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78 Abstract—The assessment of binge ethanol-induced neuronal activation, using c-Fos immunoreactivity (IR) as a
marker of neuronal activity, is typically accomplished via forced ethanol exposure, such as intraperitoneal injec-
tion or gavage. Neuronal activity using a voluntary binge-like drinking model, such as ‘‘drinking-in-the-dark”
(DID), has not been thoroughly explored. Additionally, studies assessing ethanol-elicited neuronal activation
may or may not involve stereotaxic surgery, which could impact c-Fos IR. The experiments detailed herein aimed
to assess the effects of voluntary binge-like ethanol consumption on c-Fos IR in brain regions implicated in etha-
nol intake in animals with and without surgery experience. Age-matched male C57BL/6J mice underwent either
stereotaxic surgery (Study 1) or no surgery (Study 2). Then, mice experienced one 4-day DID cycle, tail blood sam-
ples were collected immediately after test conclusion on day 4, and mice were subsequently sacrificed. In each
study, mice that drink ethanol were sorted into those that achieved binge-equivalent blood ethanol concentra-
tions (BECs � 80 mg/dl) versus those that did not. Relative to water-consuming controls, mice with BECs � 80
mg/dl showed significantly elevated c-Fos IR in several brain regions implicated in neurobiological responses
to ethanol. In general, the brain regions exhibiting binge-induced c-Fos IR were the same between studies, though
differences were noted, highlighting the need for caution when interpreting ethanol-induced c-Fos IR when
subjects have a prior history of surgery. Altogether, these results provide insight into the brain regions that
modulate binge-like ethanol intake stemming from DID procedures among animals with and without surgery
experience. � 2017 IBRO. Published by Elsevier Ltd. All rights reserved.
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9 INTRODUCTION

10 The National Institute on Alcohol Abuse and Alcoholism

11 (NIAAA) defines a binge episode as a 2-h period in

12 which men and women consume �5 or 4 alcoholic

13 beverages, respectively, eliciting blood ethanol

14 concentrations (BECs) exceeding 0.08% (80 mg/dL)

15(NIAAA, 2004). Several existing rodent models of binge

16drinking involve forced exposure techniques, such as

17intragastric gavage and intraperitoneal administration

18(i.p.), though these methods inherently fail to model

19voluntary consumption observed in humans. A well-

20developed preclinical model of voluntary binge-like

21ethanol consumption has been developed, called ‘‘drink

22ing-in-the-dark” (DID), which promotes high levels of

23consumption and reliably generates BECs exceeding

2480 mg/dL over a 4-day paradigm (Rhodes et al., 2005;

25Rhodes et al., 2007; Thiele and Navarro, 2014). Though

26most commonly utilized in mice, researchers have

27adapted the DID paradigm for use in rat studies (Bell

28et al., 2011; Holgate et al., 2017; Larraga et al., 2017).

29With DID procedures researchers have shown that sev-

30eral brain regions are implicated in modulation of binge-

31like ethanol intake, recruiting a variety of neurochemical

32systems (Sprow and Thiele, 2012). For example, in

33response to binge-like ethanol drinking, corticotropin

34releasing factor (CRF) and neuropeptide Y (NPY) levels

35are increased or decreased, respectively, in the bed

36nucleus of the stria terminalis (BNST; Pleil et al., 2015),
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tyrosine hydroxylase; vBNST, ventral bed nucleus of the stria
terminalis; VTA, ventral tegmental area.

NEUROSCIENCE
RESEARCH ARTICLE

N. W. Burnham, T. E. Thiele / Neuroscience xxx (2017) xxx–xxx

Please cite this article in press as: Burnham NW, Thiele TE. Voluntary Binge-like Ethanol Consumption Site-specifically Increases c-Fos Immunoexpression in Male C57BL6/J Mice. Neuroscience (2017), https://doi.org/

10.1016/j.neuroscience.2017.10.027

1

NSC 18092 No. of Pages 10

3 November 2017

https://doi.org/10.1016/j.neuroscience.2017.10.027
mailto:thiele@unc.edu
https://doi.org/10.1016/j.neuroscience.2017.10.027
https://doi.org/10.1016/j.neuroscience.2017.10.027
https://doi.org/10.1016/j.neuroscience.2017.10.027
https://doi.org/10.1016/j.neuroscience.2017.10.027
https://doi.org/10.1016/j.neuroscience.2017.10.027


37 CRF levels are increased within the central amygdala

38 (CeA) and ventral tegmental area (VTA; Lowery-Gionta

39 et al., 2012; Albrechet-Souza et al., 2015), NPY levels

40 are reduced in the CeA (Sparrow et al., 2012), and orexin

41 levels are reduced in the lateral hypothalamus (LH; Olney

42 et al., 2015).

