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Abstract

:

There is evidence for the involvement of peroxisome proliferator-activated receptors (PPARs) in pain, cognition, and anxiety. However, their role in pain–fear interactions is unknown. The amygdala plays a key role in pain, conditioned fear, and fear-conditioned analgesia (FCA). We investigated the effects of intra-basolateral amygdala (BLA) administration of PPARα, PPARβ/δ, and PPARγ antagonists on nociceptive behaviour, FCA, and conditioned fear in the presence or absence of nociceptive tone. Male Sprague-Dawley (SD) rats received footshock (FC) or no footshock (NFC) in a conditioning arena. Twenty-three and a half hours later, rats received an intraplantar injection of formalin or saline and, 15 min later, intra-BLA microinjections of vehicle, PPARα (GW6471) PPARβ/δ (GSK0660), or PPARγ (GW9662) antagonists before arena re-exposure. Pain and fear-related behaviour were assessed, and neurotransmitters/endocannabinoids measured post-mortem. Intra-BLA administration of PPARα or PPARγ antagonists potentiated freezing in the presence of nociceptive tone. Blockade of all PPAR subtypes in the BLA increased freezing and BLA dopamine levels in NFC rats in the absence of nociceptive tone. Administration of intra-BLA PPARα and PPARγ antagonists increased levels of dopamine in the BLA compared with the vehicle-treated counterparts. In conclusion, PPARα and PPARγ in the BLA play a role in the expression or extinction of conditioned fear in the presence or absence of nociceptive tone.
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1. Introduction


Peroxisome-proliferator activated receptors (PPARs) are transcription factors and part of the nuclear hormone superfamily of receptors. There are three described isoforms: PPARα, PPARβ/δ, and PPARγ [1]. Endogenous ligands at PPARs include fatty acids [2], serotonin derivatives [3], the endocannabinoid anandamide (AEA; [4,5]), and the related N-acylethanolamines (NAEs) N-palmitoylethanolamide (PEA; [6]) and N-oleoylethanolamide (OEA; [7]). PPARs are involved in many physiological processes and are targets for current in-use medicines for diabetes [8] and cholesterol lowering [9].



The amygdala is part of the limbic system and plays a key role in emotional responses including anxiety and fear [10]. The basolateral amygdala (BLA) is one of three groups of nuclei in the amygdala. It is differentiated from the two other groups—central amygdala (CeA) and cortical nuclei—on account of its connections, embryonic origin, and cytoarchitecture [11]. The BLA receives input from several brain regions including the hippocampus, hypothalamus, cerebral cortex, ventral tegmental area (VTA), and thalamus [11,12,13]. It also has an extensive efferent network, which includes the CeA, periaqueductal grey (PAG), ventral striatum, dorsal striatum (caudate-putamen), hippocampus, and others [11,12,13]. The BLA has a central role in emotional behaviour, particularly, fear conditioning. It has been shown that lesions [14,15,16,17,18,19,20] or inactivation by muscimol [21,22,23,24,25] of the BLA impaired acquisition and the expression of fear conditioning. Inactivation of the BLA also affects fear extinction [26]. Some other general behaviours such as rearing and distance moved in an open field arena have also been shown to be affected by electrolytic lesions of the BLA [27]. Moreover, reversible blockade of the BLA by lidocaine infusions results in increased rearing responses and locomotor activity after amphetamine administration [28]. The GABAergic [29], glutamatergic [30,31], serotoninergic [32], dopaminergic [33], and endocannabinoid [34] systems have all been shown to participate in this modulatory role of the BLA.



Pain is a complex condition with sensory-motor, emotional, and cognitive aspects. The amygdala is part of both the descending pain pathway and the limbic system and is involved in the emotional-affective aspect of pain. Neurons in the BLA respond to chronic [35] and acute [36,37] noxious stimuli and the pharmacological deactivation of the BLA reduced pain-related behaviour [35]. Additionally, intraplantar injection of formalin increased c-fos expression in the BLA [38].



Pain and fear modulate one another in a reciprocal manner. The phenomenon known as fear-conditioned analgesia (FCA), in which a fearful stimulus causes a significant suppression in pain response, is an example of the influence of fear on pain. In turn, pain can regulate fear responses. Post-traumatic stress disorder (PTSD) symptoms tend to be more pronounced in patients with chronic pain [39]. Moreover, patients with chronic pain are twice as likely to develop phobias [40]. PPAR isoforms are expressed in brain regions that play an important role in pain and fear/anxiety such as the amygdala [41], PFC [41,42,43], hippocampus [42,44], and PAG [45].



