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Abstract

Ketamine, a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist, produces quick 

and effective antidepressant results in depressed juvenile and adult individuals. The long-term 

consequences of using ketamine in juvenile populations are not well known, particularly as it 

affects vulnerability to drugs of abuse later in life, given that ketamine is also a drug of abuse. 

Thus, the current study examined whether early-life ketamine administration produces long-term 

changes in the sensitivity to the rewarding effects of ethanol, as measured using the conditioned 

place preference (CPP) paradigm. On postnatal day (PD) 21, juvenile male and female rats were 

pretreated with ketamine (0.0 or 20 mg/kg) for 10 consecutive days (i.e., PD 21-30) and then 

evaluated for ethanol-induced CPP (0.0, 0.125, 0.5, or 2.0 g/kg) from PD 32-39. Results revealed 

that early-life ketamine administration attenuated the rewarding properties of ethanol in male rats, 

as ketamine pretreated rats failed to exhibit ethanol-induced CPP at any dose compared to saline 

pretreated rats, which showed an increased preference towards the ethanol-paired compartment in 

a dose-dependent manner. In females, ethanol-induced CPP was generally less robust compared to 

males, but ketamine pretreatment resulted in a rightward shift in the dose-response curve, given 

that ketamine pretreated rats needed a higher dose of ethanol compared to saline pretreated rats to 

exhibit ethanol-induced CPP. When considered together, the findings suggest that early use of 

ketamine does not appear to enhance the vulnerability to ethanol later in life, but in contrast, it 

may attenuate the rewarding effects of ethanol.
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1 Introduction

Ketamine, a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist used as an 

anesthetic and a tranquilizer in veterinary medicine, produces quick and effective 

antidepressant results [1]. In clinical trials, a single subanesthetic dose of intravenous 

ketamine (0.5 mg/kg) is potent enough to reduce depressive symptoms within 2 h of 

administration in adult populations [2-4]. More importantly, a single subanesthetic dose of 

ketamine can also provide quick, antidepressant results for adults with treatment-resistant 

depression [5, 6] and adolescents with treatment-resistant bipolar disorder [7, 8]. Animal 

models for the study of depression similarly demonstrate ketamine’s antidepressant 

properties. Specifically, a single administration of ketamine is enough to produce significant 

reductions in depressive-like behavior in adult rodents subjected to forced swim test, chronic 

mild stress, and/or vicarious social defeat stress – hallmark paradigms modeling depression-

like symptomatology in animals [9-15]. Interestingly, male adolescent rats require repeated 

ketamine exposure to produce consistent reductions in depressive-like behavior, per the 

forced swim test [16]. The difference in ketamine’s therapeutic ability between adults and 

adolescents highlights the importance of examining developmental factors when assessing 

the effects of ketamine.

One potential concern with the use of ketamine for the treatment of depression is that 

ketamine is a drug of abuse (also known as ‘Special K’), and the neural circuits and 

molecular mechanisms involved in its antidepressant effects overlap with those of drugs of 

abuse [17]. For example, adult participants administered a subanesthetic infusion of 

ketamine ‘liked’ and ‘wanted’ the drug more than participants in the placebo group [18]. 

Similarly, preclinical research using the conditioned place preference (CPP) paradigm, a 

validated animal model to examine reward [12, 19-21], has also established ketamine’s 

rewarding effects in adult rats [16]. In contrast, when the CPP paradigm was used to evaluate 

the rewarding properties of ketamine in adolescent rats, ketamine administration did not 

result in CPP, suggesting that the rewarding effects of ketamine may be age-dependent [16]. 

Of concern, the functional consequences of exposing juvenile populations to ketamine are 

not well understood, particularly the risk of increasing the misuse of other drugs of abuse. 

For example, ketamine exposure in adolescent male mice was recently shown to increase the 

rewarding effects of cocaine when the preference was assessed in adulthood [22], suggesting 

potential long-term functional consequences with early-use of ketamine. By and large, 

however, few clinical studies have outlined the longitudinal effects of early antidepressant 

use in children and adolescents [23].

Preclinical evidence suggests that chronic exposure during adolescence to traditional 

antidepressants, such as selective serotonin inhibitors (SSRIs), can alter memory function 

and yield shifts in natural and drug-associated rewards later in life. For example, adult male 

mice treated with fluoxetine during adolescence exhibited weaker spatial memory in the 
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Morris water maze, a spatial learning task, compared to subjects treated with saline. In 

contrast, male mice exposed to chronic fluoxetine during adulthood did not exhibit similar 

deficits in spatial memory, suggesting that early-life fluoxetine exposure may mediate spatial 

memory deficits in adulthood in male mice [24]. Moreover, early-life fluoxetine exposure 

has been shown to heighten the appetitive properties of sucrose and cocaine in adult male 

rodents [25, 26] while lessening such reward in adult female mice using the two-bottle 

choice test and the CPP paradigms, respectively [27]. Overall, there is accumulating 

evidence that early-life exposure to fluoxetine appears to alter the developing reward system 

and produce long-lasting changes in drug-seeking behavior.

