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Conditioned place preference (CPP) is used to measure the conditioned rewarding effects of a stimulus, including food, drugs, and social interaction. Because various analytic approaches can be used to quantify CPP, this can make direct comparisons across studies difficult. Common methods for analyzing CPP involve comparing the time spent in the CS+ compartment (e.g., compartment paired with drug) at posttest to the time spent in the CS+ compartment at pretest or to the CS– compartment (e.g., compartment paired with saline) at posttest. Researchers can analyze the time spent in the compartment(s), or they can calculate a difference score [(CS+post – CS+pre) or (CS+post – CS–post)] or a preference ratio (e.g., CS+post/(CS+post + CS–post)). While each analysis yields results that are, overall, highly correlated, there are situations in which different analyses can lead to discrepant interpretations. The current paper discusses some of the limitations associated with current analytic approaches and proposes a novel method for quantifying CPP, the adjusted CPP score, which can help resolve the limitations associated with current approaches. The adjusted CPP score is applied to both hypothetical and previously published data. Another major topic covered in this paper is methodologies for determining if individual subjects have met criteria for CPP. The paper concludes by highlighting ways in which researchers can increase transparency and replicability in CPP studies.
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Introduction

Conditioned place preference (CPP) is used to measure the conditioned rewarding effects of a stimulus, including drugs (see Bardo and Bevins, 2000; Tzschentke, 2007; Bardo et al., 2015; McKendrick and Graziane, 2020), social interaction (Calcagnetti and Schechter, 1992; Ma et al., 2006; Trezza et al., 2009; Yates et al., 2013; Pinheiro et al., 2016; Cann et al., 2020), food (Duarte et al., 2003; Ma et al., 2006; Nesbit et al., 2017; Jamali et al., 2021; Huerta et al., 2022), and copulation (Meerts and Clark, 2007; Ismail et al., 2010; Guterl et al., 2015; Quintana et al., 2019). CPP experiments are primarily conducted in an apparatus composed of either two or three compartments that can vary in one or more ways. The compartments can be painted different colors, can have different types of flooring, and/or can have different scents placed under the flooring. In a typical CPP experiment, subjects are first allowed to explore each compartment of the CPP apparatus. Next, subjects experience several conditioning sessions. During one conditioning session, the subject is isolated to one compartment with the stimulus of interest (CS+ compartment). For example, in drug CPP, the subject is injected with a drug like cocaine before being placed in the compartment. During the next conditioning session, the subject is exposed to a compartment that is not paired with the stimulus of interest (CS– compartment). Subjects receive multiple conditioning sessions in alternating fashion. Researchers can perform one conditioning session or two conditioning sessions each day. Finally, subjects are given a posttest, in which they explore each compartment like they did during the pretest.

The CPP paradigm provides researchers an opportunity to study the underlying neurobiology of reward. Subjects can be pretreated with a pharmacological agent such as a receptor agonist/antagonist, a transporter inhibitor, or an enzyme inhibitor before each conditioning session or just prior to the posttest (Kitanaka et al., 2010; Velazquez-Sanchez et al., 2011; Yates et al., 2021a). To further elucidate the neurobiology of reward, specific brain regions can be temporarily inactivated with GABA receptor agonists or can be lesioned (Zhao et al., 2015; Gargiulo et al., 2022). More recently, methods such as optogenetics and chemogenetics have been used to examine the neural circuits that control reward (Chen H. et al., 2021; Weitz et al., 2021).

An important consideration in CPP experiments is that the apparatus can be biased or unbiased. A biased apparatus is one in which subjects spend significantly more time in one compartment relative to another compartment during the pretest. For example, rodents prefer to spend more time in a compartment with a wire mesh floor compared to a compartment with a steel bar floor (Cunningham et al., 2003). In addition to using a biased or an unbiased apparatus, researchers can use a biased or an unbiased experimental design. In a biased design, the compartment paired with the stimulus of interest is determined according to subjects’ pretest scores, such that the stimulus of interest is paired with the initially nonpreferred compartment. In an unbiased design, the CS+ compartment is randomized across subjects. Because discussions regarding the use of biased/unbiased CPP chambers and experimental designs have been detailed previously elsewhere (Tzschentke, 1998; Cunningham et al., 2003), the purpose of this paper is to focus more on how CPP is quantified and analyzed. Due to the various analytic approaches one can take when determining if CPP has occurred, this can make replication across studies difficult. After discussing the current methods of analyzing CPP data, I propose a novel way of analyzing CPP data that can be consistently applied across studies to increase replicability and to reduce some of the limitations associated with existing methods (see section “Methods” for specific details).

Figure 1 shows a flow diagram detailing the literature search used to find recent articles (published from January 2021 through December 2022). The author used the following databases to find articles: PubMed, PsycINFO, Psychology and Behavioral Sciences Collection, and APA PsycArticles. The key terms (conditioned place preference OR place preference) AND (rat OR rats OR mouse OR mice) AND (amphetamine OR cocaine OR methamphetamine OR nicotine) were used. This search yielded 242 unique articles, of which 193 were included in the review. The author first reviewed abstracts of each article to ensure that CPP was being measured. The author reviewed a full-text version of each article to ensure that stimulant CPP was being measured and to determine how the CPP experiment was conducted and how the data were analyzed. Note, some articles have a 2023 date listed, but they were originally published in 2022. As such, they are included in this paper.
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FIGURE 1
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram depicting the literature search for papers published from January 2021 through December 2022 measuring CPP of the stimulants d-amphetamine, cocaine, methamphetamine, and nicotine.


Because the purpose of this review was to determine the frequency at which certain analyses are used to assess CPP, I was interested in extracting the following information from the reviewed articles: (1) the drug used in the experiment (e.g., amphetamine), (2) the species being tested (rat vs. mouse), (3) the type of CPP apparatus used (e.g., two compartment vs. three compartment), (4) the design of the experiment (biased vs. unbiased), and (5) the analytic approach used to quantify CPP (see Supplementary Table 1). All 193 studies included in Supplementary Table 1 detailed how CPP was analyzed, although some of the other details were missing or not clearly stated. In Supplementary Table 1, this missing information is denoted by a question mark. There were three studies that did not clearly articulate the methods of the CPP experiment, including how they analyzed CPP data. Therefore, these studies were not included in the review.

CPP experiments are often conducted to compare the conditioned rewarding effects of a stimulus across groups of subjects. For example, CPP can be compared across animals raised in different environmental conditions (Bowling and Bardo, 1994; Ewin et al., 2015), across rodent strains (Kosten et al., 1994; Watterson et al., 2015; Richardson et al., 2020), or across animals given various doses of a pharmacological agent (Hayes et al., 2009; Hachimine et al., 2014; Yates et al., 2021a). One simple analysis is to compare the time spent in the CS+ compartment during the posttest across experimental groups using an ANOVA (Poleszak and Malec, 2002). However, this approach fails to consider baseline differences that can exist across conditions; that is, one group may spend more time in the CS+ compartment during the pretest compared to another group. As such, this analysis is rarely used.

