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Exposure to a catastrophic event or intense stimulation can trigger fear memories, and the threatening memories persist even over a lifetime. Exposure therapy is based on extinction learning and is widely used to treat fear-related disorders, but its effect on remote fear memory is modest. Berberine, an isoquinoline alkaloid derived from Coptis chinensis or Berberis spp., has been recently reported to exert a diversity of pharmacological effects on the central nervous system, such as facilitating extinction of drug memory. Here, we explored the effect of berberine on extinction of fear memory using a classical contextual fear conditioning (CFC) paradigm, which is Pavlovian conditioning, can rapidly create fear memories related to contexts. Twenty-four hours or 30 days after CFC training, mice were subjected to context extinction (10 days) to extinguish their behaviors and treated with 12.5 or 25 mg/kg berberine intragastrically 1 or 6 h after each extinction session, followed by reinstatement and spontaneous recovery tests. The results showed that intragastric administration of 25 mg/kg berberine 1 h after extinction significantly promoted the extinction of recent and remote fear memories and prevented reinstatement and spontaneous recovery of extinguished fear in mice. These findings indicate that berberine combined with extinction training could serve as a promising novel avenue for the treatment of fear-related disorders.
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1 INTRODUCTION
Fear response is an emotional experience necessary to adapt to the new environment. However, an exceedingly strong, persistent, and uncontrollable state of fear can lead to the development of anxiety and fear-related disorders, such as posttraumatic stress disorder (PTSD). PTSD is a mental disorder that has a high incidence and difficult to be completely cured, with a lifetime prevalence of 6.8% (Markowitz et al., 2015). The patients exert repeated and long-term fear responses, and this disorder brings great pain to people’s lives and causes a huge social–economic burden.
In the laboratory, fear learning is usually studied by classical (Pavlovian) association between a neutral conditioned stimulus (CS) and a fearsome stimulus (usually one or more footshocks; unconditioned stimulus [US]). After being conditioned to a US, a CS can elicit a fear response (Gutberlet et al., 1902; Mcgaugh, 2000). However, extinction of conditioned fear occurred when repeatedly exposed to a CS without US presentation, which has been proposed to be a new CS–no US memory termed as “extinction memory” (Pavlov, 1927; Morgan and Ledoux, 1999; Berman and Dudai, 2001; Maren et al., 2013; Singewald and Holmes, 2019). Extinction is not the erasure of the original fear memory, but the formation of a new extinction memory to inhibit the expression of fear (Orsini and Maren, 2012; Izquierdo et al., 2016; Likhtik and Johansen, 2019; Bouton et al., 2021). The new extinction memory also involved acquisition, consolidation, and storage processes (Millan et al., 2011; Orsini and Maren, 2012; Maren et al., 2013; Careaga et al., 2016; Knox, 2016). Studies demonstrate that PTSD subjects lead to extinguished fear relapses due to impaired recall of extinction memory (Vervliet et al., 2013; Goode and Maren, 2014; Qin et al., 2021). Therefore, enhancing consolidation of extinction memory has been considered as a strategy for attenuating the original fear memory. Nevertheless, it is easy to relapse because of the persistence of fear memories in humans and rodents, the response of previously extinguished fear will reemerge when the original US is given unexpectedly, called “reinstatement” (Haaker et al., 2014; Goode and Maren, 2019). Similarly, such responses will reoccur when a substantial amount of time has passed, called “spontaneous recovery” (Rescorla, 2004; Lacagnina et al., 2019). Fear memory was subdivided into recent and remote fear memory after training 1 or 30 days in animal studies, respectively (Anagnostaras et al., 1999; Pan et al., 2020; Vetere et al., 2021). Exposure therapy based on extinction theory described above has less effect on remote fear memory and seldom suppresses the reinstatement and spontaneous recovery of extinguished fear (Costanzi et al., 2011; Graff et al., 2014; An et al., 2017). Also, Dudai’s remarkable discovery demonstrated that memories become impervious to interferences that disrupt synaptic consolidation within 6 h after the training, which provides a precise time window to interfere with consolidation memory (Dudai, 2004). Together, there is an urgent need to enhance the efficacy of exposure therapy and develop potential and effective strategies for fear-related disorders treatment.
Berberine is a biologically active isoquinoline alkaloid extracted from the roots or stems of the Chinese traditional medicine Coptis chinensis and Berberis spp. (Neag et al., 2018; Belwal et al., 2020). It was used as a traditional medicine for centuries and has been clinically widely used as an over-the-counter (OTC) drug for gastrointestinal infections (Domitrovic et al., 2011; Habtemariam, 2020). Recently, growing evidence demonstrates that berberine has therapeutic potential in many central nervous system pathological conditions. Berberine exerted antidepressant-like effect by modulating brain biogenic amines including norepinephrine, serotonin, and dopamine (DA) (Kulkarni and Dhir, 2008; Habtemariam, 2020) and showed neuroprotective effect via modulation of Sirt 1/p38 MAPK expression in traumatic brain injury (Wang et al., 2018). In addition, berberine improves brain DOPA/DA levels to ameliorate Parkinson disease by regulating gut microbiota (Wang et al., 2021). Moreover, berberine modulates oxytocin receptors to attenuate methamphetamine consumption and anxiety-like behaviors (Alavijeh et al., 2019). Furthermore, berberine has been reported to alleviate anxiety-like behavior in rats with posttraumatic stress disorder and facilitate extinction of drug memories (Lee et al., 2018; Shen et al., 2020). In Shen and colleagues’ study, they found that brain-derived neurotropic factor (BDNF) and AMPA receptors (GluA1 and GluA2) were associated with enhanced extinction memory consolidation (Shen et al., 2020). AMPA receptor GluR1 signaling is also involved in consolidation of remote fear memories (Andero and Ressler, 2012). Although fear memory and drug memory are different types of memory, they have similar memory processes, underlying neurobiological mechanisms, and both are driven by emotional or traumatic experiences, and thus both of them are considered as pathological emotional memories (Torregrossa et al., 2011; Taylor and Torregrossa, 2015). Besides that, much evidence shows the levels of BDNF, GluA1, and GluA2 deemed for critical roles in both drug extinction memory and fear extinction memory (Yu et al., 2009; Andero and Ressler, 2012; Rakofsky et al., 2012). For the reasons mentioned previously, it is reasonable to speculate that berberine may have effect on fear extinction memory. However, the effects of berberine treatment on the extinction of fear memory and its therapeutic potential for fear-related disorders have not been reported yet.
