 46 ± 16% (n = 6, p = 0.02), 

respectively.  However, ATP did not significantly alter sIPSC amplitude: 1, 10 and 100 µM ATP 

altered sIPSC amplitude by -13 ± 7 (n = 7, p = 0.13), 17 ± 7% (n = 14, p = 0.23), and 6 ± 7% (n 

= 6, p = 0.22), respectively (Fig. 1 C3, right panel) which was not significantly different than 

control values.   Finally, ATP (1- 200 µM) had no effect on the frequency and the amplitude of 

sIPSCs in 14% (6/44) of the VTA DA neurons examined.  

We also found that 10 µM ATP induced a transient current (< 5 s, ranging from 20 to 400 

pA, 137 ± 25 pA) in 28% (29/105) of the DA neurons (Fig. 2). This current was dramatically 

attenuated by suramin (100 µM) or PPADS (10 µM), and eliminated by the removal of 

extracellular calcium. We interpret these data to indicate the existence of functional P2XR on the 

postsynaptic membrane of some VTA DA neurons, which is consistent with previous 

morphological findings (Vulchanova et al., 1996; Heine et al., 2007).  

To determine if P2Rs were involved in the action of ATP, we tested the effect of ATP on 

sIPSCs in the presence of suramin, a broad spectrum antagonist for P2Rs. Interestingly, suramin 

(100 µM) alone significantly reduced both the frequency and the amplitude of sIPSCs. In 

neurons in which ATP decreased sIPSC frequency, 100 µM suramin reduced sIPSC frequency by 

29 ± 6% (n = 6, p = 0.005), and amplitude by 39 ± 8% (n = 6, p = 0.003), respectively. In those 

neurons in which ATP enhanced sIPSC frequency, 100 µM suramin significantly reduced sIPSC 

frequency by 56 ± 8% (n = 6, p = 0.005), and sIPSC amplitude by 36 ± 9% (n = 6, p = 0.003), 

respectively. Suramin-induced reduction of sIPSC frequency might be resultant of its inhibition 

of postsynaptic GABAA receptors (Nakazawa et al., 1995), leading to a decrease in the sIPSC 

amplitude to below detectable levels. To test this possibility, we tested the effect of PPADS, 

another P2R antagonist. While PPADS (10 µM) significantly decreased sIPSC frequency (by 48 

± 5%, n = 5, p = 0.01), it did not significantly alter the amplitude of sIPSCs (by -9 ± 14 %, n = 5, 

p = 0.39) indicating that PPADS acts on the presynaptic site to reduce the release of GABA. 

Taken together, these data indicate that P2Rs exist on the GABA-releasing terminals (boutons), 
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and they are tonically activated.  

Suramin (100 µM) significantly attenuated either the decrease or the increase in sIPSC 

frequency induced by 10 µM ATP. Specifically, as illustrated in Fig. 3A, in those neurons, in 

which 10 µM ATP alone decreased sIPSC frequency (by 37 ± 8%, n = 5, p = 0.005), after 4 min 

preincubation with 100 µM suramin, 10 µM ATP had no significant effect on sIPSC frequency 

(by 0 ± 9%, n = 5, p = 0.5, Fig. 3A3). Similarly, in those neurons, in which 10 µM ATP alone 

increased sIPSC frequency (by 53 ± 11%, n = 5, p = 0.01), after 4 min preincubation with 100 

µM suramin, 10 µM ATP had no significant effect on sIPSC frequency (by 17 ± 15%, n = 5, p = 

0.17, Fig. 3B3).  

ATP may also activate A1 adenosine receptors via a conversion of ATP to adenosine by an 

enzymatic process. The resultant available adenosine could conceivably cause its own change in 

sIPSC frequency. To investigate this possibility, we next tested the effect of 7-Chloro-4-hydroxy-

2-phenyl-1,8-naphthyridine (CPNT), an A1 adenosine receptor antagonist. CPNT (10 µM) had no 

significant effect on ATP inhibition of sIPSC frequency (ATP alone, by 35 ± 6%, n = 4, p = 

0.0007; ATP + CPNT: by 28 ± 6%, n = 4, p = 0.002; paired t-test, p = 0.27; ATP verses ATP + 

CPNT, data not illustrated) suggesting that the change in sIPSC frequency cannot be attributed to 

adenosine receptors. Taken together, these data indicate that ATP regulation of GABA release is 

mediated predominately by P2Rs.  

