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1 Abstract

2 Most mice ethanol sensitization studies focused on neurobiology at the expense of its behavioral 

3 characterization. Furthermore, relatively short ethanol exposures (10 to 20 injections) were used 

4 in these studies. The first aim of the present study is to better characterize the development and 

5 expression of ethanol sensitization after an extended exposure of 45 daily injections. In some 

6 previous studies, mice were classified as “respondent” and “resistant” to ethanol sensitization. 

7 The second aim of the present study is to test the long-term reliability of such categorizations 

8 and the consequences of their use on the interpretation of the ethanol sensitization results.

9 Swiss and DBA2/j female mice received 45 consecutive daily ethanol administrations 

10 (respectively 2.5 and 2.0 g/kg) and their locomotor activity was daily recorded to test the 

11 development of ethanol sensitization. At the end of the procedure, a challenge test assessed the 

12 inter-group ethanol sensitization.

13 The results of the present study show that ethanol sensitization continues to develop beyond 20 

14 days to reach maximal levels after about 25 injections in DBA2/j mice and 40 injections in 

15 Swiss mice, although the core phase of the development of ethanol sensitization occurred in 

16 both strains during the first 20 days. Remarkably, ethanol sensitization after such a long daily 

17 ethanol treatment resulted in both an upward shift of the magnitude of ethanol stimulant effects 

18 and a prolongation of these effects in time (up to 30 minutes). Mice classified as “resistant to 

19 ethanol sensitization” according to previous studies developed very significant levels of ethanol 

20 sensitization when tested after 45 ethanol injections and are best described as showing a delayed 

21 development of ethanol sensitization. Furthermore, mice classified as respondent or resistant to 

22 ethanol sensitization also differ in their acute response to ethanol, such that it is difficult to 

23 ascertain whether these classifications are specifically related to the sensitization process.

24
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1 Introduction

2 Repeated administrations of addictive drugs induce gradual changes in some of their 

3 behavioral effects. Some of the drug-induced behaviors decrease over time whereas others 

4 gradually increase. The gradual and long lasting behavioral increase is termed “behavioral 

5 sensitization”. In laboratory rodents, drug-induced behavioral sensitization is generally 

6 modeled as a progressive increase in the locomotor stimulant effects over repeated 

7 administrations of the same drug dose (1,2). Chronic exposure to ethanol has been shown to 

8 induce a strong and robust sensitization in mice (3,4) and mice are therefore the most widely 

9 used animal model to study ethanol sensitization. Ethanol sensitization is believed to result from 

10 brain central mechanisms and was suggested to play a key role in alcohol dependence and 

11 relapse (2,5,6). Despite some promising results (7,8), such a role of ethanol sensitization clearly 

12 needs further confirmations from human studies. Nevertheless, behavioral sensitization is a 

13 good experimental tool to explore the neuronal plasticity induced by chronic ethanol exposure.

14 Many studies were published on the neurobiological bases of ethanol sensitization in mice, 

15 involving numerous neurotransmitter systems in the acquisition and expression of ethanol 

16 sensitization. However, very few studies were published on the behavioral aspects of ethanol-

17 induced sensitization, especially regarding the procedural and environmental parameters 

18 influencing its development and expression. For example, it is unknown how ethanol 

19 sensitization evolves when ethanol exposure exceeds three weeks in mice. Indeed, the majority 

20 of ethanol sensitization studies used a period of ethanol exposure varying from 10 to 21 days 

21 (4,9–21). In the 80’s, some early studies reported extensive periods of ethanol exposure, 

22 although they did not use standard sensitization protocol and did not document the daily 

23 development of ethanol sensitization. For example, in a study from Masur and Boerngen, no 

24 tolerance to ethanol-induced locomotor stimulation was reported after a 60-days ethanol 

25 treatment (22). In another study, ethanol was given as the unique source of fluid during 5 
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1 months, which was reported to result in an increase of the acute stimulant effects of ethanol 

2 (23). Unfortunately, these results were not analyzed and interpreted in terms of behavioral 

3 sensitization, because the theories assigning a key role to sensitization in drug addiction were 

4 published later (2,6). As a consequence, little is known about the time course of ethanol 

5 sensitization after an extensive exposure exceeding a few days. Considering that ethanol 

6 consumption in humans usually lasts for years before clear signs of abuse and dependence 

7 develop, it seems important to test the effects of longer periods of ethanol administration on the 

8 expression of ethanol sensitization in mice. Does ethanol sensitization continue to develop at 

9 the same rate after the first few days of ethanol administrations, especially in mice that are 

10 categorized as “sensitization resistant”? Does it reach a ceiling effect? Does it even start to 

11 decline after reaching a peak level? None of these questions can obtain a response from 

12 currently published studies. Therefore, the first aim of the present study was to explore the 

13 development of ethanol sensitization over a period of 45 days in which ethanol was daily 

14 administered to Swiss and DBA/2j mice, the two most widely used strains of mice in ethanol 

15 sensitization studies.

16 Additionally, a second purpose of the present study was to test whether ethanol sensitization 

17 results in a conditioned increase in locomotor activity when sensitized mice are tested after a 

18 saline injection in the testing environment. In sensitization studies with psychostimulants, such 

19 as cocaine or amphetamines, an excitatory conditioned response is usually observed when mice 

20 are tested without drug injection in the testing environment (24,25). Although this explanation 

21 remains controversial, such an excitatory conditioned response is often interpreted in Pavlovian 

22 terms. The stimulant effects induced by the drug would act as an unconditioned response. After 

23 several associations of the test context with drug injections, the environmental cues would 

24 become conditioned stimuli that are able to induce an excitatory conditioned response in the 

25 absence of drug injection. Although this phenomenon has been largely documented with 
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1 psychostimulants, the occurrence of an excitatory conditioned response after repeated injections 

2 of a stimulant dose of ethanol remains controversial.  Whereas a few studies reported excitatory 

3 conditioned responses with ethanol, other studies were unable to show such an effect 

4 (12,13,26,27). In our laboratory, we never observed an excitatory conditioned response in 

5 ethanol sensitization studies (see for example (4)). However, our previous studies tested the 

6 excitatory conditioned response after only a few pairings of the test context with ethanol 

7 injections (usually 8 to 10 pairings). It remains possible that an excitatory conditioned response 

8 with ethanol requires more associations with the test context to develop. Therefore, in the 

9 present study, ethanol-sensitized mice from both strains will be tested for an excitatory 

10 conditioned response after 46 pairings of the test context with ethanol injections.