Taken together, the data to date suggest a hypothesis that berberine plays a critical role in fear extinction memory. Here, we first aimed to evaluate the optimum dose of berberine and then tested the hypothesis that berberine combined with extinction training enhances extinction memory and prevents the return of fear. In the present study, we used a classical contextual fear-conditioning (CFC) model to test the effect of berberine treatment on extinction of both recent and remote fear memory and investigated whether berberine combined with extinction training could persistently attenuate and prevent the return of fear in mice.
2 MATERIALS AND METHODS
2.1 Subjects
Male C57BL/6 mice (initially weighing 20–22 g on arrival) were purchased from the Tianqin Laboratory Animal Technology Co., Ltd., China. A total of 134 mice were used for experiments. Mice were housed in groups of four per cage, maintained on a 12-h light–dark cycle (lights off at 7:00 am, lights on at 7:00 pm) at a room temperature of 20°C–25°C with ad libitum access to food and water. All mice were handled 3-min daily for 3 days before behavioral procedures. The current study and its experiments were conducted according to the Guide of Hunan Province for the Care and Use of Laboratory Animals, and experimental protocols were approved by the Local Committee on Animal Care and Use and Protection of the Hunan Normal University (protocol 2021320).
2.2 Drugs
The doses of berberine were chosen based on our previous study (Shen et al., 2020). Berberine was resuspended with corn oil to concentrations of 12.5 and 25 mg/ml immediately before use. In the control group, mice were administrated with corn oil (1 ml/kg) intragastrically. Berberine was purchased from J&K Chemical Ltd., Shanghai, China.
2.3 Behavioral Procedures
2.3.1 Contextual Fear Conditioning
The CFC procedure was based on our previous study with minor modification (Liu et al., 2015). All mice were handled for 1–2 min per day for 3 days before conditioning. On the training day, they were placed in the conditioning chamber (Shanghai XinRuan Information Technology Co., Ltd.), and three 2-s 0.75-mA foot shocks were delivered on 180, 240, and 300 s, and the mice were allowed to explore the conditioning chamber for an additional 30 s and then removed to their home cages. After removing the mice from the chamber, the chamber was cleaned and scented with 75% alcohol. All training sessions were during the dark cycle (7:00 am–19:00 pm). Freezing behavior was defined as lack of all movement except respiration. The percentage of freezing time was calculated by dividing the freezing time by the total time.
2.3.2 Extinction and Extinction Test
During 5-min daily extinction sessions for 10 days, the conditions were the same as CFC training except that foot shock was no longer delivered. Mice were administrated with berberine (12.5 and 25 mg/kg) or coin oil (1 ml/kg) orally 1 or 6 h after each extinction session.
Extinction tests were performed 2 days after last extinction session; the conditions were the same as the extinction session.
2.3.3 Reinstatement and Spontaneous Recovery
For reinstatement test, a 0.75-mA foot shock was given after the extinction test to reinstate extinguished fear, followed by a 5-min reinstatement test 24 h later in the training chamber.
The spontaneous recovery test was conducted 30 days after the extinction test in the training chamber. The definition of freezing behaviors was the absence of all movement except of respiration.
2.4 Statistical Analysis
Data were analyzed using repeated-measures analysis of variance (ANOVA) with appropriate between-subjects factor and within-subjects factor followed by Bonferroni post hoc test for each experiment (see Results section). Power analysis was used to calculate appropriately the number of animals at 8) with a statistical power of >85%. The results are presented as the mean ± SEM. p < 0.05 was considered statistically significant.
2.5 Experimental Design
2.5.1 Experiments 1, 2: The Effect of Berberine Administration After Each Extinction Session on Extinction Training and Subsequent Reinstatement of Recent Fear Memory
In experiment 1, mice were habituated for 3 days. On day 3, the mice received CFC training, and then were divided into three groups: (1) oral gavage administration of corn oil (1 ml/kg) 1 h after each extinction session (control, n = 8); (2) oral gavage administration of berberine (12.5 mg/kg) 1 h after each extinction session (12.5 mg/kg berberine, n = 8); (3) oral gavage administration of berberine (25 mg/kg) 1 h after each extinction session (25 mg/kg berberine, n = 8). Twenty-four hours after CFC training, the mice underwent 5-min daily extinction training with different treatments for 10 consecutive days (Lacagnina et al., 2019). Two days after the last extinction session, the mice were examined for extinction test. After the extinction test, one single shock was given to reinstate extinguished fear. Twenty-four hours later, mice were conducted for reinstatement test (Figure 1A).
[image: Figure 1]FIGURE 1 | Berberine administration 1 h after extinction enhanced extinction and reduced reinstatement of recent fear. (A, E) Timeline of contextual fear conditioning, drug treatment, extinction training, extinction test, and reinstatement test. (A) One hour after each extinction training session, corn oil (1 ml/kg, intragastrically [i.g.]) or berberine (12.5 and 25 mg/kg, i.g.) was administered to mice, respectively. (E) Six hours after each extinction training session, 1 ml/kg corn oil (i.g.) or 25 mg/kg berberine (i.g.) was administered to mice. (B, F) Freezing levels during fear conditioning were similar between different groups. (C, G) Freezing behaviors declined during extinction training sessions. (C) Repeated-measures ANOVA, effect of the training day, F(9,189) = 164.1, p0.001; Bonferroni post hoc test, p < 0.05, during the extinction training days 2–8. (D, H) Percentage of freezing time during extinction test (left) and reinstatement test (right). (D) Significant freezing time was observed in RI test, p < 0.01. n = 7–8 mice per group. Data are means ± SEM, *p < 0.05, **p < 0.01, compared with the control group. CFC, contextual fear conditioning; Ext, extinction; RI, reinstatement.
To test whether berberine specifically facilitates consolidation of extinction memory, in experiment 2, mice were divided into two groups after CFC training: (1) oral gavage administration of corn oil (1 ml/kg) 6 h after each extinction session (6 h + control, n = 8); (2) oral gavage administration of berberine (25 mg/kg) 6 h after each extinction session (6 h + berberine, n = 7). All mice then underwent the same experimental procedures with Figure 1A,E).
2.5.2 Experiments 3, 4: The Effect of Berberine Administration After Each Extinction Session on Extinction Training and Subsequent Spontaneous Recovery of Recent Fear Memory
In experiment 3, mice were habituated for 3 days. On day 3, mice received CFC training and then were divided into two groups: (1) oral gavage administration of corn oil (1 ml/kg) 1 h after each extinction session (1 h + control, n = 7); (2) oral gavage administration of berberine (25 mg/kg) 1 h after each extinction session (1 h + berberine, n = 8). Twenty-four hours after CFC training, mice underwent 5-min daily extinction training with corn oil or berberine administration for 10 consecutive days. Two days after the last extinction session, the mice were examined for extinction test. One month later, the mice were conducted for spontaneous recovery test (Figure 2A).