Studies have indicated a likely role for PPARs in pain (see [46] for review), but the role of PPARs expressed in the amygdala in pain has not been examined yet. There is some evidence that PPARγ blockade or knockout has anxiogenic effects in mice [44,47]. However, whether PPARβ/δ and PPARα modulate anxiety or fear remains unexplored. Moreover, the role of PPARs expressed in the BLA in interactions between pain and fear has not been investigated yet. Previous work from our research group has provided evidence that PPAR blockade can potentiate conditioned fear-related behaviour in the presence of nociceptive tone [48], but the brain regions mediating these effects remain to be elucidated.



Thus, a better understanding of the mechanisms underlying anxiety, fear, pain, and their mutual modulation, particularly the role of the PPAR signalling system in these phenomena, is necessary. In this study, we investigated the hypothesis that PPARs expressed in the BLA modulate tonic inflammatory pain, fear, and their interaction. Specifically, we examined the effects of intra-BLA administration of GW6471 (PPARα antagonist), GSK0660 (PPARβ/δ antagonist), and GW9662 (PPARγ antagonist) on formalin-induced nociceptive behaviour and FCA in rats. We also investigated the effects of intra-BLA administration of these antagonists on conditioned-fear related behaviour, both in the presence and absence of nociceptive tone in rats. In addition, associated alterations in levels of neurotransmitters, endocannabinoids, and NAEs in the BLA were analysed. Furthermore, differences in the levels of neurotransmitters, endocannabinoids, and NAEs in FC and NFC rats that received either formalin or saline injection were also analysed.




2. Results


2.1. Experiment 1: Effects of Intra-BLA Administration of PPAR Antagonists on Formalin-Evoked Nociceptive Behaviour, Fear-Conditioned Analgesia, and Conditioned Fear in the Presence of Nociceptive Tone in Rats


2.1.1. Intra-BLA Administration of GW6471, GSK0660, and GW9662 Had No Effect on Formalin-Evoked Nociceptive Behaviour or FCA


After histological verification, 75% of the rats had both injections correctly placed within the borders of both BLA. Additionally, 4% had one of the injections in the BLA and the other outside BLA borders (see Supplementary Figure S1 for details). The remaining 21% were placed in the CeA, basomedial amygdala (BMA), or ventral endopiriform nucleus. The data analysed were derived only from rats where intracerebral microinjections were accurately placed in the BLA.



Intraplantar administration of formalin into the right hind paw produced robust nociceptive behaviour, as evidenced by the CPS (Figure 1). Two-way ANOVA revealed a significant main effect of fear conditioning [F (1, 54) = 35.264, a p < 0.05], but not of treatment [F (3, 47) = 0.987, p > 0.05] or treatment × conditioning [F (2, 54) = 0.304, p > 0.05], on nociceptive behaviour (Figure 2). However, post hoc pairwise analysis with Student Newman–Keuls test revealed there were no significant differences between groups. There were no significant effects of fear-conditioning [F (1, 70) = 0.011, p > 0.05], treatment [F (3, 70) = 0.296, p > 0.05], or treatment × conditioning [F (2, 70) = 0.078, p > 0.05] on formalin-induced paw oedema (Figure 2).




2.1.2. Intra-BLA Administration of GW6471, GSK0660, and GW9662 Increases Fear-Related Behaviour in Formalin-Treated Rats


Kruskal–Wallis test revealed a significant difference between the groups on total duration of freezing [χ2 (7) = 34.508, p < 0.001] (Figure 3A). However, there were no significant differences with Dunn’s post hoc pairwise analysis.