 

ATP Modulation of sIPSCs and the Subtypes of P2Rs. As briefly discussed in the 

Introduction, activation of P2X receptors at nerve terminals increases neurotransmitter release by 

facilitating calcium entry, whereas activation of P2Y receptors decreases neurotransmitter release 

through a G protein-coupled second messenger pathway.  To determine which subtype of P2Rs 

are involved (i.e., P2X or P2Y) in ATP-induced increase or decrease of GABA release, we next 

tested the effect of α,β-MeATP (a potent and selective agonist for P2X1 and P2X3 receptors) on 

sIPSCs.  As presented in Fig. 4A and 4B respectively 10 µM α,β-MeATP increased sIPSC 

frequency by 68 ± 14% (n = 9, p = 0.001) in neurons (Group 1) in which 10 µM ATP decreased 
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sIPSC frequency (by 47 ± 5%, n = 9, p = 0.0002, Fig. 4A), and by 103 ± 24% (n = 7, p = 0.007) 

in neurons (Group 2) in which 10 µM ATP increased sIPSC frequency (by 53 ± 9%, n = 7, p = 

0.002, Fig. 4B). However, 10 µM α, β-MeATP had no effect on sIPSC amplitude in both groups 

(by 1 ± 14%, n = 9, p = 0.25 in Group 1 and by 1 ± 12%, n = 7, p = 0.31 in Group 2).  In 4 other 

neurons in Group 1, the increase in sIPSC frequency induced by 10 µM ATP was blunted in the 

absence of extracellular Ca2+ (2 mM Ca2+: by 33 ± 5%, n = 4, p = 0.004; 0 mM Ca2+: by -2 ± 

11%, n = 4, p = 0.44; paired t-test, p = 0.02, data not illustrated). These data suggest that P2X1 

and/or P2X3 receptors exist at the GABA-releasing terminals, which make synapses on VTA DA 

neurons. The activation of the P2XRs enhances GABA release, which is dependent on 

extracellular calcium. 

In another set of experiments, we examined the effect of ADP-βS, a preferential agonist to 

P2Y receptors, on sIPSCs. The application of ADP-βS inhibited sIPSC frequency of neurons in 

both Group 1 and Group 2 (Fig. 5). In Group 1 neurons, on which 10 µM ATP enhanced sIPSC 

frequency by 50 ± 15% (n = 4, p = 0.03), 10 µM ADP-βS inhibited sIPSC frequency by 32 ± 

12% (n = 4, p = 0.04) (Fig. 5A1-2). In Group 2 neurons, on which 10 µM ATP inhibited sIPSC 

frequency by 46 ± 3% (n = 4, p = 0.0004), 10 µM ADP-βS inhibited sIPSC frequency by 55 ± 

8% (n = 4, p = 0.003) (Fig. 5B1-2). These findings suggest the existence of P2Y receptors on 

GABA-releasing terminals which make synapses onto VTA DA neurons. The activation of these 

P2Y receptors inhibits GABA release. Taken together, the data is consistent with the notion that 

ATP changes in sIPSC frequency is dependent on which class of P2Rs (P2X or P2Y) dominates 

in the individual neuron tested. 

 

ATP Modulation of Spontaneous Firing of VTA DA Neurons. We also tested the effect 

of ATP on the spontaneous firing of VTA DA neurons.  ATP (10 µM) reversibly increased the 

firing rate by 69 ± 16% in 59% (10/17) of the neurons (n = 10, p = 0.0001, Fig. 6A, C), 

decreased by 32 ± 14% in 29% (5/17) of the neurons (Fig. 6B, C) and had no effect in 12% (2/17) 

of the neurons. On some DA neurons, we first tested the effect of 10 µM ATP on the firing, 
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recorded in the cell-attached mode, and then the sIPSCs, recorded in whole-cell mode. In 3 

neurons, 10 µM ATP inhibited the firing rate by 40 ± 11% (p = 0.03), while enhanced sIPSC 

frequency by 86 ± 12% (p = 0.009).  In other 4 neurons, 10 µM ATP enhanced the firing rate by 