[image: Figure 2]FIGURE 2 | Berberine administration 1 h after extinction enhanced extinction and reduced spontaneous recovery of recent fear. (A, E) Timeline of contextual fear conditioning, drug treatment, extinction training, extinction test, and spontaneous recovery test. (A) One hour or (E) 6 h after each extinction training session, corn oil (1 ml/kg, i.g.) or berberine (25 mg/kg, i.g.) was administered to mice, respectively. (B, F) Freezing levels during fear conditioning were similar between different groups. (C, G) Freezing behaviors declined during extinction training sessions. (C) Repeated-measures ANOVA, effect of the training day, F(9,117) = 169.3, p < 0.001; Bonferroni post hoc test, p < 0.05, during the extinction training days 2–6. (D, H) Percentage of freezing time during extinction test (left) and spontaneous recovery test (right). (D) Significant freezing time was observed in SR test, p < 0.01. n = 7–8 mice per group. Data are means ± SEM, *p < 0.05, **p < 0.01, compared with 1 h + control group. CFC, contextual fear conditioning; Ext, extinction; SR, spontaneous recovery.
To examine the effect of delayed administration of berberine on fear extinction and subsequent spontaneous recovery, in experiment 4, mice were divided into two groups after CFC training: (1) oral gavage administration of corn oil (1 ml/kg) 6 h after each extinction session (6 h + control, n = 8); (2) oral gavage administration of berberine (25 mg/kg) 6 h after each extinction session (6 h + berberine, n = 8). All mice then underwent the same experimental procedures with Figures 2A,E).
2.5.3 Experiments 5, 6: Effect of Berberine Administration After Each Extinction Session on Extinction Training and Subsequent Reinstatement of Remote Fear Memory
In experiments 5 and 6, the experimental procedure was the same as that in experiments 1 and 2, except that extinction training sessions were performed 30 days rather than 24 h after the CFC training, n = 8 in both groups (Figures 3A,E).
[image: Figure 3]FIGURE 3 | Berberine treatment 1 h after extinction enhanced extinction and reduced reinstatement of remote fear. (A, E) Timeline of contextual fear conditioning, drug treatment, extinction training, extinction test, and reinstatement test. (A) One hour or (E) 6 h after each extinction training session, corn oil (1 ml/kg, i.g.) or berberine (25 mg/kg, i.g.) was administered to mice, respectively. (B, F) Freezing levels during fear conditioning were similar between different groups. (C, G) Thirty days after CFC, freezing behaviors declined during extinction training sessions. (C) Repeated-measures ANOVA, effect of the training day, F(9,126) = 233.4, p < 0.001; Bonferroni post hoc test, p < 0.05, during extinction training days 2, 4–8. (D, H) Percentage of freezing time during extinction test (left) and reinstatement test (right). (D) Significant freezing time was observed in RI test, p = 0.0027. n = 8 mice per group. Data are means ± SEM, *p < 0.05, **p < 0.01, and compared with 1 h + control group. CFC, contextual fear conditioning; Ext, extinction; RI, reinstatement.
2.5.4 Experiments 7, 8: Effect of Berberine Administration After Each Extinction Session on Extinction Training and Subsequent Spontaneous Recovery of Remote Fear Memory
In experiments 7 and 8, the experimental procedure was the same as that in experiments 3 and 4, except that extinction training sessions were performed 30 days rather than 24 h after the CFC training, n = 8 in both groups (Figures 4A,E).
[image: Figure 4]FIGURE 4 | | Berberine treatment 1 h after extinction enhanced extinction and reduced spontaneous recovery of remote fear. (A, E) Timeline of contextual fear conditioning, drug treatment, extinction training, extinction test, and spontaneous recovery test. (A) One hour or (E) 6 h after each extinction training session, corn oil (1 mL/kg, i.g.) or berberine (25 mg/kg, i.g.) was administered to mice, respectively. (B, F) Freezing levels during fear conditioning were similar between different groups. (C, G) Thirty days after CFC, freezing behaviors declined during extinction training sessions. (C) Repeated-measures ANOVA, effect of the training day, F(9,126) = 133.8, p < 0.001; Bonferroni post hoc test, p < 0.05, during the extinction training days 2–6. (D, H) Percentage of freezing time during extinction test (left) and spontaneous recovery test (right). (D) Significant freezing time was observed in SR test, p < 0.01. n = 8 mice per group. Data are means ± SEM, *p < 0.05, **p < 0.01, and compared with 1 h + control group. CFC, contextual fear conditioning; Ext, extinction; SR, spontaneous recovery.
3 RESULTS
3.1 Berberine Administration 1 h After Extinction Enhanced Extinction and Prevented Subsequent Reinstatement of Recent Fear Memory
In experiment 1, we first investigated the optimal doses and time window of berberine treatment on extinction and subsequent reinstatement of recent fear memory (Figure 1). On the training day, Percent freezing time was significantly different between the first trial and the last trial during fear conditioning (p < 0.05; Figure 1B). Extinction training data were analyzed by repeated-measures ANOVA, with the treatment condition (control, 12.5 mg/kg berberine or 25 mg/kg berberine) as a between-subjects factor and different training days as a within-subjects factor. There were significant differences among three groups in the percentage of freezing time during extinction training (main effect of the training day: F(9,189) = 164.1, p < 0.001; main effect of the treatment condition: F(2,21) = 7.328, p < 0.01; interaction of training day × treatment condition: F(18,189) = 5.167, p < 0.001). The Bonferroni post hoc test revealed differences between the control and 25 mg/kg berberine groups during the extinction training days 2–8 (p < 0.05), suggesting that berberine administration 1 h after extinction promoted extinction of recent fear memory (Figure 1C). There was a significant difference in the percentage of freezing time in reinstatement test between control and 25 mg/kg berberine groups (main effect of the different test day: F(1.21) = 275.3, p < 0.001; main effect of the different treatment condition: F(2,21) = 6.476, p < 0.01; interaction of test day× treatment condition: F(2,21) = 13.62, p < 0.001). Post hoc test showed that 25 mg/kg berberine significantly reduced the freezing time compared with the control group in the reinstatement test (p < 0.01; Figure 1D). In experiment 2, percent freezing time was significantly different between the first trial and the last trial during fear conditioning (p < 0.05; Figure 1F). However, for the freezing time with delayed administration of berberine, there were no significant differences in both extinction training (main effect of the extinction training day: F(9,117) = 221.5, p < 0.001; main effect of the different treatment condition: F(1,13) = 0.029, p = 0.8659; interaction of extinction training day × different treatment condition: F(9,117) = 0.5734, p = 0.8166; Figure 1G) and reinstatement test (main effect of the different test day: F(1.13) = 55.38, p < 0.001; main effect of the different treatment condition: F(1,13) = 0.0467, p = 0.8322; interaction of test day × treatment condition: F(1,13) = 0.2576, p = 0.6203; Figure 1H) between 6 h + control and 6 h + berberine groups.