In the present study, we investigated the functional consequences of early use of ketamine on 

the rewarding effects of ethanol in male and female adolescent rats. Ethanol is the most 

commonly abused drug in adolescence, with individuals aged 12 to 20 years old drinking 

about 11% of all ethanol consumed in the United States [28]. In addition to the social and 

safety repercussions associated with underage drinking [29], ethanol consumption at a 

young age may increase the likelihood of developing a substance use disorder later in life. 

Previous research suggests that the earlier in life individuals consume ethanol, the more 

likely they are to become dependent or abuse ethanol in adulthood [30]. Thus, we examined 

the effects of early-life ketamine exposure on the rewarding effects of ethanol using the CPP 

paradigm to assess the potential increase in the vulnerability to ethanol as a result of the 

early use of ketamine. Specifically, we tested the hypothesis that ketamine exposure would 

increase the rewarding effects of ethanol.

2 Materials and Methods

2.1 Animals

The study used a total of 207 (103 male and 104 female) Sprague-Dawley rats. Rats were 

born and raised at California State University, Long Beach (CSULB) from rats acquired 

from Charles River Farms (Hollister, CA). Litters were culled to 10 pups on postnatal day 

(PD) 3 to obtain an equal number of male and female pups and ensure proper nutrition and 

development. On PD 21, rats were weaned and housed with same-sex littermates (2-3 per 

cage) for the remainder of the experiment. No more than one rat was assigned to an 

experimental group to control for potential litter effects [31]. Rat cages were standard 

ventilated polycarbonate cages (48×24×21cm) filled with sani-chip bedding (P.J. Murphey 

San-Chips®, Murville, NJ). The animal colony room was kept on a 12:12 light/dark cycle 

with lights on at 7:30 am and maintained at a controlled temperature of 21-24°C. Food and 

water were provided ad libitum. Animals were treated in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the 

Institutional Animal Care and Use Committee at CSULB.

2.2 Apparatus

Five individual apparatuses constructed of Plexiglass® were used to assess CPP. The 

apparatus was split in half by a removable Plexiglass® partition to form two distinct 

compartments of equal size (48×24 × 48 cm). These two compartments were designed with 

distinct visual and tactile cues. One compartment had black and white vertically striped 
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walls with a black acrylic removable floor perforated with small circular holes. The opposite 

compartment had black and white horizontal stripes with a removable floor comprising of 

rectangular holes. A clear plastic bedding tray was filled with sani-chip bedding (P.J. 

Murphey San-Chips®, Murville, NJ) and placed beneath both compartments. Two 

removable partitions were used – a solid partition was used to confine the rats to a specific 

compartment, and a second partition with a centered doorway (6.4 × 6.4 cm) at the base to 

allow rats access to both compartments. In between animals, the interior of the CPP 

apparatus was cleaned with deionized water and sanitized with 50% ethanol, while the floors 

were removed and washed with Alconox. A single dimmable LED lamp (17.2 watts) 

mounted 152 cm above the center of each compartment to ensure equal lighting. In addition, 

a high-definition digital monochrome camera (Imaging Source, Charlotte, NC) linked to 

ANY-maze tracking software (Stoelting Co, Wood Dale, IL) was mounted 152 cm directly 

above the center of each CPP apparatus to track behavior. To reduce the influence of external 

noises, two sound machines (Brookstone Model #46709, Merrimack, NH) produced white 

noise at 10 db above background noise at all times.

2.3 Drugs

Ketamine hydrochloride was acquired from Spectrum Chemicals (Gardena, CA), and 95% 

ethanol was acquired from Pharmaco-AAPER (Catalog 111000190, ACS/USP grade). 

Ketamine was dissolved in 0.9% saline and injected intraperitoneally (IP). Ethanol was 

diluted with 0.9% saline to prepare a 20% v/v ethanol solution and injected IP. Different 

doses of ethanol of the same concentration (20%) were achieved by adjusting the volume of 

each administration. Control injections comprising of saline (0.9% NaCl) were injected IP at 

equivalent volumes for ketamine and ethanol, respectively. All drugs were injected at room 

temperature.

2.4 Ketamine Pretreatment

Beginning on PD 21, male and female rats were randomly assigned to receive either an 

injection of ketamine (20.0 mg/kg, IP) or saline over 10 days (injections occurred in their 

home cage and occurred every morning between 8-10 am). The dose of ketamine was 

chosen because repeated exposure to a 20 mg/kg dose of ketamine has been shown to 

produce antidepressant-like behavior in adolescent rats without producing any CPP on its 

own [16]. During the last four days of the ketamine pretreatment, before any behavioral 

procedures, rats were handled 2-3 min per day to reduce any potential stress and/or anxiety 

resulting from experimenter handling and behavioral procedures. Moreover, rats were 

habituated to being transported by having the last two days of handling taking place in the 

same room where the CPP procedure was carried out.

