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14 Abstract—The mechanisms by which alcohol drinking pro-

motes addiction in humans and self-administration in

rodents remain obscure, but it is well known that alcohol

can enhance dopamine (DA) neurotransmission from neu-

rons of the ventral tegmental area (VTA) and increase DA

levels within the nucleus accumbens and prefrontal cortex.

We recorded from identified DA neuronal cell bodies within

ventral midbrain slices prepared from transgenic mouse line

(TH-GFP) mice using long-term stable extracellular record-

ings in a variety of locations and carefully mapped the

responses to applied ethanol (EtOH). We identified a subset

of DA neurons in the medial VTA located within the rostral

linear and interfascicular nuclei that fired spontaneously

and exhibited a concentration-dependent increase of firing

frequency in response to EtOH, with some neurons respon-

sive to as little as 20 mM EtOH. Many of these medial VTA DA

neurons were also insensitive to the D2 receptor agonist

quinpirole. In contrast, DA neurons in the lateral VTA

(located within the parabrachial pigmented and paranigral

nuclei) were either unresponsive or responded only to

100 mM EtOH. Typically, these lateral VTA DA cells had very

slow firing rates, and all exhibited inhibition by quinpirole

via D2 ‘‘autoreceptors’’. VTA non-DA cells did not show

any significant response to low levels of EtOH. These find-

ings are consistent with evidence for heterogeneity among

midbrain DA neurons and provide an anatomical and phar-

macological distinction between DA neuron sub-popula-

tions that will facilitate future mechanistic studies on the

actions of EtOH in the VTA. � 2015 Published by Elsevier

Ltd. on behalf of IBRO.
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16INTRODUCTION

17Alcohol is certainly the most ancient, and arguably the

18most widely abused substance in human society. The

19costs associated with alcoholism and alcohol use

20disorders are enormous, in terms of economic

21performance from lost productivity and the human

22suffering caused by alcohol-associated disease, death

23and family breakdown. Ethanol (EtOH) is readily self-

24administered by most mammalian species and is easily

25studied in rodent models (Crabbe et al., 2011;

26Carnicella et al., 2014), in which it is highly addictive,

27inducing a strong conditioned place preference (Melis

28et al., 2007) and robust drinking in two-bottle choice par-

29adigms. Most, if not all, drugs of abuse have been shown

30to activate the mesolimbic reward system to enhance

31dopamine (DA) transmission in the striatum (Sulzer,

322011), albeit via distinctly different mechanisms. Drugs

33such as cocaine and amphetamine act in part within the

34striatum via their effects on the DA transporter of axon ter-

35minals. Opiates and benzodiazepines target the inhibitory

36interneurons in ventral tegmental area (VTA) to disinhibit

37DA cell firing and indirectly promote DA release (Tan

38et al., 2010; Luscher and Malenka, 2011). In contrast to

39these well-characterized drugs of abuse, the manner in

40which alcohol alters DA physiology remains unclear and

41controversial (Morikawa and Morrisett, 2010).

42There have been many previous studies of alcohol

43action in VTA in vitro, many of which were quite elegant

44in their methodology. As a result, numerous synaptic

45and intrinsic targets for EtOH have been suggested in

46recent years (Brodie et al., 1990; Okamoto et al., 2006;

47Nimitvilai et al., 2013). The significance of some of these

48findings has been difficult to interpret because of the uni-

49versal observation that very high concentrations of EtOH

50application have been required to observe responses.

51Typically 80–100 mM EtOH has been used, a level of

52the drug that would result in unconsciousness or death

53in naı̈ve animals, although tolerated in some alcoholics.

54The question therefore remains as to how the VTA

55responds to modest levels of EtOH that are typically
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56 associated with social intoxication. Indeed, low and mod-

57 erate concentrations of EtOH (equivalent to several

58 glasses of wine in humans) have been little studied since

59 the early days of the field (Gessa et al., 1985), yet there is

60 no question that these provide more accurate models of

61 early-stage drinking.

62 It has been suggested by some authors that these

63 difficulties have been amplified by other problems, such

64 as ambiguous identification of DA neurons in VTA

65 (Margolis et al., 2006; Ungless and Grace, 2012). Micro-

66 dialysis studies in freely-moving rats have demonstrated

67 that low doses of EtOH injection (0.5-g/kg i.p.) preferen-

68 tially stimulated DA release in the nucleus accumbens

69 (Di Chiara and Imperato, 1985). Furthermore, precise

70 mapping of DA release sites using cyclic voltammetry

71 in vivo after acute EtOH injection (0.5-g/kg injected intra-

72 venously) revealed the existence of ‘‘hot spots’’ of EtOH-

73 responsive regions in nucleus accumbens core and shell,

74 as well as clearly unresponsive regions nearby (Robinson

75 et al., 2009). The anatomical basis for the heterogeneity

76 of these EtOH responses is unknown, but a reasonable

77 supposition is that this may originate in the cell bodies

78 in the VTA.