In summary, these results suggest that berberine administration 1 h after extinction promoted fear extinction and reduced reinstatement of recent fear memory.
3.2 Berberine Administration 1 h After Extinction Enhanced Extinction and Prevented Subsequent Spontaneous Recovery of Recent Fear Memory
In experiment 3, we further confirmed the time window of berberine treatment on fear memory extinction and spontaneous recovery of recent fear memory (Figure 2). On the training day, Percent freezing time was significantly different between the first trial and the last trial during fear conditioning (p < 0.05; Figure 2B). Extinction training data were analyzed by repeated-measures ANOVA, with the treatment condition (1 h + control or 1 h + berberine) as a between-subjects factor and different training days as a within-subjects factor. There were significant differences between groups in the percentage of freezing time during extinction training (main effect of the training day: F(9,117) = 169.3, p < 0.001; main effect of the treatment condition: F(1,13) = 6.617, p < 0.05; interaction of training day × treatment condition: F(9,117) = 5.732, p < 0.001). The Bonferroni post hoc test revealed differences between groups during the extinction training days 2–6 (p < 0.05), suggesting that berberine administration 1 h after extinction enhanced extinction of recent fear memory (Figure 2C). There was a significant difference in the percentage of freezing time in spontaneous recovery test between groups (main effect of the different test day: F(1.13) = 29.31, p < 0.001; main effect of the different treatment condition: F(1,13) = 31.7, p < 0.01; interaction of test day × treatment condition: F(1,13) = 14.14, p < 0.01). Post hoc test showed that berberine administration 1 h after extinction significantly reduced the freezing time compared with the 1 h + control group in the spontaneous recovery test (p < 0.01; Figure 2D). In experiment 4, percent freezing time was significantly different between the first trial and the last trial during fear conditioning (p < 0.05; Figure 2F). However, for freezing time with delayed administration of berberine, there were no significant differences in both extinction training (main effect of the extinction training day: F(9,126) = 217.1, p < 0.001; main effect of the different treatment condition: F(1,14) = 0.7743, p = 0.3937; interaction of extinction training day × different treatment condition: F(9,126) = 0.8957, p = 0.5313; Figure 2G) and spontaneous recovery test (main effect of the different test day: F(1.14) = 101.6, p < 0.001; main effect of the different treatment condition: F(1,14) = 4.4883, p = 0.0443; interaction of test day × treatment condition: F(1,14) = 0.2508, p = 0.6243; Figure 2H) between 6 h + control and 6 h + berberine groups.
These results indicate that berberine administration 1 h after extinction enhanced extinction rates and reduced spontaneous recovery of recent fear memory. Experiments 1, 2, 3, and 4 data verify the hypothesis that berberine combined with extinction training enhance extinction memory and prevent the return of fear.
3.3 Berberine Treatment 1 h After Extinction Enhanced Extinction and Prevented Subsequent Reinstatement of Remote Fear Memory
In experiment 5, we examined whether the facilitating effect of berberine on extinction was also applied to remote fear memory. One month after the CFC training, the mice were administered control or berberine 1 h after each extinction session and then tested for extinction and reinstatement of extinguished fear (Figure 3). On the training day, Percent freezing time was significantly different between the first trial and the last trial during fear conditioning (p < 0.05; Figure 3B). Extinction training data were analyzed by repeated-measures ANOVA, with the treatment condition as a between-subjects factor and different training days as a within-subjects factor. There was significant difference between 1 h + control and 1 h + berberine groups in the percentage of freezing time during extinction training (main effect of the training day: F(9,126) = 233.4, p < 0.001; main effect of the treatment condition: F(1,14) = 6.814, p < 0.05; interaction of training day × treatment condition: F(9,126) = 12.23, p < 0.001). The Bonferroni post hoc test revealed differences between 1 h + control and 1 h + berberine groups during extinction training days 2, 4–8 (p < 0.05), suggesting that berberine administration 1 h after extinction enhanced extinction of remote fear memory (Figure 3C). Also, there was a significant difference in the percentage of freezing time in reinstatement test between 1 h + control and 1 h + berberine groups (main effect of the different test day: F(1.14) = 5.842, p < 0.05; main effect of the different treatment condition: F(1,14) = 4.369, p = 0.05; interaction of test day × treatment condition: F(1,14) = 8.382, p < 0.05). Post hoc test showed that berberine administration 1 h after extinction significantly reduced the freezing time compared with the 1 h + control group in the reinstatement test (p < 0.01; Figure 3D). In experiment 6, percent freezing time was significantly different between the first trial and the last trial during fear conditioning (p < 0.05; Figure 3F). However, for freezing time with delayed administration of berberine, there were no significant differences in both extinction training (main effect of the extinction training day: F(9,126) = 102.9, p < 0.001; main effect of the different treatment condition: F(1,14) = 0.0389, p = 0.8469; interaction of extinction training day × different treatment condition: F(9,126) = 0.5504, p = 0.5504; Figure 3G) and reinstatement test (main effect of the different test day: F(1.14) = 17.49, p < 0.001; main effect of the different treatment condition: F(1,14) = 0.2414, p = 0.6308; interaction of test day × treatment condition: F(1,14) = 0.01, p = 0.9202; Figure 3H) between 6 h + control and 6 h + berberine groups.
These results indicate that berberine administration 1 h after extinction enhanced extinction learning and prevented reinstatement of remote fear memory.
3.4 Berberine Treatment 1 h After Extinction Enhanced Extinction and Prevented Subsequent Spontaneous Recovery of Remote Fear Memory