11 Finally, the last aim of the present study was to investigate the reliability of several recent 

12 procedures that were used to categorize mice into low and high ethanol sensitized mice or 

13 “ethanol sensitization respondent” and “ethanol sensitization resistant” mice. In several 

14 published studies, mice were so classified according to the distance travelled during the 

15 sensitization sessions after a few days of ethanol injections (10,14,16,19–21,27–40). The 

16 categorized groups of mice were then used to study the neurobiological and epigenetic bases of 

17 ethanol sensitization vulnerability. For example, Souza-Formigoni and collaborators used an 

18 “extreme groups” approach in several studies(14–16,27–29,31–35,37–40). On the basis of their 

19 locomotor activity at the 21th ethanol sensitizing session, the upper 33% of mice were classified 

20 as “ethanol sensitized” and the lower 33% of mice as “ethanol non-sensitized”. The remaining 

21 34% of mice were not included in the analyses. More recently, the same authors used a median-

22 split technique on the locomotor activity scores at the 21th ethanol sensitization session (30). 

23 The lower half of the mice was classified as “low sensitized” whereas the upper half was 

24 classified as “high sensitized”. Finally, Botia and collaborators classified their mice as 

25 “sensitized” or “resistant” based on a ratio between the 10th and the first session of sensitization 
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1 (10,19–21) using a more complex formula (see below). In the present study, the statistical 

2 implications of such categorizations of continuous variables will not be discussed, although it 

3 is worth mentioning that statisticians usually do not recommend splitting continuous variables 

4 into categories and instead advise the use of proper statistical methods for metric variables, such 

5 as correlations or multiple regression analyses (41–44). The purpose of the present study is to 

6 explore the reliability of such categorization and the consequences of their use on the 

7 interpretation of the results. In particular, we were interested in studying whether mice 

8 classified as “resistant” or “non-sensitized” on the basis of their levels of sensitization on the 

9 10th or the 21th ethanol session respectively remain non-sensitized after 45 ethanol injections. 

10 Indeed, it is possible that the so called “sensitization resistant” mice simply develop ethanol 

11 sensitization later. They might even develop higher levels of ethanol sensitization after 45 

12 ethanol injections. Conversely, the sensitized mice might reach a ceiling level of sensitization 

13 or even show a subsequent decrease in ethanol sensitization expression. Such a pattern of results 

14 would strongly affect the interpretation of the previously published results. For example, mice 

15 previously classified as “sensitized” might be reclassified as “rapidly sensitized” or even 

16 “temporarily sensitized”, whereas “non-sensitized” mice might be characterized as “delayed 

17 sensitization” or “postponed sensitization” according to the present results.

18 Material and methods

19 Animals

20 For the whole study, 95 Swiss and 65 DBA/2J female mice were used. Swiss mice were 

21 bred in our colony from progenitors purchased from Janvier Laboratories (Le Genet St Isle, 

22 France). Female DBA/2J mice were purchased from Janvier Laboratories. Animals were 10 

23 weeks old at the beginning of the experiments. One week before the tests, mice were housed 

24 two per cage in transparent polycarbonate cages (332 x 150 x 130mm) provided with pine 
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1 sawdust bedding. They had access to water and food (standard pellets, Carfil Quality, BVDA, 

2 Oud-Turnhout, Belgium) ad libitum except during the experimental procedures. The colony 

3 room was kept on a 12:12h light-dark cycle (light on at 6 a.m.). The experimental and the colony 

4 rooms were maintained on an ambient temperature of 22±1°C. All experimental procedures 

5 were carried out between 7 a.m. and 2 p.m. All experimental treatments and animal maintenance 

6 were reviewed by the University of Liege Animal Care and Experimentation Committee, which 

7 gave its approval according to the Belgian implementation of the animal welfare guidelines laid 

8 down by the European Union (“Directive 2010/63/EU of the European Parliament and of the 

9 Council of 22 September 2010 on the protection of animals used for scientific purposes”).

10 Drugs

11 Absolute ethanol (99.99%) was purchased from VWR International (Leuven, Belgium) 

12 and diluted (20% v/v) in an isotonic 0.9% saline solution. All injections were administered via 

13 the intraperitoneal (i.p.) route.

14 Behavioral sensitization

15 The same experimental protocol was used in all experiments to induce and test the 

16 behavioral sensitization to ethanol in the two strains of mice. The experimental protocol was 

17 adapted from previous ethanol sensitization studies from our laboratory (3,4,9). On the first day 

18 of the experiment (P0, acclimation session), mice were acclimated to the apparatus and 

19 experimental procedure. All mice were moved to the experimental room, weighed, injected with 

20 saline, and immediately placed into the open-fields (40x40x40 cm). The open-fields have black 

21 Plexiglas walls and floor. The distance travelled (cm) was recorded for the next 5 min by a 

22 computer using an activity tracking system, Videotracking® (France, Lyon). The sensitization 

23 procedure started the next day. During 45 consecutive days (days 1-45), mice were moved to 

24 the experimental room, weighed, injected with ethanol (or saline for the control groups), and 
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1 immediately placed into the experimental chambers. Swiss mice were injected with 2.5 g/kg 

2 ethanol whereas DBA2/J mice were injected with 2.0 g/kg ethanol. These doses were selected 

3 as the optimal doses for inducing ethanol sensitization in these two strains of mice on the basis 

4 of previously published studies (4,9,10,18,20,21). Pilot studies from our laboratory also 

5 confirmed slight differences between strains of mice in the proper ethanol doses to obtain a 

6 significant behavioral sensitization (unpublished data). After ethanol injection, the distance 

7 travelled (cm) by mice was then recorded for 5 min. This session length was chosen in order to 

8 specifically capture the stimulant effects occurring during the ascending limb of the blood 

9 alcohol concentration. The expression of ethanol sensitization was assessed on the 46th day. 

10 All mice were injected with ethanol (respectively 2.5 and 2.0 g/kg for Swiss and DBA2/J mice) 

11 and immediately placed into the experimental chambers. Their locomotor activity was recorded 

12 for 30 min. The longer duration of this session was used to capture a possible delayed effect. 