In an analysis of the data as 3-min time bins, two-way repeated measures ANOVA revealed a significant effect of fear conditioning [F (1, 47) = 37.456, p < 0.001], time [F (2.251, 105.816) = 38.350, * p < 0.001), and fear conditioning × time [F (2.251, 105.816) = 35.556, p < 0.001] on freezing duration (Figure 3B; NFC groups not shown for clarity of presentation, but are presented in Supplementary Figure S2). Post hoc analysis by Student Newman–Keuls test indicated a significant increase in the duration of freezing in FC GW6471 vs. FC Vehicle at 10–12 min ($ p < 0.05) and at 0–3 min for FC GW9662 vs. FC Vehicle (# p < 0.05) (Figure 3B). There were no significant effects of drug treatment on freezing across time in NFC rats (Supplementary Figure S2). There were no significant effects of treatment [F (3, 47) = 1.750, p > 0.05], treatment × conditioning [F (3, 47) = 1.591, p > 0.05], time × treatment [F (6.754, 105.816) = 1.538, p > 0.05], time × conditioning [F (2.251, 105.816) = 35.556, p > 0.05], and time × conditioning × treatment [F (6.754, 105.8160 = 1.372, p > 0.05] on freezing duration.



Kruskal–Wallis test also revealed a significant difference in defecation among all groups [χ2 (7) = 24.023, p < 0.01] (Figure 4). However, post hoc pairwise analysis with Dunn’s test did not reveal significant differences between pairs of groups.




2.1.3. Intra-BLA Administration of GW6471, GSK0660, and GW9662 Does Not Affect General/Motor Behaviour


The effects of fear-conditioning and intra-BLA administration of PPAR antagonists on motor behaviour were also assessed (Figure 5). Neither fear conditioning nor PPAR antagonists had any significant effect on walking (two-way ANOVA [F (3, 53) = 0.294, p > 0.05], fear conditioning [F (1, 53) = 0.251, p > 0.05], treatment × conditioning [F (3, 53) = 1.42]; Figure 5A), rearing (Kruskal–Wallis [χ2 (7) = 5.685, p > 0.05]; Figure 5C), grooming (two-way ANOVA [F (3, 53) = 0.043, p > 0.05], fear conditioning [F (1, 53) = 0.380, p > 0.05], and treatment × conditioning [F (3, 53) = 0.268, p > 0.05); Figure 5D) or distance moved (two-way ANOVA [F (3, 53) = 0.591, p > 0.05], fear conditioning [F (1, 53) = 0.056, p > 0.05], and treatment × conditioning [F (3, 53) = 0.532, p > 0.05]; Figure 5B) in either the NFC or FC rats.




2.1.4. Effect of Fear Conditioning and PPAR Antagonist Administration on Neurotransmitter Levels in the Basolateral Amygdala (BLA)


In order to further explore the neurochemical mechanisms underlying the effect of PPAR antagonism on fear memory, the levels of neurotransmitters (glutamate, GABA, dopamine and serotonin) in the right (ipsilateral) and left (contralateral, in relation to the formalin injection, which was into the right hind paw) BLA were measured in all groups (Figure 6).



Kruskal–Wallis comparisons revealed a significant difference between groups (χ2 (15) = 84.814, p < 0.001) in serotonin levels in the BLA (Figure 6C). Post hoc analysis with Dunn’s test indicated that the levels of serotonin were significantly lower in the right BLA of NFC GW6471, FC Vehicle, and FC GSK0660 rats compared to their left side counterparts (* p < 0.05). When each side was analysed separately, Kruskal–Wallis showed a significant difference among the groups in the left [χ2 (7) = 16.134, p < 0.05], but not in the right [χ2 (7) = 4.713, p > 0.05] side in serotonin levels in the BLA. However, post hoc pairwise comparisons with Dunn’s test did not reach statistical significance. The Kruskal–Wallis test revealed a significant difference between groups (χ2 (15) = 90.526, p < 0.001) in dopamine levels in the BLA (Figure 6D). Post hoc analysis with Dunn’s test indicated that the levels of dopamine were significantly lower in the right BLA of NFC Vehicle, FC Vehicle, and NFC GSK0660 rats compared to their left counterparts (* p < 0.05). When each side was analysed separately, Kruskal–Wallis did not show any significant difference between groups in the right [χ2 (7) = 11.912, p > 0.05] or in the left [χ2 (7) = 1.796, p > 0.05] sides in dopamine levels in the BLA.