71 ± 15% (p = 0.009), while inhibited sIPSC frequency by 50 ± 7% (p = 0.003). There is a 

significant inverse correlation between ATP regulation of the firing rate and the sIPSC frequency 

(r = -0.88, n = 7, p = 0.01, Pearson correlation). These data suggest a possible relationship 

between ATP regulation of sIPSCs and the activity of the DA neurons. 

 

Dependence of ATP Modulation of sIPSCs on TTX-Sensitive Sodium Channels. We 

tested the effect of ATP on mIPSCs in the presence of both DNQX (20 µM) and TTX (0.5 µM). 

In this set of experiments, we first reexamined the effects of ATP on sIPSCs. Consistent with the 

results in Fig. 1, in some neurons, 10 µM ATP increased sIPSC frequency (Fig. 7A1, left column), 

by 77 ± 24% (n = 6, p = 0.003, Fig. 7A2, left panel). In another group of neurons, 10 µM ATP 

reduced sIPSC frequency (Fig. 7 B1, left column) by 46 ± 7% (n = 6, p = 0.0008, Fig. 7B2, left 

panel). After washout of ATP, TTX was applied to the neurons.  As illustrated in the upper panels 

in Fig. 7A1 and B1, 0.5 µM TTX significantly reduced the frequency of sIPSCs (by 64 ± 7%, n = 

10, p = 0.003), but did not significantly change their mean amplitude (by 5 ± 17%, n = 10, p = 

0.4).  After a new baseline (in the presence of TTX) was established, 10 µM ATP was applied 

again.  As illustrated in the right columns of Fig. 7A1 and B1, as well as the right panel of Fig. 

7A2 and B2, in the presence of TTX, 10 µM ATP had no significant effect on sIPSC frequency in 

either one of these two groups: Enhancement: by 8 ± 21% (n = 6, p = 0.37, Fig. 7A1 and A2; 

Inhibition: by -14 ± 8%, n = 6, (p = 0.17, Fig. 7B1 and B2).  These results are significantly 

different from those obtained in the absence of TTX (p < 0.01 in either groups), indicating the 

involvement of sodium channels in ATP modulation.  

 

EtOH Effects on ATP Modulation of sIPSCs. EtOH inhibits P2X receptors in a variety of 

preparations, including bullfrog dorsal root ganglion neurons, hippocampal neurons, and 
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Xenopus (Li et al., 1998; Li et al., 2000; Davies et al., 2002; Davies et al., 2005), and HEK293 

expression systems. To determine whether the P2Rs at the GABA-releasing terminals on VTA 

DA neurons are sensitive to EtOH, we tested the effects of 10 µM ATP on sIPSC frequency in the 

absence and the presence of EtOH (10 or 40 mM).  

In the neurons in which 10 µM ATP alone decreased sIPSC frequency (by -43 ± 9%, n = 5, 

p = 0.004, Fig. 8A1 left column and A2), after 4 min preincubation with 40 mM EtOH, 10 µM 

ATP (plus 40 mM EtOH) decreased sIPSC frequency by -66 ± 5% (n = 5, p = 0.0001, Fig. 8A1 

right column and A2). These two values are significantly different (n = 5, p = 0.04, paired t-test, 

Fig. 8A2). However, 4 min preincubation with 10 mM EtOH did not significantly affect the 

inhibitory effect of 10 µM ATP on sIPSC frequency: ATP alone, by -43 ± 5% (n = 7, p = 0.0002), 

ATP plus 10 mM EtOH, by -48 ± 11% (n = 7, p = 0.003).  These two values have no statistically 

significant difference (p = 0.33, paired t-test, Fig. 8A2).  