13 On the next day, all the mice were tested for their conditioned locomotor response after a saline 

14 challenge (47th day) in the testing environment. All the mice were injected with saline and 

15 immediately placed into the experimental chambers. Their locomotor activity was recorded for 

16 30 min.

17 Classification of chronically ethanol-treated mice 

18 DBA2/J and Swiss mice from ethanol groups were classified as “resistant” or as 

19 “respondent” to ethanol sensitization according to the criteria used in previously published 

20 studies (10,14,16,19–21,27–40). The first classification was a median split of the mice 

21 according to their locomotor response on the 21st ethanol session following the procedure from 

22 Ferreira and colleagues (30). The upper 50% of the mice with the highest ethanol-induced 

23 locomotor activity were defined as “respondent to ethanol sensitization”, whereas the lower 

24 50% of the mice were defined as “resistant to ethanol sensitization”. The second classification 

25 was the extreme group procedure used by Souza-Formigoni and colleagues (14–16,27–29,31–
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1 35,37–40). Mice were classified according to their locomotor activity on the 21st ethanol 

2 session. The upper 33% of the mice with the highest ethanol-induced locomotor activity were 

3 defined as “respondent to ethanol sensitization”, whereas the lower 33% of the mice were 

4 defined as “resistant to ethanol sensitization”. The remaining 34% of the mice were not included 

5 in the analysis. Finally, the third classification followed the procedure used by Botia and 

6 colleagues (10,19–21). A within-subject sensitization score was calculated for each mouse as 

7 the ratio between locomotor activity on the 10th ethanol session and on the 1st ethanol session 

8 (Day10/Day1 ratio). Mice were defined as “respondent to ethanol sensitization” if the 

9 percentage of increase in that ratio exceeded the coefficient of variance (CV) of the control 

10 group. According to the authors, this CV provided a measure of locomotor variability over the 

11 course of the experiment undue to ethanol administrations. For example, a Swiss mouse with a 

12 1.26 sensitization ratio shows a 26% increase in locomotor activity and would meet the criteria 

13 if the CV of the saline control group is 0.25 or lower. Mice that did not fulfill this criterion were 

14 classified as “resistant to ethanol sensitization”.

15 Statistics 

16 Analyses of variance (ANOVAs) for mixed designs were computed on the travelled 

17 distances during the sensitization sessions (days 1-45) to test for the development of ethanol 

18 sensitization in each strain of mice separately. The sensitization sessions were defined as a 

19 within-subject factor, while the treatment (ethanol vs. saline) was defined as a between-subject 

20 factor. Additionally, planned contrasts were computed independently for each group of mice to 

21 compare their locomotor activity on the 1st, the 10th, the 21st and 45th sessions in order to identify 

22 significant within-subject ethanol sensitization or habituation to saline administrations. The 10th 

23 and 21th sessions were selected as they were the last ethanol sessions in the classification studies 

24 according to which mice were classified as “respondent to ethanol sensitization” or “resistant 

25 to ethanol sensitization” (10,30,40).
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1 The results of the ethanol (46th day) and saline (47th day) test sessions were analyzed with mixed 

2 design ANOVAs in which the treatment administered during the acquisition phase was defined 

3 as a between-subject factor (ethanol vs. saline) and the 5 min time interval as within-subject 

4 factor (6 levels). Effect sizes were computed as simple eta-squared (η²) for each tested effect.

5 Tukey’s HSD post-hoc tests were performed to further investigate mean differences between 

6 groups.

7 Mixed design ANOVAs were computed to test for differences in the development of ethanol 

8 sensitization between mice from both strains that were classified as “respondent to ethanol 

9 sensitization” or “resistant to ethanol sensitization” according to the three classification 

10 procedures described above. The sensitization sessions were defined as a within-subject factor, 

11 while the group (resistant, respondent and control) was defined as a between-subject factor. To 

12 further investigate group differences, planned contrasts were computed to compare the 

13 locomotor activity of the three groups on the 1st and 45th sensitization sessions. Additionally, 

14 planned contrasts were computed independently for each group of mice to compare their 

15 locomotor activity on the 1st and 45th sensitization sessions in order to identify significant 

16 within-subject ethanol sensitization or habituation to saline administrations. Similar number of 

17 resistant and respondent mice would be obtained whatever the moment of the classification for 

18 the first two classifications (50% of the mice for the median split and 33% of the mice for the 

19 extreme group procedure). However, the number of respondent mice is likely to evolve with 

20 time when mice are classified using the third classification procedure from Botia and colleagues 

21 (10,19–21). Therefore, in order to test for such an evolution, mice were reclassified using this 

22 same procedure according to their ethanol-induced locomotor activity on the 10th, 21st and 45th 

23 ethanol sessions. A Cochran's Q test was then used to test whether the percentage of 

24 respondent/resistant mice changed over ethanol sessions using this categorization procedure.
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1 For all the experiments, the assumption of homogeneity of variances was assessed using a 

2 Levene’s test. When required, square root transformations were used to normalize the data 

3 before the ANOVAs. However, for the sake of clarity, means of the raw values are presented 

4 in the figures. Statistical significance was set at P<0.05.

5 Results

6 Behavioral sensitization

7 Development and expression of sensitization in female Swiss mice

8 As shown in Fig. 1, the locomotor activity of female Swiss mice gradually increases 

9 over repeated administrations of ethanol, whereas the saline control group remains stable. This 

10 is confirmed by significant main effects for the group (ethanol vs. saline; F1,93=87.13, p<0.0001, 

11 η²=0.41), and for the session (F44,4092=23.99, p<0.0001, η²=0.063), together with a significant 

12 interaction between the two variables (F44,4092=30.17, p<0.0001, η²=0.080). Several stages in 

13 the development of a locomotor sensitization to ethanol can be visualized on Fig. 1. There was 

14 a sustained and constant increase in locomotor activity during the first 21 days, followed by a 

15 slower increase to reach the highest levels of activity between days 35 and 45. The planned 

16 contrasts show a significant difference between the acute response to ethanol (day 1) and the 

17 locomotor response to ethanol at the 10th (p<0.0001) and 21st (p<0.0001) ethanol sessions. On 

18 the last ethanol session (day 45), locomotor activity was significantly higher (p<0.0001) than 

19 on the 1st, 10th and 21st ethanol sessions. In contrast, locomotor activity did not significantly 

20 differ on those days in the saline control group.