There are multiple ways to quantify CPP; however, these analytic approaches can be divided into two primary categories: (1) measuring the shift in time spent in the CS+ compartment from pretest to posttest and (2) comparing the time spent in the CS+ compartment to the time spent in the CS– compartment during the pretest and the posttest. CPP is primarily quantified by applying a factorial ANOVA or a t test (or nonparametric equivalents) to determine if time spent in the CS+ compartment increases from pretest to posttest (Yates et al., 2021a) or to determine if the time spent in the CS+ compartment is higher than the time spent in the CS– compartment during the posttest (Stojakovic et al., 2021). Imagine a researcher wants to determine if a pharmacological treatment differentially alters cocaine CPP in male and female rats living either in isolation or in social groups. If the researcher wants to examine two strains of rats, the analysis would be a four-way mixed factor ANOVA, with test period (or compartment if comparing the CS+ and CS– compartments at posttest) as a within-subjects factor and sex, housing condition, and strain as between-subjects factors. To reduce the number of factors included in the analysis, one can calculate a difference score, thus eliminating test period (if comparing pretest to posttest) or compartment (if comparing the CS+ and CS– compartments) as a factor. These difference scores often use the raw number of seconds spent in each compartment, but difference scores can be calculated using the percentage of time spent in each compartment (Carmack et al., 2013).

Somewhat related to difference scores is preference ratios. A preference ratio can be calculated by dividing the time spent in the CS+ compartment by the time spent in the CS+ and the CS– compartments (Yates et al., 2013) or by dividing the CS+/CS– difference score by the total time spent in each compartment (Weitz et al., 2021). Preference ratios can be expressed as the percentage of time in the CS+ compartment by multiplying the ratio by 100 (Luo et al., 2021). In cases in which multiple groups of subjects are tested, difference scores/preference ratios are analyzed with one-way or two-way ANOVAs (e.g., if a pharmacological intervention decreases preference for cocaine).

When using a two-compartment apparatus, calculating CPP is straightforward. If time in the CS+ compartment increases from pretest to posttest, the time spent in the CS– must decrease across test period. When using an unbiased design, one consideration needs to be taken. If a subject spends more time in the CS+ compartment during the pretest compared to the CS– compartment, calculating CPP by comparing the time spent in the CS+ to the CS– during the posttest may not be appropriate. Suppose an animal spends 550 s in the CS+ compartment during a 900-s pretest and 600 s in the same compartment during the posttest. If the time in the CS+ compartment is compared to the time spent in the CS– compartment during the posttest, the CPP score would be 300 s. However, the time spent in the CS+ increases by just 50 s from pretest to posttest. In this scenario, the researcher would want to either calculate a pre/post difference score or compare the time spent in the CS+ and the CS– compartments during both the pretest and the posttest.

Calculating CPP becomes more complicated when using a three-compartment apparatus. Figure 2 shows two hypothetical datasets generated from an unbiased three-compartment apparatus. Data for two groups of subjects were generated using R for each dataset (n = 12 per group per dataset). The raw data presented in this figure are normally distributed (Figure 1A). During the pretest, the time spent in each compartment is nearly equivalent for each group. For the first hypothetical dataset, the time spent in the CS+ compartment increases while time spent in the CS– compartment decreases for Group 1 from pretest to posttest. The time spent in the neutral compartment does not change. Like Group 1, the time spent in the CS– compartment decreases for Group 2; however, the time spent in the CS+ compartment does not change significantly from pretest to posttest. Instead, the time spent in the neutral compartment increases. If CPP is quantified by comparing either the shift in time spent in the CS+ across test period or the time spent in the CS+ and the CS– during the posttest, the interpretation is identical: Group 1 develops greater CPP compared to Group 2 (Figures 2B, C, left panel).
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FIGURE 2
(A) The mean (±SEM) number of seconds spent in each compartment of a three-compartment CPP apparatus for two hypothetical experiments. (B) The mean (±SEM) difference in time spent for each compartment across the pretest and the posttest. *p < 0.05, compared to Group 2 (left panel) or compared to Group 4 (right panel). The # symbol indicates significant differences between compartments within the same group of subjects. (C) The mean (±SEM) difference in time spent in the CS+ and the CS– compartments during the pretest and during the posttest. *p < 0.05, compared to Group 2 (left panel) or compared to Group 4 (right panel). #p < 0.05, compared to the posttest. (D) Mean (±SEM) adjusted CPP scores. *p < 0.05, compared to Group 2 (left panel).


In the hypothetical situation presented here, CS+post/CS+pre difference scores and CS+post/CS–post difference scores are positively and significantly correlated, r(22) = 0.867, p < 0.001. Table 1 presents the correlation between CS+post/CS+pre difference scores and CS+post/CS–post difference scores using data I have collected from different CPP experiments. Overall, the correlation between each analysis is positive and statistically significant, mirroring the results of the hypothetical dataset.


TABLE 1    Correlations between CS+post/CS–post and CS+post/CS+pre difference scores for several CPP experiments conducted by the author of this paper.

[image: Table 1]

While there is often high concordance between analyses, there are situations in which analytic approaches can lead to discrepant conclusions. In the second hypothetical dataset (right column of Figure 2), if the difference in time spent in the CS+ compartment from pretest to posttest is compared between each group (Figure 2B), the results indicate that Group 4 develops greater CPP compared to Group 3. However, if the difference in time spent in the CS+ and the CS– compartment is used, the results indicate that Group 3 shows greater CPP than Group 4 (Figure 2C).

One potential issue surrounding the use of different analyses to quantify CPP is replicability. In the 1990s, two studies examined the effects of naltrindole, a delta opioid receptor antagonist, on cocaine CPP (Menkens et al., 1992; de Vries et al., 1995). Both studies used male rats (Lewis rats in the former study and Sprague Dawley rats in the latter study) as subjects and used an apparatus with two compartments. de Vries et al. (1995) used a lower dose of cocaine (10.0 mg/kg) compared to Menkens et al. (1992) (15.0 mg/kg), but at least one group of rats in each experiment received 3.0 mg/kg of naltrindole. Whereas Menkens et al. (1992) found that naltrindole decreased cocaine CPP, de Vries et al. (1995) did not replicate this finding. Determining if the discrepancy observed across studies resulted from strain differences and/or different cocaine doses is difficult as the way CPP was quantified varied across studies. de Vries et al. (1995) compared the total time spent in the cocaine-paired compartment across experimental groups. Menkens et al. (1992) calculated the percentage change in time spent in the cocaine-paired compartment from pretest to posttest before comparing experimental groups. Because neither study presented the time spent in each compartment during the pretest and during the posttest, this further increases the difficulty of directly comparing the results of these studies.

Discrepant results have also been observed when examining sex differences in CPP. Using Sprague Dawley rats, Cicero et al. (2000) did not observe strong sex differences in morphine CPP at doses of 0.2–7.5 mg/kg. Between 10.0 and 17.5 mg/kg, females showed greater CPP. However, Karami and Zarrindast (2008) observed greater CPP in Wistar females relative to males at low doses (0.5–7.5 mg/kg), an effect that disappeared at 10.0 mg/kg. Determining if the discrepancy across studies reflects a strain difference, a difference in apparatus type (three vs. two compartments), and/or a procedural difference (biased vs. unbiased design) is difficult. This difficulty is compounded by differential analytic approaches observed across studies. Cicero et al. (2000) quantified CPP with the equation:
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while Karami and Zarrindast calculated the difference in time spent in the CS+ compartment only. Once again, directly comparing these results is difficult because the time spent in each compartment is not presented in either paper presenting these results.

