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SUMMARY:
Here, a morphine conditioned place preference (CPP) protocol is described to measure incubation of craving in rats.

ABSTRACT:
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]A major cause of repeated relapses is a craving for the drug. Drug craving increases progressively during the abstinence period, a phenomenon termed incubation of drug craving. Here, we describe a morphine conditioned place preference (CPP) protocol for measuring the incubation of craving in rats. In this protocol, a CPP paradigm mainly employing somatosensory cues is used to establish a long-term reward memory of morphine. A three-chamber CPP box that differs in the texture of the chamber floor is constructed. First, the animals are tested for their baseline preference to the two side chambers for three consecutive days. Then, they are injected intraperitoneally with morphine/saline and put into their non-preferred/preferred chamber for 45 min. After 6 days of conditioning, their preference to the side chambers is tested for 15 min at different time points after the last conditioning session. With this paradigm, the reward memory of morphine could last for at least 18 days. To test whether the above-mentioned protocol can model increased craving, the number of entrances into the two side chambers are counted during the abstinence period. The results show that the entrances increased, suggesting that the CPP paradigm could mimic the incubation of craving. Future studies can employ this model to study neural mechanisms underlying long-term memory and incubation of craving. 

INTRODUCTION
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Drug addiction is a chronic disease1 with several different stages2: binge/intoxication, withdrawal/negative affect, and preoccupation/anticipation. In the initial binge/intoxication stage of the drug addiction cycle, subjects take drugs due to the reinforcing effect2. In the withdrawal/negative affect stage, subjects experience negative somatic and emotional states of drug withdrawal, which promote negative reinforcement mechanisms associated with the development of addiction3. In the preoccupation/anticipation stage, subjects reinstate drug-seeking after extinction, which could be triggered by drug-associated cues or stressors. In animal studies of drug addiction, conditioned place preference (CPP) paradigms are used to mimic the positive reinforcing effect of drugs4-6 and, thus, it is used to model the initial stage of the drug addiction cycle. Morphine, a member of the opioid family, produces a positive reinforcing effect by activating the opioid receptors in the brain7,8.

The CPP paradigm is based on the principle of classical (Pavlovian) conditioning and commonly used to measure the rewarding effect of drugs of abuse, such as morphine4,5,9,10, due to its easy availability across laboratories. A typical CPP paradigm consists of three phases: pre-conditioning, conditioning and test phases. During the conditioning phase, the rewarding properties of a drug (unconditioned stimulus) are paired with one or more neutral contextual stimuli, which gain rewarding properties after several conditioning pairings and serve as conditioned stimuli. During the test phase, the animals' preference for drug-paired compartments are measured and reflected as their reward memory. For this reason, the CPP paradigm is also used to investigate the mechanisms of learning and memory. To establish a long-term reward memory of morphine, variables that affect the establishment of CPP have been adjusted and optimized with the below described protocol11. Contextual stimuli are a combination of visual, tactile and odor cues. Variations of contextual stimuli and testing time points are made according to different research purposes. For example in our previous study12, the somatosensory cues (different floor textures) were mainly used as contextual stimuli to investigate the role of the caudal part of the insular cortex, a brain region with somatosensory function, in the acquisition and maintenance of long-term reward memory. The design of the apparatus and the assignment of rats to preferred/non-preferred sides affect the establishment of CPP. A three-chamber apparatus instead of a two-chamber apparatus is used in the below protocol to avoid forced choices. The balance of two side chambers and the initial assignment of animals into them affect the acquisition of CPP4,13. Thus, a balanced design of the side chambers and biased assignment of animals are applied in this protocol to acquire a strong place preference. Maintenance of long-term reward memory requires more conditioning trials during the conditioning phase. To reduce the time cost during conditioning phase, two conditioning trials per day are carried out and morphine/saline injections are counterbalanced to avoid the acute withdrawal effect of morphine in the saline paired trials4. 