In those neurons in which 10 µM ATP alone increased sIPSC frequency (by 45 ± 13%, n = 5, 

p = 0.02, Fig. 8B1, left column and B2), after 4 min preincubation with 40 mM EtOH, 10 µM 

ATP (plus 40 mM EtOH) did not significantly change sIPSC frequency (by -17 ± 19%, n = 5, p = 

0.12, Fig. 8B1, right column and B2).  Thus, the increase in sIPSC frequency induced by 10 µM 

ATP was eliminated by 40 mM EtOH (p = 0.03, paired t-test, Fig. 8B2).  Similarly, 10 mM EtOH 

also eliminated the increase in sIPSC frequency induced by 10 µM ATP (43 ± 13%, n = 7, p = 

0.01 in ACSF, p = 0.007 verses -22 ± 17%, n = 7, p = 0.17 in EtOH, paired t-test, Fig. 8B2).  

Overall, the findings from the EtOH studies suggest that the P2Rs at GABA releasing 

terminals are sensitive to EtOH, and the P2Rs that mediate ATP-induced increase in sIPSC 

frequency are more sensitive to EtOH than those that mediate ATP-induced decrease in sIPSC 

frequency. 
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Discussion  

In the present study, we demonstrate that P2XR and P2YR existed at the GABA-releasing 

terminals which make synapses on the VTA DA neuron. By acting on these receptors, ATP either 

increased or decreased GABA release, and the net effect in a particular cell depended on which 

P2R predominates. The ATP-induced increase or decrease in GABA release probably resulted 

from the activation of the P2XRs or of the P2YRs, respectively. Further, ATP modulation of DA 

neuron activity may be correlated with its effect on GABA release. We also demonstrate that 

EtOH altered the effect of ATP on GABA release through the P2Rs at the GABA-releasing 

terminal.  Our results indicate that both P2XR and P2YR are sensitive to EtOH at clinically 

relevant concentrations (≤ 40 mM). We postulate that the presynaptic P2Rs in the VTA are 

important targets for EtOH.  

 

ATP Effect Depends on P2Rs at the GABA-Releasing Terminals on the VTA DA 

Neurons. Activation of presynaptic P2Rs modulates the release of a number of neurotransmitters 

including acetylcholine, noradrenaline, dopamine, glutamate, serotonin, GABA and glycine in 

various regions of the CNS. We showed that in the mechanically dissociated VTA DA neurons, 

ATP (at concentrations below 200 µM) modulated sIPSC frequency in a concentration-dependent 

manner without affecting sIPSC amplitude.  This suggests that ATP works at the presynaptic site.  

Furthermore, the action of ATP was abolished by TTX, indicating that it depends on TTX-

sensitive sodium channels.  While the underlying mechanism is unclear, a simple explanation is 

that ATP may act on the upstream of GABA-releasing terminals that require action potential 

propagation to conduct the signal to the GABA- releasing site.  

ATP modulation of GABA release was significantly suppressed by suramin (a nonselective 

P2R antagonist).  Furthermore, suramin or PPADS alone profoundly suppressed GABA release.  

These suppressions indicate that: (1) P2Rs exist at the GABA-releasing terminal, and (2) These 

P2Rs tonically modulate the release of GABA.  These results are consistent with previous reports 

that show spontaneous ATP release in brain tissues and the existence of functional P2Rs at 
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GABA-releasing terminals. The sources of ATP in the isolated neurons remain to be identified.  

ATP could be released from nerve terminals (Burnstock, 1997), from the glia cells (Abbracchio 

and Ceruti, 2006), and/or from the soma of a neuron (Zhang et al., 2007).  In the VTA, suramin 

affected not only the frequency but also the amplitude of sIPSCs. The reduction in sIPSC 

amplitude could be resultant of an inhibition of postsynaptic GABAA receptors or of a reduction 

in the number of quanta in each release. 