21

22 Figures 2A and 2B respectively show the time course of locomotor activity and the mean 

23 distance travelled during the six 5-min intervals of the test session after 45 daily ethanol 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 21, 2019. ; https://doi.org/10.1101/584102doi: bioRxiv preprint 

https://doi.org/10.1101/584102
http://creativecommons.org/licenses/by/4.0/


12

1 administrations. All mice were injected with 2.5g/kg ethanol before the test session. The mixed 

2 design ANOVA computed on the distances travelled by the two groups of mice on the test 

3 session shows significant main effects for the group (ethanol vs. saline; F1,93=135.31, p<0.0001, 

4 η²=0,51) and for the time intervals (F5,465=14.48, p<0.0001, η²=0,044). The interaction group x 

5 time intervals was also significant (F5,465=2,24, p=0.049, η²=0.0071). The Tukey’s HSD tests 

6 confirm that ethanol-sensitized mice show significantly higher levels of locomotor activity than 

7 the control group over all six-time intervals of the test session. The significant interaction group 

8 x time intervals is also clarified by the post-hoc tests. In ethanol-sensitized mice, the stimulant 

9 effects of ethanol were stable during the 30-min duration of the test session, as confirmed by 

10 the lack of significant differences between the six time intervals on the post-hoc tests. In 

11 contrast, ethanol-induced locomotor activity in the control group adopts the usual pattern of 

12 acute stimulant ethanol effects in Swiss mice: a brief significant increase in locomotor activity 

13 during 5-10 minutes followed by a return to basal levels of activity. This effect is confirmed by 

14 the post-hoc tests showing a significant increase in locomotor activity in that group during the 

15 first two 5-min intervals (see Fig. 2A).

16

17 Conditioned response in female Swiss mice

18 On the day following the ethanol sensitization test session, all mice were tested for their 

19 conditioned locomotor response after a saline challenge. The mixed design ANOVA computed 

20 on the distances travelled during the six 5-min intervals of the session shows significant main 

21 effects for the group (ethanol vs. saline; F1,93=15.76, p<0.0001, η²=0.12) and for the time 

22 intervals (F5,465=191.55, p<0.0001, η²=0.32). There is also a significant interaction group x time 

23 intervals (F5,465=33.74, p<0.0001, η²=0.077). As shown on figure 3, ethanol-sensitized mice 

24 express higher levels of locomotor activity than mice from the control group. Post–hoc analyses 
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1 indicate that the differences between the groups are limited to the first ten minutes of the 

2 session. The distances travelled during the last 20 minutes of the session were virtually equal 

3 in both groups. As these results might indicate either an excitatory conditioned response or a 

4 lack of habituation to the test context in ethanol-sensitized mice, further analyses were 

5 performed to test those hypotheses. A mixed design ANOVA was computed on the locomotor 

6 activity of both groups during both the habituation session (day 0) and conditioned test session 

7 (day 47). This ANOVA shows a significant interaction group x session (F1,93=32.95, p<0.0001, 

8 η²=0.12). The post-hoc tests indicate that locomotor activity between the habituation and 

9 conditioned test sessions decreased in the control group, whereas it remained virtually 

10 unchanged in ethanol-sensitized mice, supporting the lack of habituation hypothesis.

11

12 Development and expression of sensitization in female DBA2/j mice

13 The mixed design ANOVA computed on the distances travelled in the 45 repeated 

14 ethanol sessions shows significant main effects for the group (ethanol vs. saline; F1,63=64.13, 

15 p<0.0001, η²=0.38) and for the session (F44,2772=6.43, p<0.0001, η²=0.040). There is also a 

16 significant interaction group x session (F44,2772=3.31, p<0.00001, η²=0.021) which is the result 

17 of the gradual increase of locomotor activity over the sessions in the ethanol group, whereas 

18 the saline control group remains relatively stable (see Figure 4). The locomotor activity 

19 progressively increases with ethanol sessions to reach a maximum at the 21st session. The 

20 planned contrasts computed to test for differences between the 1st, 10th, 21st and 45th sessions 

21 indicate significant differences between the 1st acute sessions and all other sessions. There are 

22 also significant differences between the 10th session and the 21st and 45th sessions, whereas 

23 these latter two sessions do not significantly differ. None of those differences are statistically 

24 significant in the saline control group.
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1 Figure 5 show the expression of behavioral sensitization in female DBA2/j mice after 45 daily 

2 ethanol administrations. All mice were injected with 2.0 g/kg ethanol before the test session. 

3 The mixed design ANOVA computed on the distances travelled by the two groups of mice on 

4 the test session shows significant main effects for the group (ethanol vs. saline; F1,63=23.16, 

5 p<0.0001, η²=0.17 ) and for the time intervals (F5,315=4.58, p<0.001, η²=0.031). In contrast to 

6 the results in Swiss mice, the interaction group x time intervals was not significant (F5,315=1.03, 

7 p=0.397, η²=0.007). The Tukey’s HSD tests confirm that ethanol-sensitized mice show 

8 significantly higher levels of locomotor activity than the control group over all six time intervals 

9 of the test session.

10

11 Conditioned response in female DBA2/j mice

12 On the day following the ethanol sensitization test session, all mice were tested for their 

13 conditioned locomotor response after a saline challenge. The mixed design ANOVA computed 

14 on the distances travelled during the six 5-min intervals of the session shows no significant 

15 main effects for the group (ethanol vs. saline; F1,62=0.78, p=0.38, η²=0.0099) or the time 

16 intervals (F5,310=1.61, p=0.158, η²=0.0064). Additionally, there is no significant interaction 

17 group x time intervals (F5,310=1.61, p=0.158, η²=0.0052). As shown on Figure 6, there are no 

18 differences in mean locomotor activity between the two groups, which indicates the lack of 

19 conditioned response in DBA2/J mice.