In experiment 7, we further investigated the effects of berberine treatment on extinction and spontaneous recovery of remote fear memory (Figure 4). On the training day, percent freezing time was significantly different between the first trial and the last trial during fear conditioning (p < 0.05; Figure 4B). Extinction training data were analyzed by repeated-measures ANOVA, with the treatment condition (1 h + control or 1 h + berberine) as a between-subjects factor and different training days as a within-subjects factor. There was significant difference between groups in the percentage of freezing time during extinction training (main effect of the training day: F(9,126) = 133.8, p < 0.001; main effect of the treatment condition: F(1,14) = 6.711, p = 0.0214; interaction of training day × treatment condition: F(9,126) = 6.762, p < 0.001). The Bonferroni post hoc test revealed differences between groups during the extinction training days 2–6 (p < 0.05), suggesting that berberine administration 1 h after extinction enhanced extinction of remote fear memory (Figure 4C). There was a significant difference in the percentage of freezing time in spontaneous recovery test between groups (main effect of the different test day: F(1.14) = 31.76, p < 0.001; main effect of the different treatment condition: F(1,14) = 10.29, p < 0.01; interaction of test day × treatment condition: F(1,14) = 14.05, p < 0.01). Post hoc test showed that berberine administration 1 h after extinction significantly reduced the freezing time compared with the 1 h + control group in the spontaneous recovery test (p < 0.01; Figure 4D). In experiment 8, percent freezing time was significantly different between the first trial and the last trial during fear conditioning (p < 0.05; Figure 4F). However, for freezing time with delayed administration of berberine, there were no significant differences in both extinction training (main effect of the extinction training day: F(9,126) = 38.39, p < 0.001; main effect of the different treatment condition: F(1,14) = 0.3073, p = 0.5881; interaction of extinction training day × different treatment condition: F(9,126) = 1.069, p = 0.3899; Figure 4G) and spontaneous recovery test (main effect of the different test day: F(1.14) = 43.97, p < 0.001; main effect of the different treatment condition: F(1,14) = 0.4316, p = 0.5218; interaction of test day × treatment condition: F(1,14) < 0.01, p > 0.99; Figure 4H) between 6 h + control and 6 h + berberine groups.
These findings indicate that berberine administration 1 h after extinction enhanced extinction rates and reduced spontaneous recovery of remote fear memory. All experiments data support the hypothesis that berberine-induced enhancement of extinction memory persistently attenuate fear memory in both recent and remote fear memory.
DISCUSSION
This study provides evidence for the facilitating effects of berberine on fear extinction using the classical CFC paradigm. The main findings of this study are as follows: (1) oral administration of berberine 1 h after each extinction session enhanced extinction rates and reduced the reinstatement of freezing behavior in both recent and remote fear memories; (2) the positive effects of berberine enhancing the extinction memory persisted for at least 30 days; (3) delayed administration of berberine 6 h after each extinction session had no effects on extinction training, reinstatement, and spontaneous recovery of fear-associated behaviors. Altogether, these results indicate that berberine treatment combined with extinction training during the critical time window of extinction memory consolidation leads to persistent attenuation of fear memories and provide evidence for the development of berberine-based postextinction pharmacological interventions for PTSD.
The modulation of pharmacological or behavioral interventions on extinction may have two consequences: extinction or the original fear memory traces (Richardson et al., 2004; Quirk et al., 2010; Kida, 2019; Bouton et al., 2021). We found that extinguished fear can reemerge in reinstatement and spontaneous recovery test, indicating that the berberine-induced enhancement of extinction did not erase but compete the original fear memory. The formation of extinction memory resulted in suppression of original memory, and extinction memory also involved acquisition, consolidation, and storage processes (Millan et al., 2011; Orsini and Maren, 2012; Maren et al., 2013; Careaga et al., 2016; Knox, 2016). After acquisition, the memory undergoes a consolidation process that typically lasts for 6 h to be completely stored (Bourtchouladze et al., 1998; Schafe et al., 1999; Mcgaugh, 2000; Dudai, 2004; Lalumiere et al., 2017). Berberine treatment 1 h but not 6 h after extinction enhanced extinction memory, indicating that berberine promoted the consolidation of extinction memory. Moreover, berberine treatment 1 h but not 6 h after extinction inhibited subsequent tests of fear freezing behavior, demonstrating that berberine enhanced the consolidation of extinction memory rather than influenced the storage of extinction memory trace. Many studies have shown that cognitive enhancers administered before or after extinction facilitated extinction learning (Walker et al., 2002; Parnas et al., 2005; Lee et al., 2006; Makkar et al., 2010). Nevertheless, most of them do not apply to the clinical population because of their health-related side effects (Steckler and Risbrough, 2012; Singewald et al., 2015). Berberine, an OTC medication in China, has been verified well for safety in clinical trials (Gupte, 1975). Besides, previous studies have shown that berberine affected the DA and N-methyl-d-aspartate (NMDA) systems, which is the molecular mechanism of cognitive enhancers (Yoo et al., 2006; Kaplan and Moore, 2011; Kawano et al., 2015; Lee et al., 2018). Shen et al. (2020) demonstrated that extinction training combined with berberine treatment facilitated the extinction of drug memory. However, at least to our knowledge, the effect of berberine treatment on fear memory has not been reported.
In this study, we found that berberine facilitated extinction of fear-related behaviors, as well as reduced reinstatement, and spontaneous recovery of extinguished fear. But what might account for this phenomenon? For the accelerated extinction rates, we speculate that berberine acts as a cognitive enhancer to facilitate the consolidation of fear extinction memory. Growing evidence supports the modulatory effects of berberine on NMDA and DA systems (Kulkarni and Dhir, 2008; Vahdati Hassani et al., 2016). In fact, it has been widely accepted that NMDA and DA receptor agonists facilitated extinction of conditioned fear (Quirk et al., 2006; Peters et al., 2009; Davis, 2011), which provides an underlying pharmacological mechanism of the berberine’s enhancement effect in our findings. Previous studies showed that berberine is an antagonist of both DA D1- and D2-like receptors (Kawano et al., 2015); however, only the D2 receptor antagonist has such a reinforcement effect of extinction but the opposite function of D1 (Ponnusamy et al., 2005). This led to the question of the exact receptor that may be affected by berberine, and further study should focus on the relevance between D1 and D2 receptors to elucidate the potential mechanisms underlying the berberine-induced fear extinction enhancement. For the suppression of reinstatement and spontaneous recovery of fear, the most likely explanation is that berberine-induced enhancement of extinction memory takes advantage in competing with the original fear memory. Extinction memory learning can compete with the original fear memory, which results in transitory but not persistent suppression of fear-related behaviors (Furini et al., 2014; Izquierdo et al., 2016). Surprisingly, berberine treatment combined with extinction training significantly suppressed the remote fear memory, indicating that berberine not only enhanced the extinction rates but also possibly gradually altered the plasticity-related proteins to produce such a long-term effect. Shen et al. also observed the alterations of plasticity-related proteins with berberine treatment, and future studies are needed to identify specific proteins to investigate the underlying molecular mechanisms of persistent suppression in remote fear of postextinction berberine treatment.