The dualistic effect of ATP may be resultant of the interplay of different types of P2Rs.  We 

attempted to dissect the possible contribution of P2XR and of P2YR. In contrast to the variable 

effects of ATP, α,β-MeATP (a P2XR agonist) consistently increased sIPSC frequency. This 

observation is consistent with previous studies that show that activation of P2XR facilitates 

neurotransmitter release (see review (Illes and Ribeiro, 2004). In our experiments, α,β-MeATP 

increased sIPSCs more potently in those neurons in which ATP had a facilitating effect.  It has 

been shown that α,β-MeATP activates many subunits of P2XR, including P2X1, P2X3, P2X2/3, 

and P2X1/5. The desensitization of heteromultimeric P2X2/3 receptors in response to the agonist 

was slower (>10 s) than that of the other subtypes of P2XRs.  Our results showed that the 

increase in sIPSC frequency induced by both ATP and α,β-MeATP had a similar slow 

desensitization (> 30 s) (Fig. 1B and Fig. 3).  These data suggest that P2X2/3 receptors exist at the 

GABA-releasing terminals on VTA DA neurons. This is supported by previous findings that 

show P2X3 subunit expression in rat midbrain synaptosomes and high levels of P2X2 subunit 

expression in the VTA (Krugel et al., 2001; Heine et al., 2001).   

Unlike ATP and α,β-MeATP, ADP-βS (a preferential agonist for P2YR) consistently 

reduced sIPSC frequency. This suggests that P2YRs exist at GABA-releasing terminals, which 

mediate ATP inhibition of sIPSCs.  Taken together, our data demonstrate that both P2XR and 

P2YR exist at the GABA-releasing terminal and that the contributions of these two P2Rs in 

different neurons are not equal.  The interplay between these P2Rs may account for the complex 

effects of ATP. That is, in neurons in which P2XR contributes more, ATP will increase sIPSCs, 

whereas in neurons where P2YR predominates, ATP will reduce sIPSC frequency.  This 
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hypothesis is supported by a previous study that shows that both P2XRs and P2YRs are 

expressed in VTA non-dopaminergic neurons (Heine et al., 2007).  

ATP altered sIPSC frequency in a dose-dependent manner.  The ATP concentration at which 

ATP-induced increase in sIPSC frequency reached its maximum was 10 µM, whereas the 

concentration at which ATP-induced decrease in sIPSC frequency reached its maximum was 

much higher (100 µM).  Although we are not able to quantify the EC50 or IC50 of ATP in each 

case, we speculate that the P2XR in our preparation was more sensitive to ATP than the P2YR.  

We also showed that 10 µM ATP increased or decreased the spontaneous firing rate in 59% and 

29% of the VTA DA neurons, respectively. These percentages are close to the incidence of the 

ATP-induced decrease (54%) and increase (32%) in GABA release (Fig.1). Furthermore, ATP 

modulation of the firing rate inversely correlates with its effects on sIPSC frequency. These data 

support the possibility that through affecting GABA transmission, ATP plays a significant role in 

the regulation of DA neuronal activity.  The complex effects of ATP on GABA release and firing 

rate of the VTA DA neurons seem not to be compliant with the previous observation that 

2MeSATP, an ATP analogue, increases neuronal activity (Krugel et al., 2003) and 

somatodendritic release of dopamine (Krugel et al., 2001) in the VTA.  However, the higher 

incidence of the excitatory effect of ATP suggests that in the VTA the activation of P2YR 

apparently overcomes that of P2XR, thus decreasing GABA release and increasing DA neuron 

activity.  

We recorded the ATP-induced transient current in 28% (29/105) of the VTA DA neurons 

tested. This current was sensitive to suramin and PPADS and depended on extracellular calcium.  

This suggests the existence of functional P2XR on the soma, consistent with previous 

morphological studies (Vulchanova et al., 1996; Heine et al., 2007).  In the current study, ATP 

effects on the firing rate of VTA DA neuron are as steady as its effects on sIPSCs during 

application; meanwhile, the incidence (59%) of ATP-induced excitation of VTA DA neuron is 

much higher than that (28%) of ATP-induced transient current. This suggests that the presynaptic 

P2YRs, but not the pre- and post-synaptic P2XRs, are the primary mediators for the excitatory 
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effect of ATP. 