Recently, discrepancies have been reported concerning sex differences in oxycodone CPP from the same group of authors. When CPP was quantified as a percentage of time spent in the oxycodone-paired compartment during the posttest, female rats developed greater CPP compared to males (Ryan et al., 2018). Yet, when CPP was quantified as a percentage change in time spent in the oxycodone-paired compartment from pretest to posttest, no significant sex differences were observed (Randesi et al., 2019), although interestingly, males had a slightly larger percentage change score relative to females. Because these studies were conducted by the same group of researchers, all other aspects of the experimental procedures were consistent (e.g., use of Sprague Dawley rats, use of a biased design, same dose of oxycodone). This example provides more concrete evidence as to how the analytic approach can alter one’s interpretation of CPP.



Materials and equipment

There are no special materials or equipment needed to perform the analyses described in this paper. I have included an Excel file that provides a template for calculating adjusted CPP scores (see Supplementary material). This Excel file also contains the raw data used in the datasets described below.


Methods

I recommend using an analysis that considers the change in time spent in the CS+ compartment from pretest to posttest and the difference in time spent in the CS+ and the CS– compartment during the posttest. Numerous studies already compare the time spent in the CS+ compartment to the time spent in the CS– compartment at pretest and at posttest (see Supplementary Table 1). Some experiments use Equation 1 from above, which incorporates each difference score (Cicero et al., 2000; Cooper et al., 2021; Avelar et al., 2022). When this equation is used to quantify CPP for the hypothetical data presented in Figure 2, there is a significant difference in CPP scores between each group in the first hypothetical example, with Group 1 (232.017 ± 16.831 s) showing increased CPP compared to Group 2 (118.825 ± 24.275 s). In the second hypothetical dataset, Group 3 (169.013 ± 22.217 s) shows increased CPP compared to Group 4 (1.384 ± 23.674 s), which is consistent with the CS+post/CS–post analysis presented above.

One unique challenge associated with drug CPP is dissociating true preference for the drug-paired compartment from increased novelty seeking (Bardo and Bevins, 2000). An animal that has been subjected to repeated pairings of a drug like cocaine and a specific environmental context may not recall being in the CS+ compartment at any point before the posttest. Therefore, the animal may treat the CS+ compartment like a novel environment (Tzschentke, 1998). The three-compartment apparatus is used to control for the influence of novelty seeking on CPP (Bardo and Bevins, 2000); yet, current analytic approaches consistently fail to include how the time spent in the neutral compartment changes from pretest to posttest. Below I present the time spent in the CS+ and the CS– compartments for one subject that was tested for social interaction CPP using an unbiased design (Yates et al., 2013):

[image: image]

If a difference score is calculated for the posttest only, the CPP score is 143.87 s. If Equation 1 is used, the CPP score is reduced to 73.88 s. However, if just the change in time spent in the CS+ compartment from pretest to posttest is calculated, the CPP score decreases significantly to 8.68 s. Even though the example data presented for the individual subject above comes from a social CPP experiment, the influence of novelty seeking can be observed. The time spent in the neutral compartment increases from 303.71 to 360.23 s for this subject.

To address the potential limitation described above, a different equation can be used to quantify CPP:
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To calculate ρ, Equation 1 is modified to include a penalizer term. The letters Y, X, Zα, and Zβ represent separate difference scores:
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If the CS+ is rewarding, the time spent in the CS+ compartment should increase from pretest to posttest, and the time spent in the CS– compartment should decrease across each test session. The time in the neutral (represented by N above) compartment should ideally remain unchanged or should decrease. If subjects show a greater difference in time spent in the neutral compartment relative to either the CS+ compartment or the CS– compartment from pretest to posttest, the penalizer will increase. Thus, one purpose of this equation is to penalize subjects that show increased novelty seeking-like behavior. Notice that Zα and Zβ are the opposite of one another, meaning that at least one of these equations will equal 0. However, Zβ is included to determine if subjects show concomitant increases in time spent in the CS+ and the CS– compartments. In the event that a subject spends less time in the CS+ compartment relative to the CS– compartment, ρ reduces to Equation 1.

The calculation for Λ is somewhat similar to the one used to derive ρ. This equation focuses on the change in time spent in each individual compartment from pretest to posttest. Like the equation for ρ, the difference in time spent in the CS+ compartment from pretest to posttest is subtracted by a penalizer term. The first part of the penalizer term adds the CS+ pre/post difference score to the absolute value of itself before being divided by 2. This ensures that a negative value is set to 0, thus making ρ equal to CS+post – CS+pre. In this event, there is no need to penalize an animal that spends less time in the CS+ compartment at posttest relative to pretest. If the time spent in the CS+ compartment increases from pretest to posttest, then the increase in time spent in this compartment is divided by the increase in time spent in the CS– compartment or the neutral compartment. Like Zα and Zβ, at least one expression will equal 0 as a subject cannot increase their time spent in all three compartments from pretest to posttest. In a situation in which the time spent in the CS+ compartment increases only, Λ reduces to CS+post – CS+pre. As the difference in time spent in the CS– compartment or the neutral compartment from pretest to posttest increases in magnitude relative to the difference in time spent in the CS+ compartment, the penalizer term increases, thus decreasing Λ.

Figure 2D shows adjusted CPP scores for each hypothetical experiment described above. Not surprisingly, adjusted CPP scores are higher for Group 1 (135.704 s) compared to Group 2 (31.552 s) in the first hypothetical experiment. However, adjusted CPP scores do not differ across each group for the second experiment (28.154 s vs. 18.259 s).



Applying the adjusted CPP score to previously published data

I have chosen to reanalyze three experiments that quantified CPP in different ways. For each data set, I apply several analytic approaches: (1) ANOVA comparing the difference in time spent from pretest to posttest for both CS+ and CS– compartments; (2) ANOVA comparing the difference in time spent in the CS+ and the CS– compartments for both pretest and posttest, and (3) ANOVA comparing adjusted CPP scores.

In the first study (Yates et al., 2012), rats were tested in a behavioral measure of impulsivity before being tested for amphetamine CPP using a biased design. Three different experiments were conducted as we tested three doses of amphetamine: 0.1, 0.5, and 1.5 mg/kg. In the second study (Yates et al., 2013), we conducted three experiments to compare the conditioned rewarding effects of social interaction and amphetamine across differentially housed adolescent and adult rats. In one experiment, we examined social interaction CPP. In another experiment, we measured amphetamine CPP. The third experiment will be discussed in a different section. For each experiment, we used an unbiased design. In the third study (Yates et al., 2021a), we aimed to determine if the drug Ro 63-1908 blocks the acquisition and/or the expression of methamphetamine CPP. To test the effects of Ro 63-1908 on the acquisition of methamphetamine CPP, separate groups of rats received Ro 63-1908 (0, 1.0, 3.0 mg/kg; note, an additional group of females received 10.0 mg/kg) before each methamphetamine conditioning session. To test the effects of Ro 63-1908 on the expression of CPP, rats received Ro 63-1908 (0, 1.0, 3.0, 10.0 mg/kg) prior to the posttest.