Notably, in the present data, the difference during extinction between the control and berberine groups that received the substance 1 h after extinction training disappeared in the last two to four trials in all experiments. Two potential explanations account for the interesting phenomenon. One is that berberine produces a transient effect of the substance during extinction training, and the other is the floor effect; the freezing behavior of the mice in the berberine groups has reached the standards of extinction in the last two to four trials so that it blurs the difference between groups. We prefer the second explanation but not the transient effect because such manipulation persistently suppresses the reinstatement and spontaneous recovery of original fear memories.
Although we demonstrated that berberine promoted extinction of fear-related behaviors and persistently attenuated fear memory by enhancing the extinction memory, further research is needed to explore the potential direct targets of berberine’s effects. More recently, there is renewed attention to berberine because of its beneficial effects on various neurodegenerative and neuropsychiatric disorders, including anticonvulsant, antidepressant, and anti-Parkinson (Bhutada et al., 2010; Fan et al., 2017; Wang et al., 2021). All these effects of berberine may be attributed to its ability to regulate several neurotransmitter systems, like NMDA and serotonin (Kong et al., 2001; Castillo et al., 2005; Yoo et al., 2006). Moreover, NMDA receptors are important in learning and memory and in experience-dependent forms of plasticity such as LTP, and play a role in the extinction of the fear startle response and CFC (Ledgerwood et al., 2003; Davis et al., 2006). Also, a study examined serotonin reuptake genes in fear conditioning and extinction paradigms in mice, and they found that fear conditioning and extinction were normal but a deficit in extinction recall, indicating that serotonin reuptake may be a mechanism for fear extinction (Wellman et al., 2007). Therefore, we speculate that the suppression of berberine on fear-related behaviors may be related to NMDA and serotonin receptors. Undeniably, we first found the potential therapeutic potential of berberine in fear-related disorders, but more research is needed to reveal the underlying neurochemical and molecular mechanisms of the beneficial effects of postextinction berberine treatment.
Exposure therapy greatly impacts the prognosis of patients with anxiety-related disorders (Singewald et al., 2015; Foa and Mclean, 2016). In our study, considering that berberine promoted extinction of fear-related behaviors, it indicates that berberine may be potentially therapeutic in all anxiety-related disorders based on exposure therapy. Further studies should identify berberine’s enhancement of extinction in pathological fear and anxiety psychiatric conditions, such as social phobia, agoraphobia, obsessive–compulsive disorder, and generalized anxiety (World Health Organization, 2009; Edition, 2013), to investigate whether berberine has such extinction enhancement effect in various types of anxiety-related disorders.
In conclusion, we found that berberine administration orally 1 h after extinction facilitated extinction and led to persistent attenuation of both recent and remote fear memories. Postextinction berberine treatment might be a potential and promising pharmacological intervention for anxiety-related disorders. Further research is needed to elucidate the mechanisms underlying the beneficial effects of berberine on fear-related behaviors, and it is necessary to determine whether the therapeutic effects of berberine are applicable to the clinical population.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Local Committee on Animal Care and Use and Protection of the Hunan Normal University.
AUTHOR CONTRIBUTIONS
Conceptualization, CY, SH, and YL; formal analysis and investigation, CY and YZ; data curation, SH, FW, and CS; writing—original draft preparation, SH, HY, and LC; writing—review and editing, SH, FW, and CS; supervision, CY and YL; funding acquisition, YL. All authors have read and agreed to the published version of the manuscript.
FUNDING
The present research received support from Natural Science Foundation of China (No. 81771434) and Outstanding Innovative Youth Training Program of Changsha (kq2106032).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alavijeh, M. M., Vaezi, G., Khaksari, M., and Hojati, V. (2019). Berberine Hydrochloride Attenuates Voluntary Methamphetamine Consumption and Anxiety-like Behaviors via Modulation of Oxytocin Receptors in Methamphetamine Addicted Rats. Physiol. Behav. 206, 157–165. doi:10.1016/j.physbeh.2019.03.024
 An, X., Yang, P., Chen, S., Zhang, F., and Yu, D. (2017). An Additional Prior Retrieval Alters the Effects of a Retrieval-Extinction Procedure on Recent and Remote Fear Memory. Front. Behav. Neurosci. 11, 259. doi:10.3389/fnbeh.2017.00259
 Anagnostaras, S. G., Maren, S., and Fanselow, M. S. (1999). Temporally Graded Retrograde Amnesia of Contextual Fear after Hippocampal Damage in Rats: Within-Subjects Examination. J. Neurosci. 19, 1106–1114. doi:10.1523/jneurosci.19-03-01106.1999
 Andero, R., and Ressler, K. J. (2012). Fear Extinction and BDNF: Translating Animal Models of PTSD to the Clinic. Genes Brain Behav. 11, 503–512. doi:10.1111/j.1601-183X.2012.00801.x
 Belwal, T., Bisht, A., Devkota, H. P., Ullah, H., Khan, H., Pandey, A., et al. (2020). Phytopharmacology and Clinical Updates of Berberis Species against Diabetes and Other Metabolic Diseases. Front. Pharmacol. 11, 41. doi:10.3389/fphar.2020.00041
 Berman, D. E., and Dudai, Y. (2001). Memory Extinction, Learning Anew, and Learning the New: Dissociations in the Molecular Machinery of Learning in Cortex. Science 291, 2417–2419. doi:10.1126/science.1058165
 Bhutada, P., Mundhada, Y., Bansod, K., Dixit, P., Umathe, S., and Mundhada, D. (2010). Anticonvulsant Activity of Berberine, an Isoquinoline Alkaloid in Mice. Epilepsy Behav. 18, 207–210. doi:10.1016/j.yebeh.2010.03.007
 Bourtchouladze, R., Abel, T., Berman, N., Gordon, R., Lapidus, K., and Kandel, E. R. (1998). Different Training Procedures Recruit Either One or Two Critical Periods for Contextual Memory Consolidation, Each of Which Requires Protein Synthesis and PKA. Learn. Mem. 5, 365–374. doi:10.1101/lm.5.4.365
 Bouton, M. E., Maren, S., and Mcnally, G. P. (2021). Behavioral and Neurobiological Mechanisms of Pavlovian and Instrumental Extinction Learning. Physiol. Rev. 101, 611–681. doi:10.1152/physrev.00016.2020
 Careaga, M. B. L., Girardi, C. E. N., and Suchecki, D. (2016). Understanding Posttraumatic Stress Disorder through Fear Conditioning, Extinction and Reconsolidation. Neurosci. Biobehav Rev. 71, 48–57. doi:10.1016/j.neubiorev.2016.08.023
 Castillo, J., Hung, J., Rodriguez, M., Bastidas, E., Laboren, I., and Jaimes, A. (2005). LED Fluorescence Spectroscopy for Direct Determination of Monoamine Oxidase B Inactivation. Anal. Biochem. 343, 293–298. doi:10.1016/j.ab.2005.05.027