2.5 General Conditioned Place Preference Procedures

The CPP procedure consisted of three distinct phases: preconditioning, conditioning, and 

postconditioning. Rats completed the preconditioning test, followed by an 8-day 

conditioning phase, and ended with a postconditioning test. The entire CPP procedure took 

place over 10 days. A summary of the timeline and experimental design is presented in 

Figure 1.
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2.5.1 Preconditioning—On PD 31, rats were placed in the vertical or horizontal 

compartment at the start of the preconditioning test. The animal placement was 

counterbalanced to ensure that an equal number of rats began in the vertical and horizontal 

compartments. Rats were allowed free access to both compartments for 20 min via the 

partition containing the doorway. At the end of the preconditioning test, rats were 

immediately removed from the CPP apparatus and returned to their home cages.

The amount of time the rat spent in either the vertical or horizontal compartment dictated the 

rat’s preferred and non-preferred side. The preferred side was determined when the animal 

spent more than 50% of their time in one compartment, whereas the rat’s non-preferred side 

was assigned to the compartment in which the animal spent less than 50% of their time. A 

biased experimental design was employed, whereby ethanol was paired with the non-

preferred side, and saline was paired with the preferred side. A biased design was used 

because it is more sensitive to potential changes in drug reward [32, 33].

A preference criterion was also used, whereby animals that spent more than 65% of the time 

exploring the preferred side were excluded from the experiment. Strong initial preferences 

for one of the compartments reduces the likelihood of detecting a shift in preference and 

makes it less clear if the shift in preference is indicative of reduced aversion/anxiety or an 

increase in preference for the drug-paired environment [33]. As a result, six male and six 

female rats were excluded from the experiment due to strong initial preferences to one of the 

compartments. Overall, the horizontal and vertical sides were equally preferred in both male 

and female rats (see Table 1), with the average time spent in each chamber, regardless of 

initial preference, being equal between the two compartments – indicative of an unbiased 

apparatus.

2.5.2 Conditioning—On PD 32, rats began the 8-day conditioning phase. During 

conditioning, a solid partition was inserted to confine rats to a specific compartment. 

Animals underwent alternating days of 4 ethanol and 4 saline treatments, counterbalanced 

such that half of the rats from each treatment group received ethanol on the first day and 

saline on the second day and half received saline on the first day and ethanol on the second 

day. During ethanol-paired days, rats were administered ethanol (0.0, 0.5, 1.0, or 2.0 g/kg, 

IP) and then placed in their non-preferred side 5 min later. During saline-paired days, rats 

were administered saline and then placed on their preferred side 5 min later. Rats remained 

in the ethanol-paired or saline-paired compartment for 15 min, after which they were 

immediately removed from the CPP apparatus and returned to their home cage.

2.5.3 Postconditioning—On PD 40, the postconditioning test took place. Like the 

preconditioning test, rats were allowed to freely explore both the vertical and horizontal 

compartments for 20 min via the partition with a small doorway in a drug and injection-free 

state. Upon the completion of the postconditioning test, rats were removed from the CPP 

apparatus and taken back to their home cage.

2.6 Statistical Analysis

Separate analyses were conducted across males and females, given that sex differences in 

ethanol-induced CPP have previously been reported as a function of circulating hormones 

Franco et al. Page 5

Behav Brain Res. Author manuscript.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[34]. The significance level for all analyses was considered significant when the p-value was 

less than 0.05. Effects sizes and any corrections to the analysis are reported.

2.6.1 Body Weight—Body weight data (g) was collected for male and female adolescent 

rats during the 10-day ketamine pretreatment phase to evaluate whether early-life ketamine 

administration reduced the rate at which the rats gained weight – a sign of an overall 

decrease in health/stress. Data were analyzed using Analysis of Variance (ANOVA), with 

ketamine pretreatment as the independent variable and day as repeated measures. 

Specifically, body weight across the pretreatment phase was examined using a 2 × 10 mixed 

factor ANOVA, with pretreatment (saline or 20 mg/kg ketamine) as the between-subjects 

factor and day (PD 21-30) as the within-subjects factor. Body weight (g) across the 10-day 

CPP procedure was also analyzed to determine whether ethanol administration affected the 

weight of male and female rats. Specifically, body weight data for male and female rats was 

analyzed using a 2 × 4 × 10 mixed factor ANOVA with pretreatment (saline or 20 mg/kg 

ketamine) and ethanol dose (0.0, 0.125, 0.5, or 2.0 g/kg) as the between-subjects factors, and 

day (PD 31-40) as the within-subjects factor. The assumption of sphericity was analyzed 

using Mauchly’s test for all analyses involving repeated measures (i.e., body weight). Given 

that the assumption of sphericity was violated in all the analyses, the Greenhouse-Geisser 

correction was used to correct the degrees of freedom.