20

21

22
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1 Classifications of chronic ethanol-sensitized mice

2 Median split classification

3 Figures S1 and S2 (supporting information) show the development of ethanol 

4 sensitization respectively in Swiss and DBA2/J mice after their classification into respondent 

5 and resistant mice using the median split procedure described above. The mixed design 

6 ANOVAs show significant main effects for the group – control, resistant and respondent – 

7 (F2,92=156.96, p<0.0001, η²=0.66; F2,62=109.19, p<0.0001, η²=0.59  for Swiss and DBA2/J 

8 mice respectively) and for the session (45 sessions: F44,4088=52.14, p<0.0001, η²=0.19 ; 

9 F44,2728=11.57, p<0.0001, η²=0.099). There are also significant interactions group x session 

10 (F88,4048=21.94, p<0.0001, η²=0,17 ; F88,2728=3.36; p<0.0001, η²=0.06). Both groups of mice 

11 classified as resistant and respondent according to the median split procedure show significant 

12 increases in locomotor activity over ethanol sessions, although respondent mice reach 

13 significantly higher levels of ethanol-induced locomotor activity on the 45th ethanol session as 

14 confirmed by the planned contrast (p<0.0001). However, it is noteworthy that even mice 

15 classified as “resistant to ethanol sensitization” developed significant levels of ethanol 

16 sensitization as confirmed by a significant difference between the 1st and 45th ethanol session 

17 in this group (within-subject sensitization). Interestingly, significant differences between mice 

18 classified as resistant and respondent are already observed on the first acute session (p<0.0001). 

19 In fact, resistant mice show a significantly weaker stimulant response to acute ethanol than 

20 respondent mice. 

21 To test for the expression of ethanol sensitization, a one-way ANOVA is computed on the total 

22 locomotor activity during the test session (day 46). A significant effect of group is obtained for 

23 both Swiss (F2,92=95.92, p<0.0001, η²=0.68) and DBA2/J (F2,62=14.13, p<0.0001, η²=0.31) 

24 mice. Respondent mice show higher ethanol-induced locomotor activity than resistant mice. 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 21, 2019. ; https://doi.org/10.1101/584102doi: bioRxiv preprint 

https://doi.org/10.1101/584102
http://creativecommons.org/licenses/by/4.0/


16

1 However, resistant mice also show higher ethanol-induced locomotor activity than control 

2 mice, again indicating a significant ethanol sensitization in resistant mice. 

3 As resistant and respondent mice significantly differ on the 1st acute ethanol session, a rate of 

4 change between the first and last sessions was computed for each mouse as a ratio between 

5 locomotor activities on the 45th and 1st sessions. Such a ratio is usually used as an index of 

6 locomotor sensitization. One-way ANOVAs were computed on the rates of changes to test for 

7 significant differences between control, resistant and respondent mice. In Swiss mice, there is 

8 a significant effect of the group (F2,92=26.81, p<0.0001, η²=0.37), which is due to significant 

9 differences between mice treated with ethanol and the control group. In contrast resistant and 

10 respondent mice do not significantly differ as confirmed by post-hoc tests. In DBA/2J mice, 

11 there is no significant effect of the group on the rate of change in locomotor activity (F2,62=0.88, 

12 p=0.42, η²=0.028).

13

14 Extreme group classification

15 Figures S3 and S4 (supporting information) show the development of ethanol 

16 sensitization respectively in Swiss and DBA2/J mice after their classification into respondent 

17 and resistant mice using the extreme group procedure described above. The results obtained 

18 with this extreme group procedure are virtually identical to those obtained with the median split 

19 procedure. The mixed design ANOVAs show significant main effects for the group – control, 

20 resistant and respondent – (F2,68=222,893, p<0.0001, η²=0.77; F2,44=154.55, p<0.0001, η²=0.70 

21 for Swiss and DBA2/J mice respectively) and for the session (45 sessions: F44,2992=46.21, 

22 p<0.0001, η²=0.24; F44,1936=8.37, p<0.0001, , η²=0.11). There are also significant interactions 

23 group x session (F88,2992=25,61, p<0.0001, η²=0.26; F88,1936=3.56; p<0.0001, η²=0.098). 

24 Similarly to the median split procedure, the planned contrasts indicate that respondent mice 
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1 reach higher levels of ethanol-induced locomotor activity on the 45th ethanol session, but that 

2 resistant mice develop significant levels of within-subject ethanol sensitization. Significant 

3 differences are also observed between mice classified as resistant or respondent on the 1st acute 

4 ethanol session (p<0.0001), with respondent mice showing higher levels of ethanol-induced 

5 acute stimulant effects. 

6 The one-way ANOVAs computed on the mean locomotor activity during the 30-min test 

7 session (day 46) show significant group effects in both Swiss (F2,68=116.47, p<0.0001, η²=0.77) 

8 and DBA2/J (F2,44=13.41, p<0.0001, η²=0.38) mice. Respondent mice show higher ethanol-

9 induced locomotor activity than resistant mice, themselves showing significantly higher levels 

10 of activity than control mice.

11 Finally, the rate of change in locomotor activity was computed as the ratio between locomotor 

12 activities on the 45th and 1st sessions. In Swiss mice, there is a significant effect of the group 

13 (F2,68=25.30, p<0.0001, η²=0.43). As for the median split classification, this effect is explained 

14 by significant differences between ethanol and saline treated mice, whereas resistant and 

15 respondent mice do not differ in the rate of change. In DBA2/J mice, there is no significant 

16 effect of group in the rate of change (F2,44=1.24, p=0.299, η²=0.053).

17

18 D10/D1ratio classification

19 The D10/D1ratio classification leads to a very different pattern of results in comparison 

20 to the other two classifications. Figures S5A and S6A (supporting information) show the 

21 development of ethanol sensitization respectively in Swiss and DBA2/J mice after their 

22 classification into respondent and resistant mice using the procedure used by Botia and 

23 collaborators (10,19–21). The mixed design ANOVAs show significant main effects for the 
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1 group – control, resistant and respondent – (F2,92=50.10, p<0.0001, η²=0.44  ; F2,62=33.80, 

2 p<0.0001, η²=0.40  for Swiss and DBA2/J mice respectively) and for the session (45 sessions: 

3 F44,4048=43.30, p<0.0001, η²=0.11  ; F44,2728=12.94, p<0.0001, η²=0.076). There are also 

4 significant interactions group x session (F88,4048=17.93, p<0.001, η²=0.094; F88,2778=3.72; 

5 p<0.0001, η²=0.045). Locomotor activity of both resistant and respondent mice from both 

6 strains gradually increase over repeated ethanol injections as confirmed by significant mean 

7 differences between the 1st and 45th ethanol sessions. Furthermore, the planned contrasts also 

8 reveal a significantly higher locomotor activity in respondent mice relative to resistant mice in 

9 both the 1st acute session and the last 45th ethanol session.