 Costanzi, M., Cannas, S., Saraulli, D., Rossi-Arnaud, C., and Cestari, V. (2011). Extinction after Retrieval: Effects on the Associative and Nonassociative Components of Remote Contextual Fear Memory. Learn. Mem. 18, 508–518. doi:10.1101/lm.2175811
 Davis, M., Myers, K. M., Chhatwal, J., and Ressler, K. J. (2006). Pharmacological Treatments that Facilitate Extinction of Fear: Relevance to Psychotherapy. NeuroRx 3, 82–96. doi:10.1016/j.nurx.2005.12.008
 Davis, M. (2011). NMDA Receptors and Fear Extinction: Implications for Cognitive Behavioral Therapy. Dialogues Clin. Neurosci. 13, 463–474. doi:10.31887/DCNS.2011.13.4/mdavis
 Domitrovic, R., Jakovac, H., and Blagojevic, G. (2011). Hepatoprotective Activity of Berberine Is Mediated by Inhibition of TNF-Alpha, COX-2, and iNOS Expression in CCl(4)-Intoxicated Mice. Toxicology 280, 33–43. doi:10.1016/j.tox.2010.11.005
 Dudai, Y. (2004). The Neurobiology of Consolidations, or, How Stable Is the Engram. Annu. Rev. Psychol. 55, 51–86. doi:10.1146/annurev.psych.55.090902.142050
 Edition, F. (2013). Diagnostic and Statistical Manual of Mental Disorders. Washington, D.C.: Am Psychiatric Assoc, 21. 
 Fan, J., Li, B., Ge, T., Zhang, Z., Lv, J., Zhao, J., et al. (2017). Berberine Produces Antidepressant-like Effects in Ovariectomized Mice. Sci. Rep. 7, 1310. doi:10.1038/s41598-017-01035-5
 Foa, E. B., and Mclean, C. P. (2016). The Efficacy of Exposure Therapy for Anxiety-Related Disorders and its Underlying Mechanisms: The Case of OCD and PTSD. Annu. Rev. Clin. Psychol. 12, 1–28. doi:10.1146/annurev-clinpsy-021815-093533
 Furini, C., Myskiw, J., and Izquierdo, I. (2014). The Learning of Fear Extinction. Neurosci. Biobehav Rev. 47, 670–683. doi:10.1016/j.neubiorev.2014.10.016
 Goode, T. D., and Maren, S. (2014). Animal Models of Fear Relapse. ILAR J. 55, 246–258. doi:10.1093/ilar/ilu008
 Goode, T. D., and Maren, S. (2019). Common Neurocircuitry Mediating Drug and Fear Relapse in Preclinical Models. Psychopharmacology (Berl) 236, 415–437. doi:10.1007/s00213-018-5024-3
 Gräff, J., Joseph, N. F., Horn, M. E., Samiei, A., Meng, J., Seo, J., et al. (2014). Epigenetic Priming of Memory Updating during Reconsolidation to Attenuate Remote Fear Memories. Cell 156, 261–276. doi:10.1016/j.cell.2013.12.020
 Gupte, S. (1975). Use of Berberine in Treatment of Giardiasis. Am. J. Dis. Child. 129, 866. doi:10.1001/archpedi.1975.02120440082020
 Gutberlet, C., Müller, G. E., and und Pilzecker, A. (1902). Experimentelle Beiträge zur Lehre vom Gedächtniss. Philosophisches Jahrbuch 15, 198–200. 
 Haaker, J., Golkar, A., Hermans, D., and Lonsdorf, T. B. (2014). A Review on Human Reinstatement Studies: an Overview and Methodological Challenges. Learn. Mem. 21, 424–440. doi:10.1101/lm.036053.114
 Habtemariam, S. (2020). Berberine Pharmacology and the Gut Microbiota: A Hidden Therapeutic Link. Pharmacol. Res. 155, 104722. doi:10.1016/j.phrs.2020.104722
 Izquierdo, I., Furini, C. R., and Myskiw, J. C. (2016). Fear Memory. Physiol. Rev. 96, 695–750. doi:10.1152/physrev.00018.2015
 Kaplan, G. B., and Moore, K. A. (2011). The Use of Cognitive Enhancers in Animal Models of Fear Extinction. Pharmacol. Biochem. Behav. 99, 217–228. doi:10.1016/j.pbb.2011.01.009
 Kawano, M., Takagi, R., Kaneko, A., and Matsushita, S. (2015). Berberine Is a Dopamine D1- and D2-like Receptor Antagonist and Ameliorates Experimentally Induced Colitis by Suppressing Innate and Adaptive Immune Responses. J. Neuroimmunol 289, 43–55. doi:10.1016/j.jneuroim.2015.10.001
 Kida, S. (2019). Reconsolidation/destabilization, Extinction and Forgetting of Fear Memory as Therapeutic Targets for PTSD. Psychopharmacology (Berl) 236, 49–57. doi:10.1007/s00213-018-5086-2
 Knox, D. (2016). The Role of Basal Forebrain Cholinergic Neurons in Fear and Extinction Memory. Neurobiol. Learn. Mem. 133, 39–52. doi:10.1016/j.nlm.2016.06.001
 Kong, L. D., Cheng, C. H., and Tan, R. X. (2001). Monoamine Oxidase Inhibitors from Rhizoma of Coptis Chinensis. Planta Med. 67, 74–76. doi:10.1055/s-2001-10874
 Kulkarni, S. K., and Dhir, A. (2008). On the Mechanism of Antidepressant-like Action of Berberine Chloride. Eur. J. Pharmacol. 589, 163–172. doi:10.1016/j.ejphar.2008.05.043
 Lacagnina, A. F., Brockway, E. T., Crovetti, C. R., Shue, F., Mccarty, M. J., Sattler, K. P., et al. (2019). Distinct Hippocampal Engrams Control Extinction and Relapse of Fear Memory. Nat. Neurosci. 22, 753–761. doi:10.1038/s41593-019-0361-z
 Lalumiere, R. T., Mcgaugh, J. L., and Mcintyre, C. K. (2017). Emotional Modulation of Learning and Memory: Pharmacological Implications. Pharmacol. Rev. 69, 236–255. doi:10.1124/pr.116.013474
 Ledgerwood, L., Richardson, R., and Cranney, J. (2003). Effects of D-Cycloserine on Extinction of Conditioned Freezing. Behav. Neurosci. 117, 341–349. doi:10.1037/0735-7044.117.2.341
 Lee, B., Shim, I., Lee, H., and Hahm, D. H. (2018). Berberine Alleviates Symptoms of Anxiety by Enhancing Dopamine Expression in Rats with post-traumatic Stress Disorder. Korean J. Physiol. Pharmacol. 22, 183–192. doi:10.4196/kjpp.2018.22.2.183
 Lee, J. L., Milton, A. L., and Everitt, B. J. (2006). Reconsolidation and Extinction of Conditioned Fear: Inhibition and Potentiation. J. Neurosci. 26, 10051–10056. doi:10.1523/JNEUROSCI.2466-06.2006
 Likhtik, E., and Johansen, J. P. (2019). Neuromodulation in Circuits of Aversive Emotional Learning. Nat. Neurosci. 22, 1586–1597. doi:10.1038/s41593-019-0503-3
 Liu, J. F., Yang, C., Deng, J. H., Yan, W., Wang, H. M., Luo, Y. X., et al. (2015). Role of Hippocampal β-adrenergic and Glucocorticoid Receptors in the novelty-induced Enhancement of Fear Extinction. J. Neurosci. 35, 8308–8321. doi:10.1523/JNEUROSCI.0005-15.2015
 Makkar, S. R., Zhang, S. Q., and Cranney, J. (2010). Behavioral and Neural Analysis of GABA in the Acquisition, Consolidation, Reconsolidation, and Extinction of Fear Memory. Neuropsychopharmacology 35, 1625–1652. doi:10.1038/npp.2010.53
 Maren, S., Phan, K. L., and Liberzon, I. (2013). The Contextual Brain: Implications for Fear Conditioning, Extinction and Psychopathology. Nat. Rev. Neurosci. 14, 417–428. doi:10.1038/nrn3492
 Markowitz, J. C., Petkova, E., Neria, Y., Van Meter, P. E., Zhao, Y., Hembree, E., et al. (2015). Is Exposure Necessary? A Randomized Clinical Trial of Interpersonal Psychotherapy for PTSD. Am. J. Psychiatry 172, 430–440. doi:10.1176/appi.ajp.2014.14070908
 Mcgaugh, J. L. (2000). Memory--a century of Consolidation. Science 287, 248–251. doi:10.1126/science.287.5451.248
 Millan, E. Z., Marchant, N. J., and Mcnally, G. P. (2011). Extinction of Drug Seeking. Behav. Brain Res. 217, 454–462. doi:10.1016/j.bbr.2010.10.037
 Morgan, M. A., and Ledoux, J. E. (1999). Contribution of Ventrolateral Prefrontal Cortex to the Acquisition and Extinction of Conditioned Fear in Rats. Neurobiol. Learn. Mem. 72, 244–251. doi:10.1006/nlme.1999.3907
 Neag, M. A., Mocan, A., Echeverría, J., Pop, R. M., Bocsan, C. I., Crişan, G., et al. (2018). Berberine: Botanical Occurrence, Traditional Uses, Extraction Methods, and Relevance in Cardiovascular, Metabolic, Hepatic, and Renal Disorders. Front. Pharmacol. 9, 557. doi:10.3389/fphar.2018.00557
 Orsini, C. A., and Maren, S. (2012). Neural and Cellular Mechanisms of Fear and Extinction Memory Formation. Neurosci. Biobehav Rev. 36, 1773–1802. doi:10.1016/j.neubiorev.2011.12.014