2.6.2 Conditioned Place Preference—During the preconditioning and 

postconditioning tests, ANY-maze tracked the total time spent in each compartment, as 

defined by the location of the rat’s head, and was used to obtain a preference score. 

Preference scores were computed by subtracting the time spent in the ethanol-paired 

chamber during the postconditioning test from the time spent in the same chamber during 

the preconditioning test (i.e., postconditioning minus preconditioning time in the ethanol-

paired chamber). Positive preference scores indicate an increase in preference, whereas 

negative scores indicate a decrease in preference for the ethanol-paired chamber. Rats that 

obtained a preference score two standard deviations above the group mean were deemed 

outliers and excluded from the analyses. Overall, there were four male and four female 

outliers that were excluded from the analysis.

CPP data were analyzed using ANOVA, with ketamine pretreatment and ethanol dose as the 

independent variables. Specifically, preference scores were analyzed using a 2 × 4 between-

subjects ANOVA with pretreatment (saline or 20 mg/kg ketamine) and ethanol dose (0.0, 

0.125, 0.5, or 2.0 g/kg) as the independent factors. Significant main effects and interactions 

were further analyzed using simple main effects, and multiple post-hoc comparisons were 

made using Tukey HSD. The assumption of homoscedasticity was analyzed using Levene’s 

test for all analyses involving independent observations. The assumption of homogeneity 

was not violated in the present dataset.

As part of the experimental design and based on the expectation that there will be a 

significant shift in preference in the ethanol-paired environment between the preconditioning 

and postconditioning test [35], planned comparisons were also performed. Thus, a priori 

within-group changes in the time spent in the ethanol-paired compartment between the 

preconditioning and postconditioning tests were examined using two-tailed paired-sample t-
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tests. In summary, the establishment of ethanol-induced CPP was determined using between- 

and within-group differences. The former was ascertained when significant main effects and 

interactions were observed, and post-hoc comparisons revealed that rats in a specific 

experimental group significantly differed from the saline control group. The latter was 

uncovered by examining within-group changes in the time spent in the ethanol-paired 

environment between the preconditioning and postconditioning tests.

2.6.3 Activity—Activity during the preconditioning and postconditioning tests was 

calculated by ANY-maze as the total horizontal distance traveled (in m), as defined by the 

location of the rat’s head, during the 20 min sessions. The activity of rats in the saline and 

ketamine group during the preconditioning session was analyzed using an independent 

samples t-test. Activity during the postconditioning session was analyzed using a 2 × 4 

between-subjects ANOVA with pretreatment (saline or 20 mg/kg ketamine) and ethanol dose 

(0.0, 0.125, 0.5, or 2.0 g/kg) as the independent factors. Significant main effects and 

interactions were analyzed using Tukey HSD to determine group differences.

3 Results

3.1 Body Weight

Throughout the PD 21-30 pretreatment phase, the body weight of male or female rats 

pretreated with saline or ketamine (20 mg/kg) did not differ (see Figure 2A). However, 

overall male and female rats exhibited an increase in body weight across the 10 days of 

pretreatment, main effect of day, F(1.8, 162.9) = 6999.84, p < .001, ηp
2 = .987 and F(1.7, 

156) = 6102.68, p < .001, ηp
2 = .985, respectively. Moreover, ethanol injections 

administered as part of the CPP procedure did not affect the weight of male or female rats, 

since there were no weight differences between rats injected with saline or any of the doses 

of ethanol administered, in either saline or ketamine pretreated rats (data not shown). 

However, overall male and female rats continued to gain weight during the 10-day CPP 

procedure, main effect of day, F(2, 167.88) = 6887.11, ηp
2 = .988 p < .001, and F(3.2, 

277.42) = 3382.42, p < .001, ηp
2 = .975, respectively.

3.2 Ethanol Conditioned Place Preference

3.2.1 Males—Individual and mean CPP preference scores for males pretreated with 

saline or ketamine on PD 21-30 and tested for ethanol-induced CPP on PD 40 are plotted in 

Figure 3A. The 2 × 4 between-subjects ANOVA revealed a significant interaction between 

pretreatment (saline or 2.0 mg/kg ketamine) and ethanol dose (0.0, 0.125, 0.5, or 2.0 g/kg), 

F(3, 85) = 4.99, p = .003, ηp
2 = .150, but no significant main effects of pretreatment or 

ethanol dose. Simple main effects of ethanol and Tukey HSD post-hoc analyses revealed that 

rats pretreated with saline and conditioned with 0.125 g/kg of ethanol had a higher 

preference score compared to rats pretreated with saline and conditioned with either saline 

(saline controls) or 2.0 g/kg of ethanol, F(3, 43) = 5.95, p = .002, ηp
2 = .293. Additionally, 

simple main effects of pretreatment revealed that rats pretreated with saline and conditioned 

with the 0.125 g/kg dose of ethanol had a higher preference score than rats pretreated with 

ketamine and conditioned with the same dose of ethanol (i.e., 0.125 g/kg), F(1, 22) = 5.291, 

p = .031, ηp
2 = .194. Curiously, rats pretreated with ketamine (20 mg/kg) during PD 21-30 
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did not exhibit ethanol-induced CPP during the postconditioning test on PD 40 with any 

dose of ethanol they were conditioned with, given that the preference scores did not 

significantly differ from saline controls. No other group differences were observed.