10 The one-way ANOVAs computed on the mean locomotor activity during the 30-min test 

11 session (day 46) show significant group effects in both Swiss (F2,92=69.95, p<0.0001, η²=0.60) 

12 and DBA2/J (F2,62=12.40, p<0.0001, η²=0.29) mice. However, this effect is due to a significant 

13 difference between the control group and both ethanol sensitized groups. In contrast to what is 

14 observed in the last 5-min ethanol session (session 45), the post-hoc tests on the 30-min test 

15 session fail to show a significant difference between resistant and respondent mice.

16 The one-way ANOVAs computed on the ratios between locomotor activities on the 45th and 1st 

17 sessions show significant main effects in both Swiss (F2,92=40,65; p<0.0001, η²=0.45) and 

18 DBA2/J (F2,62=20.13; p<0.0001, η²=0.39) mice. In both strains of mice, the post-hoc tests 

19 indicate significantly higher rates of change in respondent mice relative to resistant mice, while 

20 resistant mice significantly differ from control mice in Swiss mice, but not in DBA/2J mice.

21 Finally, a Cochran's Q test was computed on the percentage of mice categorized as respondent 

22 when this classification procedure was used on the basis of locomotor activities at the 10th, 21st 

23 and 45th ethanol sessions. Whereas the percentage of respondent do not significantly change in 

24 DBA2/J mice (Q = 2.38, dl = 2, p < 0.30), there is a significant increase in the percentage of 
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1 respondent mice in Swiss mice as the number of ethanol injections increase (Q = 21.7, dl = 2, 

2 p <0.0001). This indicates that some mice classified as resistant mice switch to the respondent 

3 group with additional ethanol injections.

4

5 Discussion

6 Development and expression of ethanol sensitization

7 To our knowledge, this was the first study showing the day by day development of ethanol 

8 sensitization following 45 ethanol injections in two strains of mice. Confirming previous 

9 reports, no tolerance to the stimulant effects of ethanol was observed even after a prolonged 

10 period of ethanol exposition (22,23). In contrast, the stimulant effects of ethanol continued to 

11 sensitize when the number of ethanol injections exceeded what was usually administered in 

12 previously published studies. As seen in Figures 1 and 4, ethanol sensitization can be described 

13 as a nearly logarithmic process divided in two phases. In a first phase of about 20 days, 

14 locomotor activity rapidly increased in both strains of mice over repeated ethanol injections. 

15 Then in a second phase, the development of ethanol sensitization decelerated in Swiss mice to 

16 reach a maximum level after about 40 ethanol injections, whereas ethanol sensitization seemed 

17 to have reached a stable ceiling effect in DBA2/J mice at that moment. At least in Swiss mice, 

18 the present results therefore showed that ethanol sensitization continue to progress significantly 

19 beyond the number of ethanol injections (8 to 20) used in most ethanol sensitization studies 

20 (4,10,30,40). However, it is noteworthy that the most important part of ethanol sensitization 

21 developed with the first 20 ethanol injections, such that previous studies reached the core phase 

22 of the development of ethanol sensitization. However, in previous studies, ethanol sensitization 

23 was often implicitly interpreted as a fully linear process. The results of the present study clearly 

24 show that it is not the case. In fact, the development of ethanol sensitization does not follow a 
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1 linear development in time. Unfortunately, this temporal dimension of the development of 

2 ethanol sensitization is rarely discussed in the interpretation of ethanol sensitization results. The 

3 only exception is the differentiation of “acute sensitization” after a single ethanol injection from 

4 “chronic sensitization” after several ethanol injections (45–47). For example, mice are said to 

5 be non-sensitized or resistant to sensitization after a few ethanol injections. As shown in the 

6 present study, ethanol sensitization continues to develop over time in all mice, such that the 

7 term “delayed sensitization” might better characterize the so-called “non-sensitized mice”. It is 

8 currently unknown whether the speed of ethanol sensitization development is related to other 

9 components of alcohol abuse and addiction and should be the subject of further studies.

10 The 30-min test session also provided interesting observations about ethanol sensitization. In 

11 the control groups, naïve to ethanol before the test session, locomotor activity followed the 

12 typical time course effect after an acute ethanol administration. The acute locomotor effects of 

13 ethanol in mice were often described as biphasic (48,49). Rapidly after ethanol administration, 

14 locomotor activity significantly increased for a short period of time (usually 5-10 minutes) 

15 corresponding to the ascending limb of the blood alcohol concentration (50). Then locomotor 

16 activity returned to basal pre-injection levels or even occasionally to lower levels than the saline 

17 control group. This pattern of results was clearly apparent in Swiss mice (see control group in 

18 Figure 2A) with stimulant effects during the first 10-min after ethanol injection, whereas 

19 DBA2/J mice showed more prolonged stimulant effects for up to 30 minutes. Very 

20 interestingly, a long treatment with repeated intermittent ethanol injections led to a very 

21 significant ethanol sensitization characterized by both an upward shift of the magnitude of 

22 ethanol stimulant effects in both strains and a prolongation of these effects in time (up to 30 

23 minutes) which was especially apparent in Swiss mice. On the sensitization test, ethanol 

24 sensitized mice from both strains expressed a strong ethanol-induced stimulation that was 

25 maintained throughout the test session. Another interesting observation came from the 
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1 comparison of the two strains of mice. DBA2/J mice showed a higher stimulant response to 

2 ethanol than Swiss mice at the beginning of the sensitization procedure. This is probably the 

3 main reason why this strain of mice was so often chosen in ethanol sensitization studies. 

4 However, after a prolonged exposure to ethanol, Swiss mice finally reached similar levels of 

5 ethanol sensitization than DBA/2J mice on both the last ethanol sensitization session and the 

6 test session.

7 Conditioned response induced by repeated ethanol injections

8 To test for the existence of an ethanol-induced conditioned response, all mice were injected 

9 with saline on the day following the sensitization test. In DBA2/J mice, no conditioned response 

10 was observed in spite of very strong levels of ethanol sensitizations that developed after 46 

11 ethanol injections in the test context. In contrast, slightly increased levels of locomotor activity 

12 were observed in ethanol sensitized Swiss mice challenged with saline in the test context. 