 

Presynaptic P2Rs in the VTA are Sensitive to EtOH. We have demonstrated that the 

ATP-induced increase in GABA release was abolished by 10 and 40 mM EtOH. This is 

consistent with previous studies showing that EtOH inhibits P2XRs. Previous studies have 

shown that the action of EtOH on P2XR is subunit-dependent; for example, homomeric P2X4 

receptor is more sensitive to the inhibitory effects of EtOH than homomeric P2X2 receptors 

(Davies et al., 2002). In P2X3 receptor-expressing Xenopus oocytes, the ATP-induced current 

was potentiated by EtOH at the concentration that has been shown to cause motor control deficits 

(Davies et al., 2005). However, in P2X3 receptor-expressing HEK 293 cells, the ATP-induced 

current was not significantly altered by EtOH at concentrations as high as 100 mM (Fischer et al., 

2003).  We could not explain why EtOH shows different effect(s) in different expression systems 

at this moment, but the different expression systems are one of the possibilities. Our recent work 

on chimeric P2X2 and P2X3 receptors showed that the subunit of the P2XR could alter the 

responses to EtOH significantly (Personal communication, Dr. Liana Asatryan, University of 

Southern California). Therefore, it is possible that heteromeric P2X2/3 receptor demonstrates 

different EtOH sensitivity from that of homomeric P2X2 and P2X3 receptors.  In >50% of the 

VTA DA neurons tested ATP decreased GABA release, and this effect was enhanced by 40 mM 

EtOH.  Since ATP activates both the P2XR and the P2YR, the potentiation by 40 mM EtOH of 

ATP-induced inhibition of GABA release could be superimposing effects of inhibition of P2XR 

and activation of P2YR. The net effect is to inhibit GABA release.  

We previously reported that in brain slice preparations, EtOH increases or decreases GABA 

release onto VTA DA neurons in the presence or the absence of DAMGO, a µ-opioid agonist, 

which silences the GABA-releasing neurons (Xiao and Ye, 2008). This implies that multiple 

EtOH targets exist at GABA-releasing terminals. EtOH inhibition of P2XR and/or potentiation of 

P2YR may enhance ATP-induced disinhibition of VTA DA neurons, which may lead to increased 

dopamine release. Revealing mechanisms of the multiple effects of ATP and EtOH on GABA 
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release onto the VTA DA neurons will provide new therapeutic avenues in the treatment of drug 

abuse and of alcoholism.  
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Legends for Figures  

Fig.1. ATP has multiple effects on GABA release in VTA DA neurons. A, The spontaneous 

IPSCs were blocked by 10 µM bicuculline. B1, sIPSCs recorded from a DA neuron of a P16 rat, 

before, during and after the application of 10 µM ATP. B2, Time course of ATP inhibition of 

sIPSC frequency. B3, Summary of the effect of ATP (1-200 µM) on the frequency (FREQ, left 

panel) and amplitude (AMPT, right panel) of sIPSCs. The number in brackets is the number of 

neurons examined. C1, sIPSCs recorded from a DA neuron of a P14 rat, before, during and after 

the application of 10 µM ATP. C2, Time course of ATP facilitation of sIPSC frequency. C3, 

Summary of the effect of ATP (1-100 µM) on the frequency (left panel) and amplitude (right 

panel) of sIPSCs. * p < 0.05; ** p < 0.01, paired t test, ATP verses pre-ATP conditions.  

 

Fig. 2. ATP induces transient current in VTA DA neurons. Representative traces of ATP (10 µM)-

induced currents, which was dramatically inhibited by 100 µM Suramin and 10 µM PPADS, and 

eliminated in the absence of extracellular calcium. 

 

Fig.3. Suramin abolishes ATP modulation of sIPSC frequency in VTA DA neurons. 

Representative traces (A1) showing that the inhibition of sIPSC frequency by 10 µM ATP (left 

column) is abolished in the presence of suramin (100 µM) (right column). A2, The corresponding 

time course of A1. B1, Representative traces showing that the enhancement of sIPSC frequency 

by 10 µM ATP (left column) is abolished in the presence of suramin (100 µM) (right column). B2, 

The corresponding time course of B1. A3, and B3, Summary of the effect of ATP (10 µM) on 

sIPSC frequency in the absence (ACSF) and presence of suramin. * p < 0.05; ** p < 0.01, paired 

t test, ATP verses pre-ATP conditions, or as indicated. 