Planned comparisons were also performed for each treatment group to evaluate significant 

shifts in preference for the ethanol-paired environment between the preconditioning and 

postconditioning tests. Rats pretreated with saline and conditioned with a 0.125 g/kg dose of 

ethanol, exhibited a significant increase in the time spent in the ethanol-paired compartment 

between the preconditioning and postconditioning test, t(11) = −3.25, p = .008. Planned 

comparisons examining shifts in ethanol preference for the remaining seven treatment 

groups revealed no significant effects.

3.2.2 Females—Individual and mean CPP preference scores for females pretreated with 

saline or ketamine on PD 21-30 and tested for ethanol-induced CPP on PD 40 are plotted in 

Figure 4A. The 2 × 4 between-subjects ANOVA revealed no significant main effects of 

pretreatment or ethanol, as well as a non-significant interaction between pretreatment and 

ethanol.

Planned comparisons were also performed for each treatment group to evaluate significant 

shifts in preference for the ethanol-paired environment between the preconditioning and 

postconditioning tests. Results of this analysis revealed that rats pretreated with saline and 

conditioned with a 0.5 g/kg dose of ethanol, as well as rats pretreated with a ketamine and 

conditioned with a 2.0 g/kg dose of ethanol, demonstrated a significant increase in time 

spent in the ethanol-paired compartment between the preconditioning and postconditioning 

tests, t(11) = −2.70, p =.021 and t(11) = −3.15, p = .009, respectively. Planned comparisons 

examining shifts in ethanol preference for the remaining six treatment groups revealed no 

significant effects.

3.3 Activity

Mean activity levels during the preconditioning test on PD 31 for male and female rats 

pretreated with saline or ketamine during PD 21-30 are plotted in Figure 2B. Overall, 

pretreatment with ketamine did not affect the total distance traveled by either male or female 

rats compared to saline controls.

3.3.1 Males—Individual and mean activity levels during the postconditioning test on PD 

40 for males is plotted in Figure 3B. The 2 × 4 between-subjects ANOVA revealed a 

significant interaction between pretreatment (saline or 2.0 mg/kg ketamine) and ethanol dose 

(0.0, 0.125, 0.5, or 2.0 g/kg), F(3, 85) = 3.71, p = .015, ηp
2 = .116, but no significant main 

effects of pretreatment or ethanol dose. Post-hoc analyses using Tukey HSD revealed that 

rats in the saline/2.0 ethanol and ketamine/0.5 ethanol groups exhibited lower total distance 

travel compared to rats in the ketamine control group (i.e., ketamine/0.0 ethanol) (p < .05). 

No other differences in activity were found between the groups.

3.3.2 Females—Individual and mean activity levels during the postconditioning test on 

PD 40 for females is plotted in Figure 4B. The 2 × 4 between-subjects ANOVA revealed a 

significant main effect of ethanol dose (0.0, 0.125, 0.5, or 2.0 g/kg), F(3, 86) = 13.08, p 
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= .03, ηp
2 = .929, but no significant main effects of pretreatment or pretreatment and ethanol 

dose interaction. Post-hoc analyses using Tukey HSD revealed that rats conditioned with 0.5 

and 2.0 g/kg of ethanol exhibited lower total distance travel compared to saline control rats 

(i.e., those that were given 0.0 g/kg of ethanol) (p < .05). No other differences in activity 

were found between the groups.

4 Discussion

Recent clinical and preclinical studies highlight the rapid and effective antidepressant 

properties of ketamine [2-4, 7, 8]. Although ketamine appears to offer promising therapeutic 

relief for juvenile populations with treatment-resistant depression, the long-term effects of 

early-life ketamine administration remain unclear given that ketamine is also a drug of 

abuse. Thus, the purpose of this study was to examine whether early-life exposure to 

ketamine would alter the rewarding effects of ethanol, a substance that is commonly abused 

during adolescence. Contrary to our hypothesis, early-life ketamine administration reduced 

the rewarding effects of ethanol in male and female rats. In males, this was evident as the 

absence of ethanol-induced conditioned place preference (CPP) in ketamine pretreated rats 

compared to rats pretreated with saline, which demonstrated a preference for ethanol in a 

dose-dependent manner. In females, ethanol-induced CPP was not as robust, but overall, 

ketamine pretreatment resulted in a rightward shift in the preference for ethanol, as a higher 

dose of ethanol was necessary to obtain ethanol-induced CPP in ketamine pretreated female 

rats compared to saline controls.