Results

Yates et al. (2012). For each experiment, we originally calculated a difference score by subtracting the time spent in the amphetamine-paired compartment by the time spent in the saline-paired compartment during the posttest. Difference scores were analyzed with a two-way ANOVA, with amphetamine dose and impulsivity as between-subjects factors. Figure 3A shows the time spent in each compartment for both the pretest and the posttest.
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FIGURE 3
(A) The mean (±SEM) number of seconds spent in each compartment of a three-compartment CPP apparatus for three groups of rats treated with one dose of amphetamine (AMPH; 0.1, 0.5, or 1.5 mg/kg). AMPH was paired with the CS+ compartment while saline was paired with the CS– compartment. Animals were previously screened for impulsive choice and were classified as either high impulsive (HiI) or low impulsive (LoI). (B) The mean (±SEM) difference in time spent for the AMPH-paired and the saline-paired compartments across the pretest and the posttest. *p < 0.05, indicates a main effect of impulsivity. #p < 0.05, indicates that animals treated with the lowest dose of AMPH (0.1 mg/kg) spent less time in the AMPH-compartment compared to animals treated with the higher doses of AMPH. (C) The mean (±SEM) difference in time spent in the AMPH-paired and the saline-paired compartments during the pretest and during the posttest. *p < 0.05, indicates a main effect of impulsivity. #p < 0.05, indicates that animals treated with the lowest dose of AMPH (0.1 mg/kg) had lower difference scores during the posttest compared to animals treated with the higher doses of AMPH. $p < 0.05, compared to the pretest. (D) Mean (±SEM) adjusted CPP scores. *p < 0.05, indicates a main effect of impulsivity.


Figure 3B shows the difference in time spent in the CS+ compartment from pretest to posttest. The difference in time spent in the CS– compartment from pretest to posttest is also plotted but is not included in the analysis, which is common for experiments using CS+post/CS+pre difference scores. A two-way ANOVA is used to analyze CS+post/CS+pre difference scores, with amphetamine dose and impulsivity as between-subjects factors. There are two main effects, F(2, 30) = 10.214, p < 0.001 and F(1, 30) = 5.170, p = 0.030, but no significant interaction.

Figure 3C shows difference scores as originally published in Yates et al. (2012). Unlike the Yates et al. (2012) paper, I have additionally included difference scores for the pretest. A mixed factor ANOVA is used to analyze these data, with test period as the within-subjects factor and amphetamine dose and impulsivity as between-subjects factors. Once again, there are main effects of amphetamine dose and impulsivity, F(2, 30) = 7.879, p = 0.002 and F(1, 30) = 5.754, p = 0.023, as well as a main effect of test period, F(1, 30) = 115.058, p < 0.001. However, there are no significant interactions.

Figure 3D shows adjusted CPP scores. These data are analyzed with a two-way ANOVA, with amphetamine dose and impulsivity as between-subjects factors. There are main effects of dose, F(2, 30) = 8.889, p < 0.001, and impulsivity, F(1, 30) = 7.964, p = 0.008, but no significant interaction.

Yates et al. (2013). We originally quantified CPP with a preference ratio, calculated as [image: image]. For simplicity, I will present the data from the amphetamine CPP experiment.

The time spent in each compartment is presented in Figure 4A. A two-way ANOVA is used to analyze CS+post/CS+pre difference scores (Figure 4B), with housing condition and age as between-subjects factors. There are no main effects of housing condition or age, as well as no significant interaction. When the time spent in the CS– compartment is subtracted from the time spent in the CS+ compartment (Figure 4C), a mixed factor ANOVA reveals a main effect of test period only, F(1, 20) = 25.632, p < 0.001. When adjusted CPP scores are analyzed (Figure 4D), there are no main effects and no significant interaction.
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FIGURE 4
(A) The mean (±SEM) number of seconds spent in each compartment of a three-compartment CPP apparatus for adolescent rats (left panel) and adult rats (right panel) that were either individually housed (denoted by open circles) or pair-housed (denoted by closed triangles). Amphetamine (AMPH) was paired with the CS+ compartment while saline was paired with the CS– compartment. (B) The mean (±SEM) difference in time spent for the AMPH-paired and the saline-paired compartments across the pretest and the posttest. (C) The mean (±SEM) difference in time spent in the AMPH-paired and the saline-paired compartments during the pretest and the posttest. *p < 0.05, compared to the pretest. (D) Mean (±SEM) adjusted CPP scores.


Yates et al. (2021a). We originally used a mixed factor ANOVA to analyze the time spent in the methamphetamine-paired compartment during the pretest and during the posttest. For simplicity, I have reanalyzed the data for the acquisition experiment, as we found significant effects of Ro 63-1908 on the acquisition of methamphetamine CPP, an effect that was more pronounced in male rats. The time spent in each compartment is presented in Figure 5A.
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FIGURE 5
(A) The mean (±SEM) number of seconds spent in each compartment of a three-compartment CPP apparatus for males (left column) and for females (right column) pretreated with one of three doses of the drug Ro 63-1908 (vehicle, 1.0, and 3.0 mg/kg). Methamphetamine (METH) was paired with the CS+ compartment while saline was paired with the CS– compartment. (B) The mean (±SEM) difference in time spent in the METH-paired and the saline-paired compartments across the pretest and the posttest. *p < 0.05, compared to rats pretreated with each dose of Ro 63-1908. #p < 0.05, compared to the saline-paired compartment. (C) The mean (±SEM) difference in time spent in the METH-paired and the saline-paired compartments during the pretest and the posttest. *p < 0.05, compared to vehicle-pretreated rats. #p < 0.05, compared to the posttest. (D) Mean (±SEM) adjusted CPP scores. *p < 0.05, compared to rats pretreated with each dose of Ro 63-1908.


When pretest/posttest difference scores are analyzed (Figure 5B), there is a main effect of compartment, F(1, 30) = 138.775, p < 0.001, and significant compartment × sex, F(1, 30) = 5.881, p = 0.022, and compartment × Ro 63-1908 dose, F(2, 30) = 10.787, p < 0.001, interactions. When CS+/CS– difference scores are analyzed (Figure 5C), there are main effects of test period, F(1, 30) = 138.775, p < 0.001, and Ro 63-1908 dose, F(2, 30) = 4.218, p < 0.024. There are also significant interactions between test period and sex, F(1, 30) = 5.881, p = 0.022, and test period and Ro 63-1908 dose, F(2, 30) = 10.787, p < 0.001. Figure 5D shows adjusted CPP scores. A two-way ANOVA reveals a main effect of Ro 63-1908 dose, F(2, 30) = 12.363, p < 0.001. When the data are collapsed across sex, each dose of Ro 63-1908 decreases adjusted CPP scores.


Summary of results

Overall, there was consistency in the results obtained from each analysis performed for the three experiments described above. High impulsive animals develop greater amphetamine CPP compared to low impulsive animals (Yates et al., 2012), amphetamine CPP does not significantly differ between individually and pair-housed adolescent or adult rats (Yates et al., 2013), and the drug Ro 63-1908 decreases methamphetamine CPP in both males and females (Yates et al., 2021a). There was one minor exception that was observed in the Yates et al. (2021a) study. When CS+/CS– difference scores were analyzed, the results showed that only the high dose of Ro 63-1908 (3.0 mg/kg) decreased methamphetamine CPP. When pre/post difference scores or adjusted CPP scores were analyzed, results indicated that both doses of Ro 63-1908 decreased methamphetamine CPP.