43 Numerous studies have measured ethanol

44 administration-elicited neuronal activation via

45 quantification of inducible transcription factors (ITFs),

46 such as c-Fos (Curran and Morgan, 1995). The use of

47 c-Fos expression has been useful for not only assessing

48 neuronal activity in response to ethanol consumption

49 and administration, but also to study phenotypes associ-

50 ated with increased risk of excessive consumption. For

51 example, adolescent mice with a history of prenatal etha-

52 nol exposure exhibit reduced c-Fos activity in the infralim-

53 bic cortex (Fabio et al., 2013) while prenatal ethanol

54 exposure reduces and elevates ethanol injection-primed

55 c-Fos IR in the prelimbic cortex and VTA, respectively

56 (Fabio et al., 2015). Brain mapping of nuclei involved in

57 ethanol’s effects via quantification of ethanol-induced c-

58 Fos expression has been studied using a variety of

59 ethanol-exposure paradigms, though ethanol exposure

60 at binge-like levels has most frequently been modeled

61 via intragastric and i.p. administration techniques. For

62 instance, researchers have shown that intragastrically

63 administered binge-like episodes increase c-Fos

64 immunoreactivity (IR) in various brain regions including

65 the CeA (Leriche et al., 2008; Lee et al., 2011), the locus

66 coeruleus (LC), the A1-A2 cell groups, and adrenergic

67 C1-C3 cell groups (Lee et al., 2011). Likewise, ethanol

68 administered i.p. increases c-Fos IR in the LC and A2

69 subregion of the nucleus tractus solitarius (NTS; Thiele

70 et al., 2000), Edinger–Westphal nucleus (EW; Chang

71 et al., 1995; Turek and Ryabinin, 2005), and the paraven-

72 tricular nucleus of the hypothalamus (PVN), CeA, dBNST,

73 and EW (Knapp et al., 2001).

74 Assessment of c-Fos induction following voluntary

75 ethanol consumption in limited-access consumption or

76 operant paradigms (Ryabinin et al., 2003) or chronic con-

77 sumption in two-bottle choice paradigms (Li et al., 2010;

78 Sajja and Rahman, 2013) indicates that voluntary con-

79 sumption can region-specifically alter c-Fos expression.

80 However, c-Fos IR resulting from DID-elicited binge-like

81 ethanol drinking has not been examined in mice. This is

82 a critical gap in the literature given the popular use of

83 DID procedures in pre-clinical studies (Sprow and

84 Thiele, 2012). Accordingly, the goal of the present study

85 was to assess the effects of binge-like ethanol intake,

86 using DID procedures, on neuronal activation in various

87 brain regions implicated in alcohol use and abuse. Candi-

88 date regions for quantification included noradrenergic

89 brainstem structures, extended amygdaloid structures

90 (BNST, CeA, & basolateral amygdala (BLA)), the LH,

91 and the EW, regions that have previously been shown

92 to exhibit ethanol-induced c-Fos expression using other

93 consumption or exposure paradigms. To this end, c-Fos

94 IR in mice with BECs exceeding 80 mg/dl was compared

95 to c-Fos IR from mice with BECs below 80 mg/dl and

96 water-consuming control mice. BECs and tissue collec-

97 tion occurred following test conclusion (day 4), providing

98insight into patterns of neuronal activity present during

99experimental manipulations typically performed on day 4

100of the DID procedure. Since preclinical studies assessing

101ethanol consumption may or may not utilize stereotaxic

102surgery procedures prior to testing, and given recent evi-

103dence that exposure to the anesthetic drug isoflurane

104impacts ethanol-induced c-Fos expression (Smith et al.

1052016) we assessed binge-induced c-Fos expression in

106both surgery-naı̈ve and surgery-exposed mice in two sep-

107arate studies. Finally, we assessed tyrosine hydroxylase

108(TH)/c-Fos co-expression in the LC and A2 nucleus of

109the NTS among surgery-exposed mice to determine the

110percentage of noradrenergic cells activated within each

111region and to compare with one of our previous studies

112(Thiele et al., 2000) that examined similar labeling in rats

113receiving an ethanol injection.

114EXPERIMENTAL PROCEDURES

115Animals

116Male C57BL/6J mice (n = 50, stock # 000664, Jackson

117Laboratory), 6 – 8 weeks old were housed in individual

118home cages with a room temperature maintained at

11922 �C and a 12:12-h (hr) reverse light/dark cycle with

120lights off at 0830 h. Prolab� RMH 3000 (Purina

121labDiet�; St. Louis, MO) and water were available

122ad libitum except where noted. All protocols were

123conducted under National Institute of Health guidelines

124and were approved by the University of North Carolina

125Institutional Animal Care and Use Committee.

126Voluntary consumption: ‘‘drinking-in-the-dark”
127procedure

128A four-day DID paradigm was used. Briefly, animal

129weights were collected 30 min prior to homecage water

130bottle removal. Beginning 3 h into the dark cycle,

131homecage water bottles were removed and replaced

132with 10 mL plastic pipettes (calibrated to 0.1 mL)

133containing either unsweetened ethanol [20%, v/v; diluted

134from 95% (Decon Labs, King of Prussia, PA)] or tap

135water. Following the two hour free-access period,

136pipettes were removed and homecage water bottles

137were returned. Pipette volume was measured to the

138nearest 0.1 mL at homecage water bottle removal and

139replacement. Ethanol consumption was assessed as the

140difference in volume measured at the beginning of the

141session versus the end. On the fourth day tail blood

142samples were collected from each animal 2–4 min after

143ethanol or water access, and BECs from ethanol-

144consuming mice were assessed via an alcohol analyzer

145(Analox Instruments, Lunenburg, MA).

146We elected to provide mice with 2 h of access over all

1474 days as opposed to 4-access on day 4 of the DID

148procedure as our lab has found that chemogenetic and

149pharmacological procedures often produce effects that

150subside within 2 h (Navarro et al., 2016; Olney et al.,

1512017; Rinker et al., 2017), and despite the more limited

152access period, mice undergoing 2 h of access achieve

153binge-equivalent BECs similar in magnitude to BECs

154achieved with 4 h of access on day 4 (Olney et al., 2017).
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