4.1 Ethanol-Induced CPP

Few studies have examined the rewarding effects of ethanol in adolescent rats, but generally, 

adolescent rats are more likely to show a preference for ethanol compared to adult rats [34, 

36, 37], which generally fail to exhibit ethanol-induced CPP [38-40], unless rats are pre-

exposed to ethanol administration [41] or receive 15-20 pairings with ethanol [42, 43]. 

Fewer studies have examined sex differences in ethanol-induced CPP among adolescent rats 

[34, 37], and even when male and female rats are included, the data for male and female rats 

are not always separated or analyzed [37]. When sex differences have been carefully 

examined, adolescent female rats tend to be more sensitive to the rewarding effects of a 

moderate dose of ethanol (1 g/kg) when compared to male rats, since female, but not male 

rats exhibit ethanol-induced CPP at this dose [34]. The latter result may be due to circulating 

ovarian hormones, as surgical removal of the ovaries prevents ethanol-induced CPP [33]. In 

the present study, the administration of ethanol to male adolescent rats resulted in ethanol-

induced CPP, but only when rats were conditioned with the low dose (0.125 g/kg), but not 

the other two doses (0.5 or 2.0 g/kg) of ethanol during the CPP procedure (see saline 

pretreated animals in Figure 3A). Indeed, male rats pretreated with saline during postnatal 

day (PD) 21-30 and administered 0.125 g/kg during conditioning, had higher preference 

scores than rats in the saline control group (i.e., saline/0.0 g ethanol), and exhibited a 

significant increase in time spent in the ethanol-paired environment between the 

preconditioning and postconditioning test. Importantly, the increased preference score is not 

likely due to changes in activity levels during the postconditioning test, as there were no 

differences in activity levels between the saline control and 0.125 g/kg ethanol groups (see 
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saline pretreated animals in Figure 3B). To our knowledge, this dose of ethanol has not been 

previously examined and suggests that lower doses of ethanol may be necessary in male 

adolescent rats to uncover the preference for ethanol. Further studies examining this 

hypothesis are necessary.

In females, the preference for ethanol was weaker compared to males. Despite the increase 

in time spent in the ethanol-paired side between the preconditioning and postconditioning 

tests in saline pretreated rats conditioned with 0.5 g/kg of ethanol (see Figure 4A), female 

rats, in general, failed to exhibit a higher preference score compared to saline controls. The 

lack of robust preference for the ethanol-paired side with 0.5 and 2.0 g/kg of ethanol is 

consistent with prior studies that have not demonstrated ethanol-induced CPP with 0.5 or 2.0 

g/kg in female adolescent rats [34]. It is important to note that there is a lot of variability in 

the preference scores of females that likely results from the emergence of gonadal hormones 

during this period [44]. Given the scarcity of published studies examining sex differences in 

ethanol-induced CPP in adolescent rats, further studies are needed to elucidate the 

inconsistencies in the preference for ethanol in females.

4.2. Early-life Ketamine Effects on Ethanol-induced CPP

Administration of ketamine during postnatal day (PD) 21-30 attenuated the rewarding 

effects of ethanol in adolescent male rats, evident as a failure of ketamine pretreated rats to 

exhibit ethanol-induced CPP during the postconditioning test on PD 40 with any of the doses 

tested (see Figure 3A). Indeed, ketamine pretreated rats did not demonstrate a preference for 

the ethanol-paired environment, as they neither exhibited a higher preference score 

compared to saline controls or exhibit changes in the time spent in the ethanol-paired 

compartment between the preconditioning and postconditioning tests. Moreover, male rats 

pretreated with ketamine and conditioned with 0.125 g/kg of ethanol also demonstrated 

significantly lower preference scores compared to saline pretreated rats conditioned with the 

same dose of ethanol (see Figure 3A). Notably, the lack of a preference to the 0.125 g/kg 

ethanol dose by ketamine pretreated rats is not due to impaired activity in rats as a result of 

ketamine pretreatment or ethanol administration, as there were no differences in activity 

levels between saline and ketamine pretreated rats during the preconditioning test (see 

Figure 2B) or during the postconditioning test (see saline and ketamine rats conditioned with 

0.125 g/kg of ethanol in Figure 3B). These findings are in agreement with a recently 

published study showing that chronic ketamine administration during adolescence does not 

result in long-lasting changes in locomotor activity as adults [45]. Accordingly, the lack of 

ethanol-induced CPP in ketamine pretreated male rats likely represents a decrease in the 

rewarding effects of ethanol. It is possible that the effect of ketamine may have affected the 

known anxiolytic effects of ethanol [46, 47], rather than the rewarding effects, but this 

explanation is less likely given recent data suggesting co-administration of ketamine and 

ethanol in adolescent rats does not result in changes in anxiety-like behavior, as measured in 

the elevated plus-maze [48]. However, co-administration of ketamine and ethanol in 

adolescent rats did increase depressive-like behaviors as assessed in the forced swim test 

[48], suggesting that a decrease in ethanol preference may indeed be attributed to a general 

anhedonia-like effect resulting from the co-administration. Further research will be needed 
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to investigate whether early-life ketamine results in parallel changes in depressive-like 

behavior in male adolescent rats.