There was one interesting difference that emerged when applying different analytic approaches to previously published data. When examining amphetamine CPP in adolescent and adult rats (Yates et al., 2013), the results of the CS+/CS– difference score suggest that each group has a larger difference score at posttest relative to pretest, thus indicating CPP has occurred. However, when inspecting pre/post difference scores and adjusted CPP scores, the magnitude of CPP is greatly blunted. Specifically, no group had a mean pre/post difference score higher than 100 s. When adjusted CPP scores are examined, only individually housed adult rats had a score above 100 s (132.953 s). Even though an unbiased design was used in this experiment, the current results emphasize one of the issues of using CS+/CS– difference scores to quantify CPP. Looking at Figure 4A, one can see that the time spent in the neutral compartment increases from pretest to posttest for both adolescent groups, particularly for individually housed adolescents.

When examining raw data (i.e., time spent in each compartment), the percentage increase in time spent in the neutral compartment from pretest to posttest is greater than the percentage increase in time spent in the CS+ for each group (21.391% vs. 35.881%, 12.804% vs. 17.941%, and 13.714% vs. 11.0442%), with the exception of individually housed adult rats (29.316% vs. 1.588%). These results appear to suggest that adolescent rats are particularly sensitive to novelty seeking, thus further highlighting the need to control for changes in time spent in the neutral compartment when quantifying CPP using a three-compartment apparatus.



Use of adjusted CPP scores when no true CS– is included

Some CPP experiments focus on comparing choice for one stimulus relative to another stimulus (e.g., drug vs. social interaction) (Yates et al., 2013; Zernig et al., 2013; Kummer et al., 2014). In the third experiment conducted by Yates et al. (2013), rats were tested for concurrent choice between social interaction and amphetamine. In a concurrent-choice CPP experiment, there is no true CS–. Each compartment is paired with a stimulus that can elicit a conditioned approach response. In the Yates et al. (2013) experiment, the preference ratio included the time spent in the social-paired compartment in the numerator of the preference ratio. If the amphetamine-paired compartment was used in the numerator, the values of the preference ratio would have been [image: image].

Figure 6A shows the time spent in each compartment for both adolescent and adult subjects that were either individually housed or pair housed. Figure 6B shows adjusted CPP scores when social interaction is treated as the CS+ while Figure 6C shows adjusted CPP scores when amphetamine is treated as the CS+. Due to the way the adjusted CPP score is calculated, primarily how it treats negative values, reversing which compartment is considered the CS+ compartment leads to slight alterations to the adjusted CPP score. For example, when examining individually housed adult rats, the adjusted CPP score is −25.764 s when social interaction is entered as the CS+ compartment. When social interaction is treated as the CS–, the adjusted CPP becomes 93.351 s.
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FIGURE 6
(A) The mean (±SEM) number of seconds spent in each compartment of a three-compartment CPP apparatus for adolescent rats (left panel) and adult rats (right panel) that were either individually housed (denoted by open circles) or pair-housed (denoted by closed triangles). In this experiment, there was no true CS– as rats learned to associate one compartment with amphetamine (AMPH) and one compartment with social interaction. (B) Mean (±SEM) adjusted CPP scores when social interaction is treated as the CS+. (C) Mean (±SEM) adjusted CPP scores when AMPH is treated as the CS+. *p < 0.05, compared to pair-housed rats. #p < 0.05, relative to housing-matched adolescent rats.


Despite the discrepancy in adjusted CPP scores, the results of each two-way ANOVA are similar, regardless of which stimulus is classified as the CS+. There is one subtle difference in the results of the analysis. When social interaction is the CS+, there is a main effect of housing, F(1, 19) = 12.543, p = 0.002, and a significant age × housing interaction, F(1, 19) = 16.380, p < 0.001. When amphetamine is the CS+, there is a significant interaction, F(1, 19) = 24.382, p < 0.001, but the main effect of housing approaches significance only, F(1, 19) = 4.225, p = 0.053. However, probing the significant interaction leads to the same conclusions: pair-housed adolescents spend significantly more time in the compartment paired with amphetamine compared to individually housed adolescents, with adults spending similar amounts of time in both compartments.



Quantifying extinction and reinstatement with the adjusted CPP score

In addition to measuring the conditioned rewarding effects of a stimulus, CPP can be used to study relapse-like behavior. Following the posttest, subjects are given extinction training. There are two ways in which extinction training can occur. First, subjects are allowed to explore each compartment of the CPP apparatus as in the pretest/posttest. This method allows one to measure the rate at which conditioned approach to the CS+ compartment returns to pretest levels. In the second method, subjects are isolated to the CS+ and CS– compartments on alternating sessions as during the conditioning phase of the experiment. Before being placed in each compartment, the animal receives an injection of vehicle. After a certain number of sessions, subjects are given a test session to determine if the time spent in the CS+ compartment has returned to pretest levels. If not, subjects receive additional extinction sessions before receiving another test session. Once extinction has occurred, subjects are given a reinstatement test. In drug-induced reinstatement, subjects are given a priming injection of the drug that served as the CS+ before being placed in the CPP apparatus. In stress-induced reinstatement, subjects are exposed to a stressor like restraint before being placed in the CPP apparatus.

Figure 7 shows unpublished data from a reinstatement experiment conducted in my laboratory. In this experiment, spontaneously hypertensive rats (SHRs), an animal model of attention-deficit/hyperactivity disorder (ADHD), and Wistar-Kyoto rats (WKYs), the inbred control strain to SHRs, received oral administration of either methylphenidate or vehicle during adolescence before being tested for methamphetamine CPP (1.0 or 2.0 mg/kg) during adulthood. We originally quantified CPP by examining the change in time spent in the methamphetamine-paired compartment from pretest to posttest. To extinguish CPP, we exposed rats to all three compartments of the CPP apparatus in a drug-free state until specific criteria were met.
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FIGURE 7
(A) The mean (±SEM) number of seconds spent in each compartment of a three-compartment CPP apparatus for rats treated with either methylphenidate (MPH; left panel) or vehicle (right panel) during adolescence. Rats were tested for methamphetamine (METH) CPP during adulthood. Following the posttest, rats were given extinction training followed by a reinstatement test. (B) The mean (±SEM) difference in time spent for the METH-paired compartment from pretest to posttest, from posttest to the end of extinction training, and from the end of extinction training to the reinstatement test. *p < 0.05, compared to difference scores calculated at the end of the posttest and following the reinstatement test. @p < 0.05, compared to MPH-treated rats. (C) The mean (±SEM) difference in time spent in the METH-paired and the saline-paired compartments across each phase of the experiment. The * indicates that difference scores significantly differed from one phase of the experiment to the next phase of the experiment. @p < 0.05, compared to MPH-treated rats. (D) Mean (±SEM) adjusted CPP scores calculated at the end of the posttest, at the end of extinction training, and following the reinstatement test. *p < 0.05, compared to the posttest. #p < 0.05, compared to the end of extinction. @p < 0.05, compared to MPH-treated rats. X’s indicate rats that spent less time in the CS+ compartment during the posttest compared to the pretest. These subjects were not tested for extinction or reinstatement of METH CPP. Circles with an X in them indicate subjects that failed to meet extinction criteria after 60 sessions.