Reinstatement animal models14 have been established to model the preoccupation/anticipation stage of drug addiction cycle. CPP is also utilized to study reinstatement that models the relapse to addictive behavior5. Relapse is one of the barriers in the treatment of drug addiction. Craving is one cause of repeated relapse. The craving for drugs increases constantly during the abstinence period, a phenomenon termed incubation of craving15,16. Incubation of craving is widely studied in the drug self-administration paradigm but not the CPP paradigm. The use of the CPP paradigm to reflect incubation of craving was first proposed by Li et al.17. Their results17 showed that the CPP scores of low doses of morphine (1 mg/kg and 3 mg/kg) but not a high dose (10 mg/kg) increased progressively during the first 14 days of abstinence. Similarly, mice injected with a low dose of cocaine showed increased CPP scores over time18. The increased CPP scores of the low doses of morphine were used to reflect incubated craving17. Both duration spent in and number of entries into the drug-associated environment are suggested to reflect the reinforcing conditioned responses in the CPP paradigm19. Most of the recent studies use CPP scores to directly or indirectly reflect time spent in drug-paired chambers while the number of entries to side chambers as a parameter is often neglected. For these reasons, a morphine dose of 10 mg/kg was used and the number of entries was measured in our study11. The results show that entrances of rats to the side chambers increased significantly during the abstinence period11. This indicates that both CPP scores and number of entries are useful parameters in assessing increased craving for drugs and the CPP paradigm is applicable to model the incubation of craving phenomenon. However, to reduce the number of animals required, a group of morphine-experienced animals is tested repeatedly; thus, the effect of extinction could not be excluded with the current within subject design. A between subject design with the same protocol can overcome this limitation. 

The following describes the CPP protocol that established long-term reward memory and modeled increased craving. Briefly, after three pre-conditioning days, rats go through six conditioning days with two conditioning trials per day and then are tested at different time points after the last conditioning trial. In this CPP paradigm, a three-chamber polyvinyl chloride (PVC) box used as the CPP apparatus is constructed and the floor of the apparatus is balanced. The apparatus consists of two large black side chambers (30 cm × 25 cm × 30 cm, L×W×H) and one middle white chamber (11 cm × 25 cm × 30 cm, L×W×H) with white smooth PVC floor. The two side chambers have different floor textures as somatosensory cues: one with a grid plexiglass floor, the other with a rough PVC floor. 

PROTOCOL:

The experimental procedures were performed in accordance with the guidelines for the National Care and Use of Animals and the experiments were approved by the Institutional Animal Care and Use Committee at Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences.

1. Animal Habituation

1.1. Obtain male adult rats from animal laboratory and maintain them under a 12 h light/dark cycle (light on from 7:00 to 19:00) with free access to food and water.
 
1.2. Handle the animals by playing with them or patting them twice per day for two weeks before the experiments.

1.3. Randomly assign animals into saline or morphine groups.

2. Drug Preparation

2.1. Prepare morphine hydrochloride as 10 mg/mL and inject rats intraperitoneally (i.p.) at a volume of 1 mL/kg. 

2.2. As a control, inject rats with saline at a volume of 1 mL/kg.

3. CPP Apparatus

3.1. Construct a three-chamber CPP apparatus with different tactile (floor) cues and test rats' initial preference to two side chambers. The apparatus consists of two large black side chambers (30 cm × 25 cm × 30 cm, L×W×H) and one middle white chamber (11 cm × 25 cm × 30 cm, L×W×H) with white smooth PVC floor. The two side chambers have different floor textures as somatosensory cues: one with a grid plexiglass floor, the other with a rough PVC floor. 

3.2. Vary the combination of tactile cues to make sure that the apparatus is unbiased, since a biased apparatus is susceptible to yielding false positive results4.

Note: An important methodological issue in the design of the CPP apparatus is whether the apparatus is "biased" or "unbiased"4. If one group of untrained rats shows no initial preference for one side chamber over another, the apparatus is considered "unbiased". Otherwise, consider it as "biased"13.