The decrease in ethanol-induced CPP in ketamine pretreated male rats is surprising given 

that early-life administration of antidepressants, such as fluoxetine (i.e., Prozac ®), and 

ketamine results in long-lasting increases in cocaine-induced CPP in adult male mice [22, 

27]. Thus, we hypothesized that ketamine administration would also produce long-lasting 

changes in the sensitivity to ethanol. In contrast, the present findings suggest that ketamine 

exposure during adolescence may reduce the rewarding effects of ethanol. The difference 

between fluoxetine and ketamine effects on drug reward may be due to the differences in the 

mechanisms of action between the drugs (cocaine vs. ethanol), species (rats vs. mice), or to 

age-dependent effects, given the present study examined changes in drug reward during 

adolescence while the previous study examined drug reward in adults. Additional research is 

necessary to illuminate this discrepancy. In any case, it is evident that early-life 

administration of ketamine or fluoxetine has long-lasting effects on drug reward later in life. 

Although the long-term consequences of ketamine administration on ethanol exposure have 

not been previously examined, prior studies have shown that co-administration of ketamine 

can affect the behavioral responses to ethanol. For example, ketamine pretreatment just 

before ethanol consumption using the two-bottle choice or self-administration paradigms 

reduces ethanol intake in adult male rats that had been chronically consuming ethanol 

[38-40]. When considered together, prior administration of ketamine, either acutely or 

chronically as in the present study, appears to diminish the rewarding and reinforcing effects 

of ethanol in males. Nevertheless, further research examining oral self-administration of 

ethanol after early-life ketamine is needed to confirm this hypothesis.

In females, early-life ketamine pretreatment also appears to modulate the rewarding effects 

of ethanol during adolescence. Specifically, whereas saline pretreated rats exhibited an 

increased preference for the ethanol-paired environment after being conditioned with a 0.5 

g/kg dose of ethanol, ketamine pretreated rats did not exhibit a similar response when 

conditioned with the same dose. Ketamine pretreated female rats instead needed a higher 

dose of ethanol (2.0 g/kg) in order to demonstrate an increased preference for the ethanol-

paired environment between the preconditioning and postconditioning tests (see Figure 4A). 

In contrast, saline pretreated rats did not exhibit an increased preference for the ethanol-

paired environment with the same dose. Early-life ketamine did not affect the activity levels 

of female rats, as there were no differences in activity levels in saline or ketamine pretreated 

female rats during the preconditioning tests on PD 31 (see Figure 2B). Thus, it is unlikely 

that the preference for ethanol was a consequence of long-term disruptions in activity as a 

result of ketamine pretreatment. However, activity levels during the postconditioning test on 

PD 40, in rats conditioned with 0.5 and 2.0 g/kg of ethanol, regardless of ketamine 

pretreatment, demonstrated lower levels of activity compared to saline controls (see Figure 

4B). Notably, this decreases in activity did not correlate with the preference scores exhibited 

by saline and ketamine pretreated female rats conditioned with 0.5 or 2.0 g/kg of ethanol 

(see Figure 4A). Nevertheless, this general decrease in activity may have contributed to the 

lack of robust ethanol-induced CPP evident in females.
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Although the change in ethanol preference in saline and ketamine pretreated female rats is 

not consistent with our initial hypothesis, it is consistent with prior findings showing that 

ketamine administration immediately before ethanol exposure curbs ethanol intake in adult 

female rats [38]. Alternatively, it is possible that the effects of early ketamine administration 

may be inducing anhedonia and that the increase in ethanol required to produce ethanol-

induced CPP is indicative of a generalized reduction in reward-related stimuli. In the same 

way, the administration of fluoxetine in female adolescent mice has been shown to reduce 

the rewarding effects of both drug-related and natural rewards in adulthood [27]. Thus, in 

females, there may be an increased susceptibility to depressive-like behaviors after the early 

use of traditional (fluoxetine) and novel (ketamine) antidepressants. Future research is 

necessary to further characterize the anhedonia-like effects of early-life ketamine 

administration in female rats.

4.3 Potential Mechanisms

It is likely that early-life ketamine administration produces enduring changes in the 

developing nervous system that affect ethanol reward in both male and female adolescent 

rats. The underlying mechanisms responsible for the ketamine decrease in ethanol 

preference are not known. It is possible that early-life ketamine administration may produce 

long-lasting changes to NMDA receptor function that impact future experiences with 

ethanol. Under normal conditions, adolescents display decreases in NMDA receptors, a 

process that continues well into adulthood [49, 50]. As such, ketamine pretreatment may 

potentially exacerbate this process and lead to a disproportionate decrease of glutamate 

receptor availability and, in turn, results in reduced ethanol preference. Consistent with this 

view, mice that possess higher glutamate receptor availability exhibit a greater stimulatory 

response when exposed to ethanol compared to strains with lower glutamate receptor 

profiles [51].