For illustrative purposes, data for female SHRs will be presented only. The time spent in each compartment is presented in Figure 7A. The time spent in the CS+ compartment can be directly compared across phases of the CPP experiment (Figure 7B), or the difference in time spent in the CS+ and CS– compartments can be directly compared across each phase of the CPP experiment (Figure 7C). When pre/post difference scores are analyzed, there is a main effect of test period, F(2, 44) = 58.746, p < 0.001, and a significant test period × adolescent treatment interaction, F(2, 44) = 4.027, p = 0.025. Likewise, when CS+/CS– difference scores are analyzed, there is a main effect of test period, F(3, 66) = 28.010, p < 0.001, and a significant interaction between test period and adolescent treatment, F(3, 66) = 3.040, p = 0.035. Overall, difference scores increase after the posttest and the reinstatement test, and decrease following extinction training. However, there is some discrepancy with how data are interpreted if using pre/post difference scores or CS+/CS– difference scores. When pre/post difference scores are used, the results indicate that both methylphenidate- and vehicle-treated rats showed reinstatement of methamphetamine CPP. Yet, when CS+/CS– difference scores are used, methylphenidate-treated rats show reinstatement of CPP only.

Equation 2 can be modified to quantify extinction of CPP:

[image: image]

One major addition is added when calculating adjusted CPP scores during extinction. The adjusted CPP score derived following the posttest is added to the adjusted CPP score calculated at the end of extinction training. Without the inclusion of the original adjusted CPP score, scores generated following extinction are highly negative, implying aversion to the CS+ compartment. During extinction, the subject is not developing an aversion; they are learning that the CS+ compartment is no longer associated with the CS+. Therefore, adjusted CPP scores generated at the end of extinction training should be close to 0.

ρe and Λe are calculated the same way as depicted in Equations 3 and 4. The subscripts (1) and (2) now represent the time spent in the CS+ compartment during the posttest and at the end of extinction training, respectively. To quantify reinstatement, Equation 2 can be used as normal. The subscripts (1) and (2) represent the end of extinction training and the reinstatement test, respectively. Figure 7D shows adjusted CPP scores generated at the end of the posttest, the end of extinction training, and the reinstatement test. In agreement with the pre/post difference score analysis, there is a main effect of test period, F(2, 44) = 12.232, p < 0.001, with adjusted CPP scores being lower following extinction training compared to following the posttest and the reinstatement test. There is also a significant test period × adolescent treatment interaction, F(2, 44) = 5.514, p = 0.007.



Applying adjusted CPP scores to conditioned place aversion

The focus of the current paper has been on CPP. However, CPP chambers can be used to measure the conditioned aversive properties of a stimulus; this is conditioned place aversion (CPA). CPA is often achieved by pairing a drug such as lithium to a compartment (Cunningham and Niehus, 1993; Frisch et al., 1995; Longoni et al., 2011; Buffalari et al., 2016) or delivering a foot shock when the animal is in a specific compartment (Buffalari et al., 2016; Barker et al., 2022). CPA is primarily quantified by comparing the time spent in the CS+ during the posttest to the time spent in the CS+ compartment at pretest (Longoni et al., 2011; Buffalari et al., 2016; Arakaki and Minami, 2022; Peczely et al., 2022; Rezaei et al., 2022), but some studies compare the time spent in the CS+ compartment to the time spent in the CS– compartment (Li et al., 2021).

Figure 8A shows three hypothetical groups in a CPA experiment. The data for the first two groups were generated to represent an unbiased design while the data for the third group were generated to represent a biased design. Figure 8B shows posttest/pretest difference scores for both the CS+ and the CS– compartments. A one-way ANOVA shows that subjects in the first group develop greater CPA compared to the two other group, F(2, 15) = 20.878, p < 0.001. However, if difference scores (CS+ – CS–) are analyzed (Figure 8C), results indicate main effects of test period, F(1, 33) = 48.649, p < 0.001, and group, F(2, 33) = 37.651, p < 0.001, but no significant interaction. These results suggest that each group develops a similar degree of CPA.
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FIGURE 8
(A) The mean (±SEM) number of seconds spent in each compartment of a three-compartment CPP apparatus for three hypothetical groups of animals in a conditioned place aversion (CPA) experiment. (B) The mean (±SEM) difference in time spent for each compartment across the pretest and the posttest. *p < 0.05, compared to Groups 2 and 3. (C) The mean (±SEM) difference in time spent in the CS+ and the CS– compartments during the pretest and during the posttest. #p < 0.05, compared to the pretest. (D) Mean (±SEM) adjusted CPA scores. *p < 0.05, compared to Groups 2 and 3.


Like CPP, an adjusted CPA score can be calculated by modifying Equation 2 accordingly:
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Notice that Equation 4 is nearly identical to Equation 2. The major difference is that instead of adding the absolute value of an expression to itself, the absolute value is subtracted. This change applies to the variables Yτ, Xτ, Zατ, and Zβτ as well.

When adjusted CPA scores are analyzed (Figure 8D), results are the same as when difference scores (posttest – pretest) are compared across groups: Group 1 develops greater CPA compared to the other groups, F(2, 33) = 14.361, p < 0.001.



Determining CPP/CPA in individual subjects

So far, I have presented analyses in which I compare one group of animals to another group of animals. One issue with the CPP/CPA analyses presented so far is that they do not provide information about the expression of CPP/CPA in an individual group or in an individual subject. Just because one group has a higher CPP score than another group, this does not mean that either group developed CPP.

One way to determine if a group of animals has developed CPP is to compare CPP scores (raw time in CS+ compartment, difference scores, etc.) to a control group that never received the CS+ (Ryan et al., 2018; Anooshe et al., 2021; Philogene-Khalid et al., 2022). Because CPP experiments utilize between-subjects designs, a disadvantage to this approach is that additional animals are needed, which can be cost prohibitive. Instead of comparing groups of animals to a control group, some studies have used one-sample t tests to compare the mean difference score/preference ratio to a value of 0 (Yates et al., 2012; Aranäs et al., 2021). The one-sample t test (or Wilcoxon signed-rank test for non-parametric data) can be used in conjunction with other analyses that directly compare groups to each other. The data from Figure 4D are replotted in Figure 9. Recall that males and females pretreated with vehicle have higher adjusted CPP scores compared to animals pretreated with each dose of Ro 63-1908 (1.0 and 3.0 mg/kg). When a one-sample t test is applied to the data, vehicle-pretreated rats show significant CPP, as well as males pretreated with the low dose of Ro 63-1908 and females pretreated with the high dose of Ro 63-1908.
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FIGURE 9
Mean (±SEM) adjusted CPP scores from the experiment described in Figure 4. A one-sample t test was used to determine if adjusted CPP scores significantly differ from a value of 0. An * above a group of subjects indicates significant CPP when this analysis is used. A classification and regression tree (CART) analysis was used to identify a critical cut-off value to separate animals as having developed CPP to animals that failed to develop CPP. Animals pretreated with vehicle were compared to control animals that received Ro 63-1908 CPP training (i.e., never received methamphetamine). This analysis identified a value above 113.008 s as meeting CPP (indicated by a black dotted line on the graph). Additionally, [70, 95] and [90, 95] tolerance intervals were built using control animals tested for Ro 63-1908 CPP. This analysis identified CPP-expressing (CPPE) rats as those that had an adjusted CPP score above 153.771 s (denoted by the red dashed line). Subjects with scores between –104.498 s (denoted by the blue dashed line) and 95.166 s (denoted by the orange dashed line) are considered to be CPP-non-expressing (nCPPE). Scores below –163.103 s (green dashed line) denote CPA. Scores between –163.103 s and –104.498 s (between green and blue dashed lines) and between 95.166 and 153.771 s (between orange and red dashed lines) indicates “unclear” rats (i.e., those that cannot be considered CPPE or nCPPE). Closed circles indicate subjects that developed CPP, regardless if the CART analysis or the tolerance interval approach was used. X’s indicate subjects that failed to develop CPP, regardless of analysis type used. Open circles indicate subjects that developed CPP according to the CART analysis, but were classified as unclear according to the tolerance interval analysis. X’s enclosed by a circle indicate subjects that failed to develop CPP according to the CART analysis and were classified as unclear according to the tolerance interval analysis.