4. CPP Procedure

4.1. Establish the morphine-induced CPP paradigm mainly according to previous studies21,22 with modification of conditioning time points, number of conditioning sessions, conditioning trial period and testing time points20. A short description is given below, of which the experimental schedule is depicted in Figure 1.

4.2. Pre-conditioning phase 

4.2.1. During this phase (day 1 to 3), remove guillotine doors to allow free access to the entire apparatus and place the animal in the middle chamber. 

4.2.2. Record the activity of the animals for 15 min.

4.2.3. Calculate the time spent in the two side chambers on day 3 as the baseline and refer this as T0.

4.2.4. Remove rats that enter less than -four times to either of the side chambers from the experiment23 as these rats are likely to have problems in general well-being (e.g., dirty fur and having tumors). Check the health state of the animals during the whole experimental period.

4.3. Conditioning phase 

Note: Conditioning phase includes 6 days (day 4 to 9). 

4.3.1. For morphine-conditioned subjects, inject rats i.p. with morphine (10 mg/kg) or saline (1 mL/kg) alternately in the morning (9:00) and evening (19:00) sessions (10 h apart).

4.3.2. Confine rats immediately after each injection to its drug-paired (non-preferred) or saline-paired (preferred) chamber for 45 min (Figure 1B).

4.3.3. Keep the video recording system on. 

Note: According to our experience, around 5% of rats have the respiratory depression after the first injection of morphine (10 mg/kg). In such a case, to increase the survival rate of respiratory depressed rats, get the rat out of the conditioning chamber, pull its tongue out and put it on a white tissue paper in its home cage.

4.3.4. For saline-conditioned controls, give rats saline injections (1 mL/kg) prior to exposure to one side chamber of the CPP apparatus during the morning session and to the other side during the evening session for 45 min/session in line with morphine group (Figure 1C). 

4.4. Testing phase

4.4.1. During this phase, remove guillotine doors to allow free access to the entire apparatus and place the animal in the middle chamber to let them freely explore the whole apparatus for 15 min.

4.4.2. Record their activity during this 15 min. 

4.4.3. Carry out three post-conditioning tests, i.e., test 1 (T1), test 2 (T2) and test 3 (T3), 2 days, 10 days and 18 days after the last conditioning session in a morphine-free state, respectively (Figure 1A).

4.4.4. Vary testing time points for different experimental goals.

Note: To minimize the number of rats required, a within-subject design is employed. However, to exclude the extinction effect, a between subject design is required. 

[Place Figure 1 here]

5. Data Analysis

5.1. Calculate the CPP score in morphine(saline) group as: CPP score = the time spent in the drug-paired (non-preferred) chamber/ the total time spent in both conditioning chambers.

5.2. Perform data analysis of CPP scores and entrances to side chambers with appropriate statistical methods using SPSS.

5.3. Present all behavioral data as mean ± SEM, where SEM is the standard error of mean. Consider values of p<0.05 as statistically significant and indicate by asterisks (*) and octothorpesin (#) in the figures.

REPRESENTATIVE RESULTS 
The following representative results show that a morphine CPP can be successfully established by the protocol described above and long-term morphine reward memory (Figure 2) can be maintained. The number of entries to side chambers, analogous to number of active responses in the self-administration paradigm, reflects the reinforcing property of morphine. The increased number of entries (Figure 3), indicating the incubation of craving, was observed using this morphine CPP paradigm.

CPP memory could last at least 18 days after the last conditioning session.
Twenty-one rats in the morphine group and 10 rats in the saline group were used to test the expression of the long-term rewarding memory. A mixed ANOVA revealed significant differences in the interaction between group and test (F (3,87) = 4.973, p = 0.003), test (F (3,87) = 18.237, p< 0.001) and group (F (1,29) = 11.413, p = 0.002). Significant differences among tests (F (3,60) = 46.628, p < 0.001) in the morphine group but not saline group(F(3,27) = 1.576, p = 0.218) were detected by a one-way repeated ANOVA. The multiple comparison analysis with Bonferroni adjustment showed significant differences between the three tests and T0 in the morphine group. As shown in Figure 2, the morphine reward memory lasted at least 18 days and decreased in a time-dependent trend. Data are obtained from a previous published study11.