The Kruskal–Wallis test did not show any significant difference between groups (χ2 (15) = 20.669, p > 0.05) in GABA levels in the BLA (Figure 6A). When each side was analysed separately, Kruskal–Wallis did not show any significant difference between groups in the right [χ2 (7) = 6.288, p > 0.05] or in the left [χ2 (7) = 5.291, p > 0.05] sides in the GABA levels in the BLA. Kruskal–Wallis comparisons revealed a significant difference between groups (χ2 (15) = 39.443, p < 0.01) in glutamate levels in the BLA (Figure 6B). However, post hoc analysis with Dunn’s test did not reach statistical significance. When each side was analysed separately, Kruskal–Wallis did not show any significant difference between group in the right [χ2 (7) = 5.432, p > 0.05] or in the left [χ2 (7) = 9.575, p > 0.05] sides in glutamate levels in the BLA.




2.1.5. Effect of Fear Conditioning and PPAR Antagonist Administration on Endocannabinoids and NAE Levels in the Basolateral Amygdala (BLA)


We also investigated endogenous ligands for PPARs (AEA, PEA, and OEA) in the BLA, and checked for possible effects of PPAR antagonism and intraplantar formalin injection on their levels.



Three-way ANOVA revealed an effect of side [F (1, 84) = 49.888, * p < 0.001] and fear conditioning [F (1, 84) = 4.298, p < 0.05] on PEA levels in the BLA (Figure 7A). Post hoc pairwise analysis with Student Newman–Keuls test did not show any significant statistical differences. There were no significant effects of treatment [F (3, 84) = 0.068, p > 0.05], treatment × conditioning [F (3, 84) = 0.669, p > 0.05], treatment × side [F (3, 84) = 0.344, p > 0.05], conditioning × side [F (1, 84) = 0.074, p > 0.05], and treatment × conditioning × side [F (3, 84) = 0.656, p > 0.05] on PEA levels. When each side was analysed separately, two-way ANOVA did not show any significant effect of treatment, conditioning, or their interaction on either the left or right BLA.



Kruskal–Wallis comparisons did not show any significant difference between groups (χ2 (15) = 22.173, p > 0.05) in AEA levels in the BLA (Figure 7B). When each side was analysed separately, Kruskal–Wallis did not show any significant difference between groups in the right [χ2 (7) = 4.721, p > 0.05] or in the left [χ2 (7) = 6.548, p > 0.05] sides in the AEA levels in the BLA.



Kruskal–Wallis comparisons revealed a significant difference between groups (χ2 (15) = 31.454, p < 0.01) in OEA levels in the BLA (Figure 7C). However, post hoc analysis with Dunn’s test did not reach statistical significance. When each side was analysed separately, the Kruskal–Wallis test did not show any significant difference between groups in the right [χ2 (7) = 6.672, p > 0.05] or in the left [χ2 (7) = 4.598, p > 0.05] sides in the OEA levels in the BLA.





2.2. Experiment 2: Effects of Intra-BLA Administration of PPAR Antagonists on Conditioned Fear in the Absence of Nociceptive Tone in Rats


2.2.1. Intra-BLA Administration of PPAR Antagonists Had No Effect on Composite Pain Score in Saline-Injected Rats


After histological verification, 73% of the rats had both injections correctly placed within the borders of both BLA. Additionally, 7% had one of the injections in the BLA and the other outside BLA borders (see Supplementary Figure S3 for details). The remaining 20% were placed in the CeA, basomedial amygdala (BMA), or ventral endopiriform nucleus. The data analysed were derived only from rats where intracerebral microinjections were accurately placed in the BLA.



As expected, composite pain scores were substantially less in this experiment following intraplantar saline injection compared with Experiment 1, where the rats received intraplantar formalin injection (Figure 8). The Kruskal–Wallis test revealed no difference between groups [χ2 (7) = 4.241, p > 0.05] of rats that received an intraplantar injection of saline into the right hind paw (Figure 9). Two-way ANOVA showed that there were no significant effects of fear-conditioning [F (1, 9) = 4.364, p > 0.05], treatment [F (3, 27) = 0.5191, p > 0.05], or treatment × conditioning [F (3, 26) = 0.4741, p > 0.05] on paw diameter (Figure 9).