4.4 Conclusions

The present study demonstrates that early-life ketamine administration reduces the 

rewarding effects of ethanol in male and female rats. In males, this was evident as an 

absence of ethanol-induced CPP, whereas females demonstrated a rightward shift in ethanol 

preference. Interestingly, clinical studies suggest that ketamine may facilitate the recovery 

process for individuals with an alcohol use disorder. For example, ketamine administration 

increased the abstinent rates of patients recovering from alcohol dependence [52]. More 

recently, juveniles that received ketamine for bipolar disorder, reported no increases in 

ethanol consumption and instead showed a trending decrease in ethanol intake [7]. When 

considered together, these data point to the utility of ketamine as a potential pharmacological 

tool in the treatment of alcohol dependence.
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Highlights:

• Adolescent rats show ethanol preference.

• Male and female rats exhibit distinct patterns of ethanol preference.

• Early-life ketamine decreases the rewarding effects of ethanol in adolescent 

male and female rats.
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Figure 1. 
Timeline and experimental design. During ketamine pretreatment, male and female rats were 

administered saline or ketamine (20 mg/kg) for 10 consecutive days, starting on postnatal 

day (PD) 21. During the last four days of ketamine pretreatment, rats were handled 2-3 min 

daily to reduce stress/anxiety due to experimental handling and/or behavioral procedures. 

The 10 day conditioned place preference (CPP) procedure began 24 h after the end of 

ketamine pretreatment. Subject compartment preference was initially obtained during a 20 

min preconditioning test session on PD 31, and was followed by an eight-day conditioning 

phase (PD 32-39), which involved alternating daily 15 min sessions during which rats were 

injected with ethanol (0, 0.125, 0.5, or 2.0 g/kg) and confined to the rats’ nonpreferred 

compartment and saline injections paired with the rats’ preferred compartment in a 

counterbalanced design. Subject preference for the ethanol-paired compartment was then 

assessed during the 20 min postconditioning test (PD 40).
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Figure 2. 
(A) Mean weight of male (n = 46-47) and female (n = 45-49) rats pretreated with saline or 

ketamine (20 mg/kg) during postnatal day (PD) 21-30, and (B) activity levels of male and 

female rats during the preconditioning test (PD 31). Error bars depict standard error of the 

mean (SEM) for each respective group. There were no significant weight changes or 

differences in activity during the preconditioning test between the saline and ketamine 

groups for either male or female rats.
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Figure 3. 
(A) Individual and mean preference scores and (B) activity levels during the 

postconditioning test (postnatal day [PD] 40) for males (n = 11-12) pretreated (Pretx) with 

saline or ketamine (20 mg/kg) during PD 21-30 and conditioned with ethanol (0.0, 0.125, 

0.5, or 2.0 g/kg) during PD 32-39. Error bars depict standard error of the mean (SEM) for 

each respective group. (*)Represents a significant increase between the groups (Tukey HSD, 

p<0.05); (#)Represents a significant decrease between the groups (Tukey HSD, p<0.05); 
(ρ)Represents a significant increase in time spent in the ethanol-paired chamber between the 

preconditioning and postconditioning tests within the group (planned comparison, p<0.05).
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Figure 4. 
(A) Individual and mean preference scores and (B) activity levels during the 

postconditioning test (postnatal [PD] 40) for females (n = 10-13) pretreated (Pretx) with 

saline or ketamine (20 mg/kg) during PD 21-30 and conditioned with ethanol (0.0, 0.125, 

0.5, or 2.0 g/kg) during PD 32-39. Error bars depict standard error of the mean (SEM) for 

each respective group. (ρ)Represents a significant increase in time spent in the ethanol-

paired chamber between the preconditioning and postconditioning tests within the group 

(planned comparison, p<0.05). (ε)Represents a significant decrease in the rats conditioned 

with 0.5 and 2.0 g/kg of ethanol (main effect of ethanol, p<0.05).
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Table 1.

Preconditioning test preferences in male and female rats on PD 31

Sex Non-Preferred Side # Percent
of Rats

Vertical Time
±SEM

Horizontal Time
± SEM

Male

Horizontal 50 54% 667 ± 6.50 533 ± 6.50

Vertical 43 46% 532 ± 7.73 668 ± 7.73

Total 93 605 ± 8.59 595 ± 8.59

Female

Horizontal 50 53% 665 ± 4.69 535 ± 4.69

Vertical 44 47% 538 ± 5.77 662 ± 5.77

Total 94 606 ± 7.55 594 ± 7.55

Note: Bold numbers indicate the non-preferred side, which signifies the side in which ethanol was paired with during the conditioning phase of the 
CPP procedure.
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