Entrances to side compartments in morphine group increased progressively

Morphine group
To test the trend of entrances, group (saline-paired and morphine-paired) as between-subjects factor and test (T0, T1, T2 and T3) as within-subjects factor were set for a mixed ANOVA. No significant differences in the interaction between group and test (F (2.311,92.449) = 1.915, p = 0.147) and group (F(1,40) = 0.898, p = 0.349), but significance in test (F(2.311,92.499)= 24.243, p < 0.001), were detected. The multiple comparison analysis with least significant difference (LSD) test showed significant differences between T1 and T0 (p<0.001), T2 and T0 (p < 0.001) and T3 and T0 (p < 0.001) in the morphine group in morphine-paired entrances. Concerning saline-paired compartments, statistical significances existed between T2 and T0 (p = 0.002) and T3 and T0 (p = 0.003) but not T1 and T0 (p = 0.246), which is similar to the pattern of incubation of heroin craving24. In general, entrances to side chambers in the morphine group increased time-dependently.
 
Rats entered more frequently to the morphine-paired compartment than saline-paired compartment at T1 (t(1,21) = -2.833, p = 0.010) and T2 (t(1,21) = -4.458, p = 0.0002) but not T3 (t(1,21) = -0.471, p = 0.642) (two-tailed paired t-tests).

Saline group

Similar with the morphine group, a mixed ANOVA was applied and revealed no significant differences in the interaction between group and test (F(3,54) = 0.345, p = 0.793), test (F(3,54) = 1.793, p = 0.159) and group (F(1,18) = 0.151, p = 0.702).Thus, entrances to side chambers in the saline group were stable over time.

FIGURE AND TABLE LEGENDS

Figure 1. Experimental procedures. (A) Experimental procedures of the whole CPP process. (B) Experimental schedule of the conditioning phase of morphine group. (C) Experimental schedule of the conditioning phase of saline group.

Figure 2. CPP memory can last at least 18 days but declines with time. Memory retention of CPP in the morphine group (n = 21) and the saline group (n = 10) was assessed by measuring the CPP score for several time points after last conditioning (T1, 2 days; T2,10 days and T3, 18 days). All values of CPP scores are mean ± SEM. ### indicates p<0.001 and ## means p < 0.01 compared with saline group; *** indicates p < 0.001 compared with T0 in the morphine group. This figure has been modified from Sun et al.,201711.

Figure 3. Entrances to side-chambers in morphine and saline groups. Entrances to two side chambers in the morphine group (n = 21) and the saline group (n = 10) were assessed at several time points after the last conditioning (T1, 2 days; T2,10 days and T3, 18 days) and compared with T0. All values of entrances are mean ± SEM. In the morphine group (A), entrances to the morphine-paired side increased very significantly from T1 to T3 while entrances of saline-paired chamber only increased significantly from T2. Paired t tests with morphine-paired compartment and saline-paired compartment showed very significant increases in both T1 and T2. In the saline group (B), there are no significant changes in entrances to both sides. This figure has been modified from Sun et al.,201711.

DISCUSSION 
Here, a method using a morphine CPP paradigm is described to establish long-term reward memory in rat with somatosensory cues as conditioned context. To build such a long-term reward memory, a previous protocol21 with a balanced CPP apparatus is modified and the saline and morphine sessions are set at least 10 h apart. In addition, more conditioning sessions are added during the conditioning phase to enhance the associative learning. Apart from the CPP scores, the entrances to two side chambers are measured and the pattern of increased entrances to side chambers is similar with that of the increased active responses in the self-administration paradigm. 