2.2.2. Intra-BLA Administration of PPARs Antagonists Increases Freezing in NFC Rats


Kruskal–Wallis revealed a significant difference between groups on the total duration of freezing [χ2 (7) = 18.037, p = 0.012] (Figure 10; the graphs for 3-min bins are available as Supplementary Figure S4). Post hoc pairwise analysis with Dunn’s test indicates a significant enhancement in freezing duration in FC Vehicle rats compared to their NFC counterparts (NFC Vehicle vs. FC Vehicle, * p < 0.05). The treatment with GW6471 and GSK0660 in NFC rats also increased freezing duration (NFC Vehicle vs. NFC GW6471, ** p < 0.01; NFC Vehicle vs. NFC GSK0660, * p < 0.05). The treatment with GW9662 in NFC rats narrowly failed to reach statistical significance (NFC Vehicle vs. GW9662, p = 0.064). These drugs had no significant effects on FC rats.



Kruskal–Wallis analysis of the defecation data revealed a significant difference between groups [χ2 (7) = 23.49, p < 0.01] (Figure 11). Post hoc pairwise analysis with Dunn’s test did not show any significant difference between groups.




2.2.3. Intra-BLA Administration of PPAR Antagonists Does Not Affect General/Motor Behaviour


The effects of fear-conditioning and intra-BLA administration PPAR antagonists on motor behaviour were also assessed (Figure 12). Neither fear conditioning nor PPAR antagonists induced any significant effect on walking (two-way ANOVA [F (3, 58) = 0.332, p > 0.05], fear conditioning [F (1, 58) = 0.133, p > 0.05], treatment × conditioning [F (3, 58) = 0.244, p > 0.05]; Figure 12A), distance moved (two-way ANOVA [F (3, 58) = 0.716, p > 0.05], fear conditioning [F (1, 58) = 0.055, p > 0.05], treatment × conditioning [F (3, 58) = 1.199, p > 0.05]; Figure 12B), grooming (two-way ANOVA [F (3, 50) = 0.628, p > 0.05], fear conditioning [F (1, 50) = 0.053, p > 0.05], and treatment × conditioning [F (3, 50) = 0.248, p > 0.05); Figure 12D).



Two-way ANOVA showed an effect of treatment [F (3, 50) = 3.686, p < 0.05] on rearing duration (Figure 12C). However, post hoc analysis with Student Newman–Keuls did not reveal significant statistical differences between groups. There were no significant effects of fear conditioning [F (1, 50) = 0.261, p > 0.05] and treatment × conditioning [F (3, 50) = 0.256, p > 0.05] on rearing duration.




2.2.4. Effect of Fear Conditioning and PPAR Antagonist Administration on Neurotransmitter Levels in the Basolateral Amygdala (BLA)


As in experiment 1, we further explored the neurochemical mechanisms underlying the effect of PPAR antagonism on fear memory, now in the absence of nociceptive tone, by checking the levels of neurotransmitters (glutamate, GABA, dopamine, and serotonin) in the right (ipsilateral) and left (contralateral, in relation to the saline injection, which was into the right hind paw) BLA of all groups (Figure 13).



The Kruskal–Wallis test revealed a significant difference between groups (χ2 (15) = 58.963, p < 0.001) in dopamine levels (Figure 13D) in the BLA. Post hoc analysis with Dunn’s test indicated that NFC GW9662-treated rats had higher levels of dopamine levels in the right side compared to the left side (* p < 0.05). When each side was analysed separately, Kruskal–Wallis did not reveal a significant difference between groups in the right [χ2 (7) = 11.644, p = 0.053] and in the left [χ2 (7) = 8.987, p > 0.05] side. Because the right side almost reached statistical difference, an analysis considering the different fear conditioning groups was carried out. When we further analysed the fear conditioning groups, the Kruskal–Wallis test revealed a significant difference between groups in the NFC rats in the right [χ2 (3) = 8.324, p < 0.05] but not in the left [χ2 (3) = 5.168, p > 0.05] side. Post hoc analysis with Dunn’s test indicated that NFC rats treated with GW6471 had increased dopamine levels compared to the NFC Vehicle-treated ones (# p < 0.05). The test also indicated a strong trend for increased levels of dopamine in the NFC GW9662-treated rats compared to the NFC vehicle-treated (p = 0.0584). The Kruskal–Wallis test did not reveal any significant differences between groups in FC rats neither in the right [χ2 (3) = 1.937, p > 0.05] nor in the left [χ2 (3) = 3.028, p > 0.05] side.