At the individual level, dela Cruz et al. (2009) used a classification and regression tree (CART) analysis to determine a critical “cut-off” value for the expression of cocaine CPP. In this analysis, the time spent in the initially non-preferred compartment was compared between a control group of animals that never received cocaine and an experimental group that learned to associate the initially non-preferred compartment with cocaine. dela Cruz et al. (2009) found 324 s as this criterion score.

As reported by dela Cruz et al. (2009), using CART analysis can lead to different interpretations in a CPP experiment. Testing the effects of the drug MK 212 on cocaine CPP, dela Cruz et al. (2009) found that this drug fails to decrease cocaine CPP when the time spent in the cocaine-paired compartment is compared to a group of rats pretreated with vehicle. However, when rats were categorized as either acquiring CPP or not acquiring CPP, dela Cruz et al. (2009) found that a lower percentage of rats treated with MK 212 (0.125 mg/kg) met the 324-s threshold compared to vehicle-pretreated rats. This is somewhat similar to what is shown in Figure 9 of the current paper. Using the program Orange,1 I applied a CART analysis to some of the data presented in Figure 5 of the present paper. Rats pretreated with vehicle before receiving a methamphetamine injection were compared to a control group of rats that did not receive methamphetamine before being conditioned (these rats were tested for Ro 63-1908 CPP). Using this analysis, the cut-off value was >113.008 s. When using this cut-off value, 80% of males and females pretreated with vehicle developed CPP. In contrast, only 1 female pretreated with the low dose of Ro 63-1908 (1.0 mg/kg), and none of the males pretreated with the high dose of Ro 63-1908 (3.0 mg/kg) developed CPP. A chi-square test of independence reveals that the percentage of rats acquiring CPP is dependent on the dose of Ro 63-1908, χ2(2, N = 36) = 9.585, p = 0.008. The proportion of rats expressing CPP was lower for each dose of Ro 63-1908 compared to vehicle-pretreated rats, χ2(1, N = 24) = 6.171, p = 0.013 and χ2(1, N = 24) = 8.224, p = 0.004.

One issue associated with CART analysis is that creating a dichotomous group of subjects based on a single criterion can lead to situations in which a “non-acquiring” subject differs from an “acquiring” subject by just a couple of seconds. This issue is similar to the use of a median split to categorize animals into groups as it artificially dichotomizes continuous data (DeCoster et al., 2011). When examining the data reported in Figure 4C of dela Cruz et al. (2009), there are multiple subjects that are near the cut-off value. This is problematic because the differential results observed in this study seem to be influenced by subjects that have CPP scores near this criterion value. When examining the data, there are more subjects treated with MK 212 that spend at least 400 s in the CS+ compartment compared to subjects treated with vehicle. However, there are more subjects in this condition that spend less than 300 s in the CS+ compartment compared to the vehicle group. In other words, there is less variability in the vehicle-pretreated group relative to the MK 212-pretreated groups. The same issue can be observed in Figure 9 in the current paper. As the cut-off adjusted CPP value was determined to be greater than 113.008 s, there was one male rat treated with the low dose of Ro 63-1908 that developed CPP with a score of 122.331 s but one rat that failed to express CPP with a score of 111.301 s, a difference of just 11.030 s.

Another issue with artificially dichotomizing CPP data is the emergence of ceiling or floor effects in a dataset. Expressing CPP as an “all-or-nothing” event can obscure interesting trends in a dataset. For example, Ro 63-1908 linearly decreases adjusted CPP scores in male rats. That is, most of the males treated with the highest dose of Ro 63-1908 had negative adjusted CPP scores. This linear trend disappears when comparing groups based on a criterion value. Using CART analysis also prevents one from determining if animals pretreated with a pharmacological agent or placed in a particular environmental condition develop CPA as opposed to CPP. For example, one male rat treated with Ro 63-1908 (3.0 mg/kg) had an adjusted CPP score of −210.320 s, indicating a strong aversion to the compartment paired with Ro 63-1908 and methamphetamine.

An alternative approach to determining CPP in individual animals is presented in Atehortua Martinez et al. (2022). A tolerance interval is built using data from a control group of animals that have never receive the CS+. The tolerance interval is used to determine a range of values within which a specified proportion of the sampled population falls. Atehortua Martinez et al. (2022) built two tolerance intervals: [70, 95] and [90, 95]. The intervals indicate that one can be 95% confident that either 70% (first interval) or 90% (second interval) of the CPP scores for the control subjects are represented. Results showed that 70% of control subjects should have a CPP score that ranges from −85.1 to 59.4 s and that 90% of control subjects should have CPP scores that range from −128 to 102 s. Animals presented with the CS+ (cocaine) are then compared to the intervals generated for the control group. If subjects in the experimental group(s) have CPP scores that fall within the interval of −85 to 59 s, they are classified as non-CPP-expressing (nCPPE). Subjects that have CPP scores above 102 s are considered CPP-expressing (CPPE). If subjects have scores below −85 s or between 59 and 102 s, they are classified as “unclear.” The reason for this is that cocaine animals with a CPP score between −128 and −85 s or between 59 and 102 s were in the same interval as control animals. This makes dissociating these subjects as nCPPE or CPPE difficult. Atehortua Martinez et al. (2022) also characterized rats with scores below −128 s as unclear as they appear to have developed CPA.

Using the same data from the Ro 63-1908/methamphetamine CPP experiment described above, I built tolerance intervals as described in Atehortua Martinez et al. (2022) using the control data reported in Yates et al. (2021a). The [70, 95] interval includes the range of −104.498 s to 95.166 s. The [90, 95] interval includes the range of −163.103 s to 153.771 s. Applying the same protocol as Atehortua Martinez et al. (2022), CPPE rats are those that have an adjusted CPP score of >153.771 s. Rats with a score between −104.498 and 95.166 s are nCPPE. All other rats are considered unclear. Using this approach, four males and four females pretreated with vehicle can be classified as CPPE rats. Only two rats pretreated with Ro 63-1908 (two females pretreated with the high dose) can be classified as CPPE. Figure 9 shows the results of this analysis.

Using tolerance intervals to determine if a subject has developed CPP has the same limitation as CART analysis in that a continuous variable is artificially converted to a categorical variable. However, one advantage of this approach over CART is that it allows one to determine if subjects have developed an aversion to the CS+ compartment. While Atehortua Martinez et al. (2022) labeled rats with scores below −128 s as unclear, one could classify these subjects as CPA-expressing (CPAE). If I apply the same logic to the data presented in Figure 9, one male rat pretreated with Ro 63-1908 (3.0 mg/kg) has a score less than −163.103 s, indicating CPA.