 Pan, S., Mayoral, S. R., Choi, H. S., Chan, J. R., and Kheirbek, M. A. (2020). Preservation of a Remote Fear Memory Requires New Myelin Formation. Nat. Neurosci. 23, 487–499. doi:10.1038/s41593-019-0582-1
 Parnas, A. S., Weber, M., and Richardson, R. (2005). Effects of Multiple Exposures to D-Cycloserine on Extinction of Conditioned Fear in Rats. Neurobiol. Learn. Mem. 83, 224–231. doi:10.1016/j.nlm.2005.01.001
 Pavlov, I. P. (1927). Conditioned Reflexes: An Investigation of the Physiological Activity of the Cerebral Cortex. Oxford, England: Oxford Univ. Press. 
 Peters, J., Kalivas, P. W., and Quirk, G. J. (2009). Extinction Circuits for Fear and Addiction Overlap in Prefrontal Cortex. Learn. Mem. 16, 279–288. doi:10.1101/lm.1041309
 Ponnusamy, R., Nissim, H. A., and Barad, M. (2005). Systemic Blockade of D2-like Dopamine Receptors Facilitates Extinction of Conditioned Fear in Mice. Learn. Mem. 12, 399–406. doi:10.1101/lm.96605
 Qin, C., Bian, X. L., Wu, H. Y., Xian, J. Y., Cai, C. Y., Lin, Y. H., et al. (2021). Dorsal Hippocampus to Infralimbic Cortex Circuit Is Essential for the Recall of Extinction Memory. Cereb. Cortex 31, 1707–1718. doi:10.1093/cercor/bhaa320
 Quirk, G. J., Garcia, R., and González-Lima, F. (2006). Prefrontal Mechanisms in Extinction of Conditioned Fear. Biol. Psychiatry 60, 337–343. doi:10.1016/j.biopsych.2006.03.010
 Quirk, G. J., Paré, D., Richardson, R., Herry, C., Monfils, M. H., Schiller, D., et al. (2010). Erasing Fear Memories with Extinction Training. J. Neurosci. 30, 14993–14997. doi:10.1523/JNEUROSCI.4268-10.2010
 Rakofsky, J. J., Ressler, K. J., and Dunlop, B. W. (2012). BDNF Function as a Potential Mediator of Bipolar Disorder and post-traumatic Stress Disorder Comorbidity. Mol. Psychiatry 17, 22–35. doi:10.1038/mp.2011.121
 Rescorla, R. A. (2004). Spontaneous Recovery. Learn. Mem. 11, 501–509. doi:10.1101/lm.77504
 Richardson, R., Ledgerwood, L., and Cranney, J. (2004). Facilitation of Fear Extinction by D-Cycloserine: Theoretical and Clinical Implications. Learn. Mem. 11, 510–516. doi:10.1101/lm.78204
 Schafe, G. E., Nadel, N. V., Sullivan, G. M., Harris, A., and Ledoux, J. E. (1999). Memory Consolidation for Contextual and Auditory Fear Conditioning Is Dependent on Protein Synthesis, PKA, and MAP Kinase. Learn. Mem. 6, 97–110. doi:10.1101/lm.6.2.97
 Shen, X., Hui, R., Luo, Y., Yu, H., Feng, S., Xie, B., et al. (2020). Berberine Facilitates Extinction of Drug-Associated Behavior and Inhibits Reinstatement of Drug Seeking. Front. Pharmacol. 11, 476. doi:10.3389/fphar.2020.00476
 Singewald, N., and Holmes, A. (2019). Rodent Models of Impaired Fear Extinction. Psychopharmacology (Berl) 236, 21–32. doi:10.1007/s00213-018-5054-x
 Singewald, N., Schmuckermair, C., Whittle, N., Holmes, A., and Ressler, K. J. (2015). Pharmacology of Cognitive Enhancers for Exposure-Based Therapy of Fear, Anxiety and Trauma-Related Disorders. Pharmacol. Ther. 149, 150–190. doi:10.1016/j.pharmthera.2014.12.004
 Steckler, T., and Risbrough, V. (2012). Pharmacological Treatment of PTSD - Established and New Approaches. Neuropharmacology 62, 617–627. doi:10.1016/j.neuropharm.2011.06.012
 Taylor, J. R., and Torregrossa, M. M. (2015). Pharmacological Disruption of Maladaptive Memory. Handb Exp. Pharmacol. 228, 381–415. doi:10.1007/978-3-319-16522-6_13
 Torregrossa, M. M., Corlett, P. R., and Taylor, J. R. (2011). Aberrant Learning and Memory in Addiction. Neurobiol. Learn. Mem. 96, 609–623. doi:10.1016/j.nlm.2011.02.014
 Vahdati Hassani, F., Hashemzaei, M., Akbari, E., Imenshahidi, M., and Hosseinzadeh, H. (2016). Effects of Berberine on Acquisition and Reinstatement of Morphine-Induced Conditioned Place Preference in Mice. Avicenna J. Phytomed 6, 198–204. 
 Vervliet, B., Craske, M. G., and Hermans, D. (2013). Fear Extinction and Relapse: State of the Art. Annu. Rev. Clin. Psychol. 9, 215–248. doi:10.1146/annurev-clinpsy-050212-185542
 Vetere, G., Xia, F., Ramsaran, A. I., Tran, L. M., Josselyn, S. A., and Frankland, P. W. (2021). An Inhibitory Hippocampal-Thalamic Pathway Modulates Remote Memory Retrieval. Nat. Neurosci. 24, 685–693. doi:10.1038/s41593-021-00819-3
 Walker, D. L., Ressler, K. J., Lu, K. T., and Davis, M. (2002). Facilitation of Conditioned Fear Extinction by Systemic Administration or Intra-amygdala Infusions of D-Cycloserine as Assessed with Fear-Potentiated Startle in Rats. J. Neurosci. 22, 2343–2351. doi:10.1523/jneurosci.22-06-02343.2002
 Wang, H. C., Wang, B. D., Chen, M. S., Chen, H., Sun, C. F., Shen, G., et al. (2018). Neuroprotective Effect of Berberine against Learning and Memory Deficits in Diffuse Axonal Injury. Exp. Ther. Med. 15, 1129–1135. doi:10.3892/etm.2017.5496
 Wang, Y., Tong, Q., Ma, S. R., Zhao, Z. X., Pan, L. B., Cong, L., et al. (2021). Oral Berberine Improves Brain Dopa/dopamine Levels to Ameliorate Parkinson's Disease by Regulating Gut Microbiota. Signal. Transduct Target. Ther. 6, 77. doi:10.1038/s41392-020-00456-5
 Wellman, C. L., Izquierdo, A., Garrett, J. E., Martin, K. P., Carroll, J., Millstein, R., et al. (2007). Impaired Stress-Coping and Fear Extinction and Abnormal Corticolimbic Morphology in Serotonin Transporter Knock-Out Mice. J. Neurosci. 27, 684–691. doi:10.1523/JNEUROSCI.4595-06.2007
 World Health Organization (2009). International Classification of Diseases-ICD. Geneva, Switzerland: WHO. 
 Yoo, J. H., Yang, E. M., Cho, J. H., Lee, J. H., Jeong, S. M., Nah, S. Y., et al. (2006). Inhibitory Effects of Berberine against Morphine-Induced Locomotor Sensitization and Analgesic Tolerance in Mice. Neuroscience 142, 953–961. doi:10.1016/j.neuroscience.2006.07.008
 Yu, H., Wang, Y., Pattwell, S., Jing, D., Liu, T., Zhang, Y., et al. (2009). Variant BDNF Val66Met Polymorphism Affects Extinction of Conditioned Aversive Memory. J. Neurosci. 29, 4056–4064. doi:10.1523/JNEUROSCI.5539-08.2009
Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.The reviewer RH declared a past co-authorship with one of the authors YL to the handling editor.
Copyright © 2022 Huang, Zhou, Wu, Shi, Yan, Chen, Yang and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-748995-g003.gif
crc Extnction Caten R

O ST AR DAY A






OPS/images/fphar-12-748995-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Berberine Facilitates Extinction and Prevents the Return of Fear		1 Introduction

		2 Materials and Methods		2.1 Subjects

		2.2 Drugs

		2.3 Behavioral Procedures

		2.4 Statistical Analysis

		2.5 Experimental Design





		3 Results		3.1 Berberine Administration 1 h After Extinction Enhanced Extinction and Prevented Subsequent Reinstatement of Recent Fear Memory

		3.2 Berberine Administration 1 h After Extinction Enhanced Extinction and Prevented Subsequent Spontaneous Recovery of Recent Fear Memory

		3.3 Berberine Treatment 1 h After Extinction Enhanced Extinction and Prevented Subsequent Reinstatement of Remote Fear Memory

		3.4 Berberine Treatment 1 h After Extinction Enhanced Extinction and Prevented Subsequent Spontaneous Recovery of Remote Fear Memory





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Berberine Facilitates Extinction
and Prevents the Return of Fear





OPS/images/fphar-12-748995-g001.gif





OPS/images/fphar-12-748995-g002.gif
TTiviiTae

.










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