13 However, this effect seems to be better interpreted as a lack of habituation to the test context 

14 rather than as an excitatory conditioned response. Indeed, a within-subject comparison between 

15 the habituation session (day 0) and conditioned test sessions (day 47) showed a significant 

16 decrease in locomotor activity in the saline control group, which is indicative of a habituation 

17 process, whereas locomotor activity remained stable in ethanol sensitized mice. Therefore, the 

18 significant difference between control and ethanol-sensitized Swiss mice on the conditioned 

19 test session was mainly due to a decrease of activity in the control group and not to an increase 

20 level of locomotor activity in ethanol sensitized mice. This supports the idea that ethanol 

21 prevented the process of habituation to the test environment.

22 A similar absence of ethanol-induced conditioned response was observed in other previously 

23 published studies, although it might have been attributable to an insufficient number of 

24 associations between the test context and ethanol injections. For example, an absence of a 
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1 conditioned response was shown after 11 ethanol injections in DBA2/J mice (13,26). Similar 

2 results were also obtained in Swiss mice (27,51). In a previous study in our laboratory with a 

3 lower number of ethanol injections, no conditioned response was also observed in Swiss mice 

4 (4). Remarkably, this lack of higher locomotor activity in ethanol sensitized mice on the 

5 conditioned test was associated with a lack of significant habituation to the test context of the 

6 saline control group. These previous results further support the lack of habituation explanation. 

7 When the control mice do not show a significant habituation, probably due to an insufficient 

8 exposition to the test context, no differences are observed between ethanol sensitized and saline 

9 control mice on the conditioned test.

10 In contrast to the present results, some previous studies reported conditioned response in ethanol 

11 sensitized mice after a saline challenge (52–54). Surprisingly, these studies reported an 

12 excitatory conditioned response of very high magnitude, sometimes exceeding the sensitized 

13 response to ethanol (52) and sometimes higher than the levels of conditioned response observed 

14 with psychostimulants such as cocaine. The reasons for such discrepancies are difficult to 

15 explain and might be due to many methodological differences between studies. For example, 

16 Itzhak and Anderson used mice generated on a mixed C57BL⁄ 6J and SV129 background (53). 

17 In conclusion, the present results extend previous reports indicating that sensitization to the 

18 stimulant effects of ethanol does not induce an excitatory conditioned response, even after 46 

19 associations of a specific context with ethanol injections. The extensive exposition to ethanol 

20 in the present study makes it very unlikely that the lack of conditioned response was due to an 

21 insufficient pairing of the test context with ethanol injections.
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1 Classification of mice into resistant and respondent to ethanol 

2 sensitization

3 Despite recurrent criticisms from statisticians and methodologists (see for example (41–

4 44)), it is common to categorize continous variables in various fields of science. In recent years 

5 such an approach was also used in ethanol sensitization studies (10,14,16,19–21,27–40). Three 

6 different procedures were used to classify mice after repeated ethanol injections into “ethanol 

7 sensitized” and “ethanol non sensitized” mice and into “resistant to ethanol sensitization” and 

8 “respondent to ethanol sensitization”. In the present study, these classification procedures were 

9 reexamined after a long ethanol sensitization procedure. A first striking conclusion of the 

10 present study is that the terms “ethanol non sensitized” and “resistant to ethanol sensitization” 

11 are inappropriate to qualify mice failing to show a significant sensitization after 10 to 20 ethanol 

12 injections. The present results clearly show that mice classified as “resistant to ethanol 

13 sensitization” according to these procedures developed very significant levels of ethanol 

14 sensitization when tested after 45 ethanol injections. In fact, these mice would be better 

15 characterized as showing a delayed development of ethanol sensitization.

16 When examining the patterns of results of mice after their classification, three dimensions in 

17 their behaviors were clearly apparent and must be considered in their characterization: the 

18 stimulant response to the first acute ethanol injection, the levels of sensitized ethanol stimulant 

19 effects at various ethanol sessions and the rate of change between the first and last ethanol 

20 injections. The first dimension characterizes the initial sensitivity of the mice to the stimulant 

21 effects of ethanol. The second dimension corresponds to the levels of stimulation experienced 

22 by the mice at a specific session and might be as important to explain individual mouse behavior 

23 at that time as the process of ethanol sensitization itself. Finally, the rate of change is the 

24 characteristic that best fits the definition of the ethanol sensitization process.
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1 When comparing the three classifications, a very important point is that all of them led to groups 

2 of mice that already differ on the first dimension, i.e. the acute initial sensitivity to the stimulant 

3 effects of ethanol. This observation might have important consequences as such basal 

4 differences might well explain, at least in part, the differences in ethanol sensitization that will 

5 later occur. For example, a high rate of change (third dimension) is often more difficult to reach 

6 when the basal level of stimulation (first dimension) is already high. With the median split and 

7 extreme group classifications, respondent mice clearly show higher levels of acute ethanol 

8 stimulant effects than resistant mice. The respondent mice then maintain or even amplify this 

9 difference to keep higher levels at each time point throughout the sensitization procedure. 

10 However, the rate of change does not significantly differ between the two groups. One might 

11 therefore wonder whether such classifications do not simply identify mice that are differently 

12 sensitive to the stimulant effects of ethanol rather than to the sensitization process itself. It is 

13 noteworthy that the authors of such classifications report rates of sensitization that significantly 

14 differ between resistant and respondent mice in contrast to the present results (30,40). However, 

15 they did not use one of the measures that usually define ethanol sensitization, i.e. a score of 

16 difference between the last and the first sensitization sessions or a ratio between the last and 

17 first ethanol sessions. Instead they used a ratio between locomotor activities on the last ethanol 

18 sensitization session and the locomotor activity on the habituation session, i.e. a score of 

19 locomotor activity after a saline challenge. The use of such a ratio masks possible differences 

20 in the initial response to acute ethanol since this measure is not included in the ratio. This ratio 

21 directly derives from studies with psychostimulants. However, we believe that it is not 

22 appropriate to study ethanol sensitization as it does not take into account the fact that some mice 

23 show reduced levels of activity relative to their own basal levels of activity when injected with 

24 acute ethanol. Additionally, this ratio of the sensitized response divided by the basal locomotor 

25 activity without ethanol does not fit with the definition of sensitization, i.e. a progressive 
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1 increase in the locomotor stimulant effects over repeated administrations of ethanol. This ratio 

2 does not characterize changes relative to the acute effects of ethanol but relative to a “normal” 

3 basal level of locomotor activity.