Being able to determine if individual subjects have developed CPP/CPA has utility, particularly in studies examining extinction and reinstatement of CPP/CPA. If an animal fails to develop CPP/CPA, there is no need to test them for extinction and reinstatement of CPP/CPA (a behavior that is not established cannot be extinguished). Likewise, determining if an individual subject has met extinction criteria is important as a reinstatement test should not occur until CPP/CPA has been extinguished. Some published studies do not report if they determined if an individual subject developed CPP or met extinction criteria before being tested for reinstatement (Chen Y. et al., 2022; Giacometti et al., 2022; Amirteymori et al., 2023). Instead, one common approach for reinstatement studies is to give subjects a fixed number of extinction sessions before testing them for reinstatement. Other studies set some criteria that need to be met before the reinstatement test can occur (e.g., the time spent in the CS+ compartment is similar to the time spent in this compartment during the pretest) (Ferrer-Pérez et al., 2022), but these criteria are set at the group level, not at the individual level.

Figure 10 shows how relying on group means to determine extinction can be problematic. The data presented in this figure come from a reinstatement experiment conducted in my lab in which we determined if adolescent treatment of methylphenidate increases reinstatement of methamphetamine (1.0 mg/kg) CPP. Some of the data from this experiment are presented in Figure 7. In Figure 10, I present the time spent in the CS+ compartment at pretest, at posttest, and at the “end” of extinction training (artificially set at 8 days here) for male and female SHRs. I used 8 days in this example because this is commonly used in CPP experiments measuring extinction and reinstatement (Guzman et al., 2021; Meng et al., 2021; Giacometti et al., 2022; Gonzalez et al., 2022).
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FIGURE 10
The mean (±SEM) number of seconds spent in the CS+ compartment across pretest, posttest, and extinction training for male (left panel) and female (right panel) rats. When group data are analyzed, results indicate that rats spent less time in the CS+ compartment during the pretest compared to the posttest (denoted by *) and spent less time in the CS+ compartment after 8 days of extinction training compared to the posttest (denoted by #). When examining individual data points, two males and one female (represented by red lines) spent less time in the CS+ compartment at posttest relative to pretest. Six additional males and seven females (represented by dashed lines) either spent more time in the CS+ after 8 days of extinction compared to the posttest session or spent marginally less time in this compartment ( < 50 s decrease). While 8 days was selected as the “end” of extinction training for this example, six males and seven females met extinction criteria before 8 extinction sessions; therefore, they did not receive 8 days of extinction training.


A two-way ANOVA was used to determine if the time spent in the CS+ compartment changed across each phase of the experiment (pretest vs. posttest vs. extinction) and/or differed across sex. There was no main effect of sex nor a significant interaction. However, the time spent in the CS+ compartment changed across each phase of the experiment, F(2, 58) = 20.369, p < 0.001. Tukey’s post hoc test revealed that the time spent in the CS+ significantly increased from pretest to posttest and significantly decreased from posttest to extinction. These results suggest that 8 days of extinction training was sufficient to extinguish CPP. When individual data points are examined, only half of the rats showed any evidence of extinction. In our experiment, we found that two males and one female conditioned with methamphetamine (1.0 mg/kg) never acquired CPP (i.e., they spent less time in the CS+ compartment at posttest compared to pretest) and that three males and two females never extinguished their preference for the methamphetamine-paired compartment, even after 60 days of extinction training. For the animals that did meet extinction criteria, males needed 12.100 (± 4.092) days to extinguish their preference, and females needed 12.077 (± 3.406) days.

The benefit to using CART analysis or tolerance intervals is that researchers do not need to establish arbitrary criteria for constituting the development of CPP (e.g., 20% increase in time spent in the CS+ from pretest to posttest). One disadvantage to these approaches is that a control group of animals is needed to establish the cut-off value/tolerance intervals. Another potential disadvantage of tolerance intervals is attrition. In the Atehortua Martinez et al. (2022) study, they excluded all subjects that were labeled as unclear from further testing, resulting in a loss of 15.3% of the sample. If just trying to determine if CPP has occurred for extinction testing, one could potentially include the subjects that have scores above the upper limit of the [70, 95] tolerance interval instead of labeling them as unclear. Despite these limitations, CART analysis/tolerance intervals can be a great starting point for determining the criteria for the development, the extinction, and the reinstatement of CPP/CPA.




Discussion

CPP is widely used to study the neurobiological bases of reward (Tzschentke, 2007) and is used to screen potential pharmacotherapies for SUDs (Bardo et al., 2015). Entering the terms “conditioned place preference” OR “place preference” in PubMed, the number of studies published using CPP has increased from one in 1980 (Phillips and LePiane, 1980) to over 250 per year since 2011. There are multiple methodological differences that exist across CPP studies, including the apparatus type used to measure CPP (e.g., two- vs. three-compartment apparatus; biased vs. unbiased), the frequency of conditioning sessions within and across sessions, and the way in which the CS+ is assigned to a specific environmental context (e.g., biased vs. unbiased design). Although methodological considerations have been discussed previously (Carr et al., 1989; Cunningham et al., 2003), the purpose of the current paper is to highlight how quantifying CPP can alter one’s interpretation of results, a topic that has not received considerable attention. This topic is important given issues in replicability and transparency in research (Simera et al., 2010; Stevens, 2017). Even if the procedures are replicable, the way in which data are quantified and analyzed can lead to discrepant results across studies.

In the current paper, I proposed the use of the adjusted CPP score to control for potential confounds (e.g., increased novelty seeking) when using a three-compartment apparatus. If a two-compartment apparatus is used, I recommend using an analysis that considers the change in time spent in the CS+ compartment from pretest to posttest. Comparing the time spent in the CS+ compartment to the time spent in the CS– compartment during the posttest is not ideal as some subjects can spend more time in the CS+ compartment relative to the CS– compartment during the pretest. One reason I developed the adjusted CPP score was to provide a way to better standardize how researchers quantify CPP. As detailed earlier in the paper, the same group of researchers using nearly identical methods can derive different conclusions if the way CPP is quantified differs (e.g., Ryan et al., 2018 vs. Randesi et al., 2019). In addition to using these analytic approaches, I encourage researchers to consider using CART analysis or tolerance intervals as a basis for determining if CPP has been established in individual subjects, particularly when extinction and reinstatement of CPP are being examined. This last point is important because many studies measuring reinstatement of CPP often use a fixed number of extinction sessions (see Armstrong et al., 2022; Giacometti et al., 2022; Peeters et al., 2023 for some recent examples). Even if the group average meets extinction criteria, there may be several subjects that have not sufficiently extinguished their CPP. This then can artificially inflate the magnitude of reinstatement.

There are other measures researchers can take to increase transparency and replicability in CPP experiments. First, I recommend the presentation of raw data, specifically the total time spent in each compartment (including the neutral compartment if using a three-compartment apparatus) during the pretest and during the posttest. This will better allow individuals to visualize how the time spent in each compartment changes following conditioning, regardless of which analytic approach is used to quantify CPP. Some journals now encourage or require researchers to upload data to a repository or to include raw data as a supplement. Giving others access to the raw data will improve transparency in research. The raw data used to generate each graph of the present paper is included as a supplement. Second, researchers can present individual data points with the mean scores of each group. Indeed, several journals have adopted policies requiring individuals to include individual data points on figures. This, in conjunction with CART analysis/tolerance intervals, can help readers identify which individual subjects developed CPP/CPA. Although not directly related to data analysis, a final step that can be taken to ensure replicability and transparency is to clearly include the following information in the methods section of a paper: number of compartments in the apparatus, if the apparatus is biased or unbiased, and if the researchers used a biased or unbiased design. Collectively, these measures can help ensure that others can replicate a CPP/CPA experiment.
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