Several factors influence the establishment of the CPP paradigm mentioned above. One key factor is the design of the apparatus: rats in general should have similar preference to both side chambers to ensure the apparatus is balanced. An unbalanced apparatus can mask the acquisition of CPP due to the initial high preference to one side chamber13. Therefore, extreme preference to one side chamber (more than 90% of the total time in any of the two side chambers) should be avoided when choosing the texture of the floor or other contextual cues. For different experimental purposes, experimenters can balance the CPP apparatus by modifying the contextual stimuli. For balanced apparatus, two ways of experimental design are commonly used4. One biased way is to pair drugs with the non-preferred chamber with all subjects; an unbiased way is to pair half of the animals with drugs in the non-preferred chamber, the other half with the preferred chamber. Both ways can establish CPP13 but studies17,25 with the latter design always exclude many subjects due to their strong preference to one side chamber. As individual vulnerability to drug addiction26-28 exists, a biased design was chosen in this study to avoid exclusion of healthy subjects. One limitation of biased design is the effect of inconsistent preference to side chambers. As shown in Figure 2, rats in the saline group have consistent low CPP scores for the initial non-preferred chamber. Thus, the possibility that inconsistent preference to side chambers could affect the CPP scores in the morphine group is excluded by setting the saline controls. To avoid the ceiling effect of the preferred chamber, we use the initial non-preferred chamber as the morphine paired chamber. To avoid the effect of novelty and stress on the baseline preference to side chambers, three pre-conditioning sessions are performed, and the third session is used as the baseline. The fourth factor is the interval between morphine and saline sessions. In our paradigm, we choose intervals of at least 10 hours to avoid the withdrawal effect in the saline conditioning period. The dosage of morphine is also an important factor. Extremely low doses of morphine, such as 0.01 mg/kg6, did not induce place preference. A dose of 10 mg/kg induced the highest CPP score17 in rats and is commonly used in rat morphine CPP studies17,21,23. However, 10 mg/kg morphine (i.p.) could induce respiratory depression in around 5% of rats. Lower doses of morphine, such as 5 mg/kg, could be used in future studies. For other species, such as tree shrew, tolerance to drugs should be considered when building the CPP paradigm. Since tree shrew develops fast tolerance to morphine, increased doses of morphine should be used during the conditioning phase29,30.

With the modified protocol, a long-term reward memory is established for at least 18 days after 6 days of conditioning11 (Figure 2). Future studies should measure whether CPP could be maintained for a longer time. Repeated relapse is the major barrier in treating drug addiction. Stress, environmental cues and drugs could induce relapse. After extinction of the CPP memory, this model could be used to model relapse induced by stress or drugs.

The entrances to the drug-paired chambers in the morphine group increased in the abstinence period11 (Figure 3), which is similar with the increased active responses in the self-administration paradigm. However, entrances to the saline-paired chamber also increased with the CPP paradigm in both rats and tree shrews11, which is different from the inactive responses of the self-administration paradigm. This difference might due to the different underlying principles of the two paradigms: one is classical conditioning, the other is operant conditioning. Besides, tree shrews with food CPP experiences did not show such a pattern of increased entrances30. Therefore, the increased entrances to both side chambers in morphine-experienced animals are thought to represent incubated craving of drugs. Although the limitation of using repeated measures in one subject cannot be excluded, the pattern of increased entries was conserved in rats11, tree shrews11,30 and monkeys31. Nonetheless, a between subject design during the abstinence period is highly recommended for future studies to exclude the extinction effect of repeated measurements. 

Apart from the increased entrances, CPP scores with low doses of morphine (1 mg/kg and 3 mg/kg) increased progressively during the abstinence period17. These results suggest that the CPP paradigm could also model the incubation of craving phenomenon. However, an increased CPP score might also represent an increased memory for the conditioned stimulus. In this aspect, entrances to the side chambers in a three-chamber apparatus, which are similar to active responses in the self-administration paradigm, more closely resemble the search for drugs or the rewarding effect of drugs. It would be interesting to check the trends of entrances to side chambers during the abstinence period in rat CPP paradigms of lower doses of morphine. Future studies with other drugs and mice should be done to verify whether this phenomenon is conserved across drugs of abuse/species.
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