Kruskal–Wallis test also revealed a significant difference between groups (χ2 (15) = 25.622, p < 0.05) in the GABA levels (Figure 13A) in the BLA. However, post hoc analysis with Dunn’s test did not show any significant between-group differences in the GABA levels. When each side was analysed separately, Kruskal–Wallis did reveal a significant difference among groups in the right [χ2 (7) =14.483, p < 0.05] but not in the left [χ2 (7) = 3.012, p > 0.05] side. However, post hoc analysis with Dunn’s test did not show any significant between-group differences in the GABA levels.



Kruskal–Wallis test did not show any significant difference between groups in glutamate (χ2 (15) = 15.856, p > 0.05; Figure 13B) or serotonin (χ2 (15) = 22.532, p > 0.05; Figure 13C) levels in the BLA. When each side was analysed separately, Kruskal–Wallis did not reveal a significant difference in the levels of glutamate among groups in the right [χ2 (7) = 6.458, p > 0.05] or in the left [χ2 (7) = 3.802, p > 0.05] side. Similarly, when each side was analysed separately, Kruskal–Wallis did not reveal a significant difference in serotonin levels among groups in the right [χ2 (7) = 12.250, p > 0.05] or in the left [χ2 (7) = 2.039, p > 0.05] side.




2.2.5. Effect of Fear Conditioning and PPAR Antagonist Administration on Endocannabinoid and NAE Levels in the Basolateral Amygdala (BLA)


Again, we investigated endogenous ligands for PPARs (AEA, PEA, and OEA) in the BLA, and checked for possible effects of PPAR antagonism in the absence of nociceptive tone on their levels.



Kruskal–Wallis comparisons revealed a significant difference between groups (χ2 (15) = 32.124, p < 0.05) in the PEA levels (Figure 14A) in the BLA. However, post hoc analysis with Dunn’s test did not show any significant changes in PEA levels. When each side was analysed separately, two-way ANOVA revealed a significant effect of treatment [F (3, 44) = 3.034, p < 0.05], fear conditioning [F (1, 44) = 7.163, p < 0.05), and the interaction of treatment × fear conditioning [F (3, 44) = 3.606, p < 0.05] on the PEA levels in the right BLA. Post hoc analysis with Dunn’s test indicated that the FC GW6471-treated rats had decreased levels of PEA compared to the FC Vehicle treated rats in the right BLA ($ p < 0.05). Two-way ANOVA did not reveal any significant effect of treatment [F (3, 48) = 0.624, p > 0.05], fear conditioning [F (1, 48) = 0.590, p < 0.05], and the interaction of treatment × fear conditioning [F (3, 48) = 0.830, p < 0.05] on the PEA levels in the left BLA.



Kruskal–Wallis comparisons revealed a significant difference between groups (χ2 (15) = 47.410, p < 0.05) in the AEA levels (Figure 14B) in the BLA. However, post hoc analysis with Dunn’s test did not show any significant changes in the AEA levels. When each side was analysed separately, Kruskal–Wallis revealed a significant difference between the group in the right [χ2 (7) =14.798, p < 0.05] but not in the left [χ2 (7) = 6.537, p > 0.05] side. However, post hoc analysis with Dunn’s test did not show any significant changes in the AEA levels in the Right BLA.



Kruskal–Wallis comparisons revealed a significant difference between groups (χ2 (15) = 32.456, p < 0.05) in the OEA levels (Figure 14C) in the BLA. However, post hoc analysis with Dunn’s test did not show any significant changes in the OEA levels. When each side was analysed separately, Kruskal–Wallis test revealed a significant difference between groups in the OEA levels in the right (χ2 (7) = 21.988, p < 0.01) but not in the left (χ2 (7) = 6.350, p > 0.05) BLA. Post hoc analysis with Dunn’s did not reveal any significant differences between groups in the OEA levels in the right BLA.





2.3. Expression of PPARs in the BLA


2.3.1. Western Blotting


PPARα, PPARβ/δ, and PPARγ expression was confirmed in the right and left BLA of naïve male SD rats (Figure 15). The bands for PPARα (55 kDa) and PPARβ/δ (52 kDa) were obtained with the use of a monoclonal antibody. The double bands for PPARγ are a consequence of the expression of two subtypes of PPARγ: PPARγ1 and PPARγ2. The 42 kDa band corresponded to β-actin, used as an endogenous control.