 

 

Fig.4. α,β-MeATP enhances sIPSC frequency in VTA DA neurons. A1-3, 10 µM α,β-MeATP 
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increased sIPSC frequency (Representative traces (A1, b), corresponding time course (A2), and 

summary (A3)) on VTA DA neurons, on which 10 µM ATP decreases sIPSC frequency 

(Representative traces (A1, a), corresponding time course (A2), and summary (A3)). B1-3, 10 µM 

α,β-MeATP increases sIPSC frequency (typical traces (B1, b), corresponding time course (B2), 

and summary (B3) on VTA DA neurons, in which 10 µM ATP decreases sIPSC frequency 

(Representative traces (B1, a), corresponding time course (B2), and summary (B3)). The number 

in brackets is the number of neurons examined. ** p < 0.01, paired t test of the effects of ATP or 

α,β-MeATP verses pre ATP or α,β-MeATP conditions. 

 

Fig. 5. ADP-βS inhibits sIPSC frequency in VTA DA neurons. A1-2, 10 µM ADP-βS decreased 

sIPSC frequency (Representative traces (A1, c, d) and summary (A2)) on VTA DA neurons, on 

which 10 µM ATP increases sIPSC frequency (Representative traces (A1, a, b) and summary 

(A2)). B1-2, 10 µM ADP-βS decreases sIPSC frequency (typical traces (B1, c, d) and summary (B2) 

on VTA DA neurons, in which 10 µM ATP decreases sIPSC frequency (Representative traces (B1, 

a, b) and summary (B2)). The number in brackets is the number of neurons examined. ** p < 

0.01, paired t test of the effects of ATP or ADP-βS verses pre-ATP or pre-ADP-βS conditions. 

 

Fig. 6. ATP modulates the activity of VTA DA neurons. A, 10 s traces (upper panels) and time 

course (lower panel) showing that 10 µM ATP reversibly increases spontaneous firing in a VTA 

DA neuron. B, 10 s traces (upper panels) and time course (lower panel) showing that 10 µM ATP 

reversibly decreases spontaneous firing in VTA DA neurons. C, Summary of ATP-induced 

increase (open square) or decrease (filled square) in the spontaneous firing rates in VTA DA 

neurons. The number in brackets is the number of neurons examined.* p < 0.05, ** p < 0.01, 

ATP verses pre-ATP conditions. 

 

Fig. 7. The effects of ATP on sIPSCs depend on TTX-sensitive sodium channels. Miniature 

IPSCs (mIPSCs) are recorded in the presence of TTX (0.5 µM). A1, Representative traces 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 26, 2008 as DOI: 10.1124/jpet.108.139766

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #139766 

 27 

showing that in a VTA DA neuron, 10 µM ATP increases the frequency of spontaneous IPSCs in 

the absence of TTX (left panels, ACSF), but has no effect on the frequency of mIPSCs in the 

presence of TTX (right panels, TTX). B1, Representative  traces showing that in another VTA 

DA neuron, 10 µM ATP reduces sIPSC frequency in the absence of TTX (left panels, ACSF), but 

has no effect in the presence of TTX (right panels, TTX). A2-B2, Summary of the effect of 10 µM 

ATP on the frequency of sIPSCs and mIPSCs. The number in brackets is the number of neurons 

examined. ** p < 0.01, paired t test, ATP verses pre ATP conditions. 

 

 

Fig. 8. EtOH enhances the decrease, but reduces the increase of sIPSC frequency induced by 10 

µM ATP. A1, EtOH at 40 mM, but not 10 mM increases 10 µM ATP- induced decrease of sIPSC 

frequency. B1, 40 mM EtOH reduces10 µM ATP –induced increase in sIPSC frequency. A2, B2, 

Summary of the effect of 10 µM ATP on sIPSC frequency in the absence or the presence of 10 or 

40 mM EtOH. The number in brackets is the number of neurons examined.* p < 0.05, ** p < 

0.01, paired t test, ATP verses pre ATP conditions. 
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