79 Considerable attention has recently focused on the

80 concept of regional heterogeneity of VTA cells, which

81 had formerly been lumped together as a homogenous

82 population of DA neurons bearing considerable similarity

83 to the neighboring DA cell population in the substantia

84 nigra (SN) pars compacta (Neuhoff et al., 2002; Ungless

85 et al., 2004; Bjorklund and Dunnett, 2007; Lammel

86 et al., 2008; Borgkvist et al., 2011; Lammel et al., 2014;

87 Marinelli and McCutcheon, 2014). Unlike the nigral DA

88 cells, however, the identification of DA cells in VTA by

89 physiological criteria or pharmacology alone appears to

90 be insufficient (Margolis et al., 2006). It is now generally

91 accepted that verification of tyrosine hydroxylase (TH)

92 expression is necessary to confirm DA identity (Fields

93 et al., 2007; Ungless and Grace, 2012).

94 VTA cells appear to exhibit regional differences in

95 responses to other drugs of abuse, including opioids

96 (Ford et al., 2006; Margolis et al., 2008), nicotine

97 (Ericson et al., 2008; Zhao-Shea et al., 2011), and

98 cocaine (Lammel et al., 2011). Retrograde labeling stud-

99 ies have demonstrated that midline VTA DA cells are

100 most sensitive to cocaine, and that the axons of these

101 DA cells project to the medial shell of NAc and prefrontal

102 cortex (Lammel et al., 2011). It has been suggested that

103 responsiveness to EtOH may also exhibit regional differ-

104 ences (Robinson et al., 2009).

105 Here we undertook a simple but careful study of the

106 alcohol responses of a large sample of 81 DA neurons

107 in the mouse VTA, in an attempt to locate the cells that

108 might be most sensitive to EtOH, in order to facilitate

109 future characterization of target molecules. We selected

110 a technologically simple, yet highly stable recording

111 technique (‘‘loose-patch’’ recording of action potentials)

112 that obviates any problems associated with cytoplasmic

113 dialysis during long recordings (Carta et al., 2004) and

114 prepared midbrain slices from a transgenic mouse line

115 (TH-GFP) expressing green fluorescent protein under

116 the TH promoter (Sawamoto et al., 2001) in order to

117facilitate the identification of the DA neuron phenotype.

118Our results show that EtOH can accelerate DA neuron fir-

119ing of a subpopulation of medial VTA DA neurons.

120EXPERIMENTAL PROCEDURES

121All animal procedures were performed following NIH

122guidelines, and were approved by the Institutional

123Animal Care and Use Committee at the Columbia

124University Medical Center. Wild-type C57BL/6J mice

125were obtained from the Jackson Laboratory (Bar

126Harbor, MA, USA). Wild-type and TH-GFP mice, in

127which neuronal GFP expression showed >87% co-

128localization with TH immunoreactivity (Sawamoto et al.,

1292001), were sacrificed at 3–12 weeks of age, and their

130brains removed for acute slice recordings.

131Electrophysiological recordings in brain slice

132Coronal midbrain slices (250- lm-thick) were prepared

133using a vibratome (Leica VT1200; Nussloch, Germany)

134with VTA between bregma �3.0 to �3.8 mm (primarily

135near bregma �3.5 mm). Brains were submerged in ice-

136cold cutting solution containing (in mM): 100 glucose, 75

137NaCl, 26 NaHCO3, 2.5 KCl, 2 MgCl2-6H20, 1.25

138NaH2PO4-6H20, and 0.7 CaCl2. Slices were allowed to

139recover in the solution for 30 min at 34 �C and then

140transferred to a recording solution (artificial

141cerebrospinal fluid, ACSF) containing (in mM): 119

142NaCl, 26.2 NaHCO3, 2.4 CaCl2, 1.8 KCl, 1.2

143MgCl2-6H20, 1.0 NaH2PO4-6H20, and 10 glucose. The

144recording chamber temperature was maintained at

14532 �C (±2 �C) with an in-line heater and temperature

146controller (Warner Instruments, Hamden, CT, USA).

147Extracellular ‘‘on-cell’’ recordings were obtained with

148pipettes (tip resistance 2–4 MX) pulled from borosilicate

149glass (G150F-4, Warner Instruments) on a P-97

150Flaming-Brown micropipette puller (Sutter Instruments)

151and filled with ACSF solution. Seal resistances ranged

152from 10 MX to 1 GX, but most recordings were

153between 10 and �30 MX and were monitored in

154voltage-clamp mode at a command potential of 0 mV

155throughout the recordings. In a subset of experiments,

156whole-cell patch clamp recordings were performed with

157pipettes (tip resistance 3–4 MX) filled with internal

158solution containing (in mM): 115 K-gluconate, 20 KCl, 10

159HEPES, 2 MgCl2, 2 ATP-Mg, 2 ATP-Na2, 0.3 GTP-Na,

160(pH = 7.3, �290 mOsm).

161DA neurons expressing GFP were visualized under a

16240x water immersion objective by fluorescence and DIC

163optics (Olympus). Voltage-clamp and whole cell current-

164clamp recordings were performed with an Axopatch

165200B amplifier (Molecular Devices) and digitized at

16610 kHz with a Digidata 1332 (Molecular Devices). Data

167were acquired using Clampex 8 software (Molecular

168Devices). For whole-cell patch-clamp recordings, the

169resting membrane potential (Vm), spontaneous firing

170frequency (FF), and input resistance (measured by

171�100 pA, 100 ms duration hyperpolarizing pulses) were

172monitored throughout the recording. Only cells in which

173a baseline FF was stable for at least 5 min were
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