2.3.2. RT-qPCR


The available antibodies developed to bind to PPARβ/δ in western blotting protocols did not provide results that were entirely satisfactory, as evidenced by the faint bands above (Figure 15B). Therefore, we opted to demonstrate the presence of PPARβ/δ in the BLA using RT-qPCR. The presence of mRNA encoding PPARβ/δ was confirmed in the right and left BLA of naïve male SD rats. The Ct values found for the BLA punches were 30.05 ± 0.11 in the BLA Right and 29.74 ± 0.02 in the BLA Left. Data are expressed as means ± S.D. (Figure 16)





2.4. Effects of Intraplantar Administration of Formalin on Levels of Neurotransmitters, Endocannabinoids, and NAEs in NFC and FC Rats


Samples from the NFC and FC vehicle-treated groups from both experiments were re-run on LC-MS/MS and re-analysed together in order to compare the possible effects of the presence of a nociceptive inflammatory tone (i.e., formalin) versus its absence (i.e., saline) on the levels of neurotransmitters, endocannabinoids, and NAEs.



2.4.1. Effects of Intraplantar (i.pl.) Administration of Formalin on Levels of Neurotransmitters in NFC and FC Rats


There was a significant effect of side (ipsilateral/contralateral) for all four neurotransmitters analysed (GABA [F (1, 52) = 10.730, a p = 0.002]; glutamate [F (1, 52) = 5.630, a p = 0.021]; serotonin [F (1, 51) = 12.192, a p = 0.001]; and dopamine [F (1, 47) = 53.882, a p < 0.001]; Figure 17). Post hoc pairwise analysis with Student Newman–Keuls did not show any further significant statistical differences for GABA and glutamate (Figure 17A,B), but indicated that saline-treated FC rats had increased levels of serotonin compared to their NFC counterparts (NFC Saline-treated vs. FC Saline-treated, # p < 0.05; Figure 17C) on the right side and also showed that NFC rats that received an intraplantar injection of formalin had increased levels of dopamine on the right BLA (NFC saline-treated vs. NFC-formalin-treated, # p < 0.05; Figure 17D). It also confirmed the side differences (* p < 0.05, compared to their left counterparts) in the dopamine levels (Figure 17D). When the right and left sides were analysed separately, two-way ANOVA revealed a significant effect of fear conditioning [F (1, 24) = 4.464, £ p < 0.05] on the serotonin levels in the right BLA. However, post hoc pairwise analysis with Student Newman–Keuls did not show significant statistical differences. The other comparisons did not reach any statistical significance (see the Supplementary Materials for details).




2.4.2. Effects of Intraplantar Administration of Formalin on Levels of Endocannabinoids and NAEs in NFC and FC Rats


Likewise, an effect of side (ipsilateral/contralateral) was seen for two of the endogenous ligands at the PPARs analysed (PEA: [F (1, 49) = 4.191, a p = 0.046]; OEA: [F (1, 48) = 9.699, a p = 0.003]; Figure 18A,C). The following post hoc pairwise analysis with Student Newman–Keuls did not show significant statistical differences in PEA and OEA levels. When the right and left sides were analysed separately, two-way ANOVA revealed a significant effect of treatment [F (1, 23) = 8.216, p = 0.009] on the PEA levels in the right BLA (Figure 18A). Post hoc pairwise analysis with Student Newman–Keuls indicated that FC rats that received formalin injection had lower levels of PEA in the right side compared to their saline-treated counterparts (FC formalin-treated vs. FC saline-treated, $ p < 0.05). There were no significant differences in the levels of OEA when sides were analysed separately (Figure 18C; see the Supplementary Materials for details).



Kruskal–Wallis comparisons revealed a significant difference between groups (χ2 (7) = 35.131, p < 0.05) in the AEA levels (Figure 18B). Post hoc analysis with Dunn’s test showed lower levels of AEA in the NFC Saline group in the right side compared to the left (* p < 0.05). When each side was analysed separately, Kruskal–Wallis did not reveal any significant differences between groups in the right [χ2 (3) =6.485, p > 0.05] or in the left [χ2 (3) = 2.456, p > 0.05] side.