4 With the D10/D1 ratio classification, the reverse pattern of results is obtained on the acute 

5 ethanol session. Resistant mice show significantly higher ethanol-induced locomotor stimulant 

6 effects than respondent mice. Respondent mice then show a higher rate of increase to rise above 

7 the resistant mice after a few ethanol injections. However, the two groups of mice only maintain 

8 small differences in ethanol sensitization that tends to decrease with repeated ethanol injections. 

9 On the sensitization test (day 46), no statistically significant mean differences in the expression 

10 of ethanol sensitization can be detected between the groups of resistant and respondent mice. 

11 Additionally, when using this procedure of classification at various time points, the percentage 

12 of respondent mice significantly increase with the multiplication of ethanol injections from 

13 about 60% on the 10th ethanol session to 90% on the last ethanol session. With additional 

14 ethanol injections, it might even be expected that the percentage of mice respondent to ethanol 

15 sensitization will eventually reach 100%. In a sense, the conclusion might be that with sufficient 

16 ethanol injections, all mice will eventually develop a sensitization to the effects of ethanol. This 

17 latter conclusion has the merit to show that the relative resistance/proneness to develop ethanol 

18 sensitization is dependent upon the number of ethanol injections and is not a stable trait. It is 

19 probably more appropriate to classify mice according to the speed at which they develop ethanol 

20 sensitization.

21 As a conclusion, the ideal classification of mice into resistant and respondent to ethanol 

22 sensitization should split the mice into two groups that would be characterized by an absence 

23 of differences in the acute response to ethanol (we want mice to differ on ethanol sensitization 

24 not on their initial response to the stimulant effects of ethanol), by differential rates of change 

25 (i.e. by differences in the development of ethanol sensitization) and therefore by the differential 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 21, 2019. ; https://doi.org/10.1101/584102doi: bioRxiv preprint 

https://doi.org/10.1101/584102
http://creativecommons.org/licenses/by/4.0/


26

1 levels of sensitized ethanol stimulants effects that are achieved at some specific time points. 

2 Unfortunately, none of the reviewed classifications fulfills all these criteria. All three 

3 classifications involved significant differences in the initial acute stimulant effects of ethanol. 

4 The median split and extreme group classifications resulted in two groups of mice that differed 

5 in the levels of ethanol sensitized effects at many time points, including the sensitization test 

6 (day 46), but their rates of change were not significantly different. Finally, among those 

7 classifications, the D10/D1 ratio classification is probably the closest to reach all criteria. 

8 Although the groups differed on the rate of change and on the levels of ethanol sensitized effects 

9 at several time points, differences on this later criterion tended to decrease with the number of 

10 ethanol injections, such that no statistically significant differences were obtained on the test 

11 session after 45 ethanol injections. It is therefore very difficult to ascertain whether these 

12 classifications are specifically related to the sensitization process. They might all be more or 

13 less contaminated with other ethanol properties such as the initial sensitivity to ethanol 

14 stimulant or sedative effects. Finally, in agreement with previous warnings (41–44), we 

15 recommend avoiding the categorization of continuous variable and using the appropriate 

16 statistical tools for continuous variables. This is especially true with ethanol sensitization, which 

17 clearly shows several inter-related dimensions that must be included in the interpretation of the 

18 results.

19

20 Figure legends

21

22 Fig 1. Development of sensitization to ethanol in female Swiss mice. 

23 Female Swiss mice were injected daily with ethanol (2.5g/kg) or saline. Data are expressed as 

24 mean ± SEM. ***p<0.0001: significantly different from the first acquisition session, as 
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1 indicated by the planned contrasts. ###p<0.0001: significantly different from all the others 

2 sessions as indicated by the planned contrasts. 

3

4 Fig. 2. Expression of behavioral sensitization following 45 ethanol administrations (2.5 

5 g/kg) in Swiss female mice. 

6 Data are expressed as mean ± SEM. (A) depicts the time course for expression of sensitization 

7 following a 2.5 g/kg ethanol injection in mice that were sensitized with ethanol or saline. (B) 

8 shows the total distance travelled during the 30 min test by mice sensitized or not to ethanol. 

9 +p<0.05; +++p<0.0001: significantly different of the other session within the same 

10 experimental condition. ***p<0.0001: significantly different from the respective control group 

11 that was repeatedly injected with saline during the acquisition sessions, as indicated by the 

12 Tukey HSD post hoc test.

13

14 Fig 3. Total distance travelled during the conditioned response test in female Swiss mice. 

15 Female Swiss mice were administered with saline to evaluate the conditioned response induced 

16 by chronic ethanol administration (2.5 g/kg). ***p<0.0001: significantly different from the 

17 control group that was repeatedly injected with saline during the acquisition sessions.

18

19 Fig 4. Development of sensitization to ethanol in Female DBA/2j mice.

20  Female DBA/2j mice were injected daily with ethanol (2.0 g/kg) or saline. Data are expressed 

21 as mean ± SEM. ***p<0.0001: significantly different from the first acquisition session, as 

22 indicated by the planned contrasts. 

23
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1 Fig 5. Expression of behavioral sensitization following 45 ethanol administrations (2.0 

2 g/kg) in DBA2/j female mice.

3 Data are expressed as mean ± SEM.  (A) depicts the time course for expression of sensitization 

4 following a 2.0 g/kg ethanol injection in mice that were sensitized with ethanol or saline. (B) 

5 shows the total distance travelled during the 30 min test of expression by mice sensitized or not 

6 to ethanol. ***p<0.0001: significantly different from the respective control group that was 

7 repeatedly injected with saline during the acquisition sessions, as indicated by the Tukey HSD 

8 post hoc test.

9

10 Fig 6. Total distance travelled during conditioned response test in DBA/2j Swiss mice. 

11 DBA/2j Swiss mice were administered with saline to test for the conditioned response induced 

12 by chronic ethanol administration (2.0 g/kg).

13

14
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