3. Discussion


The experiments described herein investigated the role of PPARs expressed in the BLA in the mediation or modulation of inflammatory pain, FCA, and conditioned fear, the latter in the presence and absence of nociceptive tone. The expression of the three isoforms in the BLA was confirmed by western blotting (and re-confirmed by RT-qPCR in the case of PPARβ/δ). Administration of GW6471, a PPARα antagonist, directly into the BLA prolonged freezing duration in FC rats in the presence of formalin-evoked nociceptive tone and increased freezing duration in NFC rats in the absence of nociceptive tone. The administration of a PPARγ antagonist, GW9662, into the BLA enhanced freezing expression in the first part of the trial in the presence, but not in the absence, of nociceptive tone. Thus, endogenous PPAR signalling through PPARγ expressed in the BLA may act to attenuate or extinguish conditioned fear behaviour. Likewise, PPAR signalling through PPARα expressed in the BLA seems to be involved in the recall of fear-related memories, with its blockade resulting in potentiation of fear conditioned behaviour in the first part of the trial. Importantly, these effects were only seen in the presence of formalin-evoked nociceptive tone; they were not observed in rats that received intraplantar saline injection. The effects of PPARα and PPARγ blockade on freezing expression were associated with increased levels of dopamine in the right BLA. In the absence of nociceptive tone, the administration of the three antagonists increased freezing duration in NFC rats. These results suggest a modulatory role for PPARs in innate anxiety, but not in conditioned fear, in the absence of nociceptive tone. The intra-BLA injection of PPAR antagonists did not alter nociceptive behaviour or locomotor activity in either NFC or FC rats, irrespective of the nociceptive status. These results suggest that PPAR signalling in the BLA does not modulate pain or FCA. Taken together, these results demonstrate a differential effect of the PPAR signalling system on fear and/or anxiety in the presence versus absence of acute inflammatory pain.



Extinction is defined as a learned inhibition of the retrieval of previously acquired memories. Many studies have demonstrated that PPAR signalling plays a role in mnemonic formation [48,49,50,51]. However, the role of PPARs expressed in the BLA in memory and learning formation have not been investigated yet. We propose that the blockade of PPARα expressed in the BLA delayed short-term, within-trial extinction of fear memory in the presence of nociceptive tone. The blockade of PPARγ in the same region potentiated the initial freezing expression, but did not affect its extinction, in the presence of a nociceptive tone. These effects are related to increased levels of dopamine in the right BLA of FC rats, both in the presence and absence of nociceptive tone, suggesting a possible link of PPAR signalling and basolateral amygdalar dopaminergic modulation of fear and anxiety responses. Our findings are in agreement with a recent study showing that PPARα-KO mice had enhanced fear learning compared to their WT counterparts, and that this enhancement is associated with increased levels of dopamine in the amygdala [51]. Other studies have proposed that PPARs modulate dopamine signalling. Mijangos-Moreno et al. (2016) [52] showed that WY14643 (PPARα agonist) injected into the hypothalamus increased dopamine levels in the nucleus accumbens. This same agonist and methOEA (a long lasting form of OEA), when systemically administered, dose-dependently decreased nicotine-induced excitation of dopamine neurons in the VTA and nicotine-induced elevations of dopamine levels in the nucleus accumbens shell of rats [53]. Thus, we hypothesize that the blockade of PPARα in the BLA of FC rats affects dopamine signalling within this region, resulting in a delay in extinction learning. Moreover, the blockade of PPARγ in FC rats affects dopamine signalling in the BLA, which in turn could result in the enhancement of the recall of fearful memories [54]. Alternatively, the blockade of these receptors may have affected AEA action on fear expression and/or extinction. Previous work from our group has shown increased levels of AEA in the BLA of FC rats that received intraplantar formalin injection in the hind paw compared to NFC counterparts, and trends were also present for the other two NAEs—PEA and OEA [55]. Recently, Morena et al. (2018) [56] demonstrated that the overexpression of FAAH in the BLA decreased expression of conditioned fear in the extinction training session and anxiety-related behaviour in rats. We hypothesize that AEA in the BLA may modulate fear processing through PPARα and PPARγ. Thus, the blockade of these receptors may have affected AEA action on fear expression and/or extinction. However, a possible role of PEA and OEA in this modulation cannot be disregarded. Further studies focusing on the activation of PPARs and the role of PEA and OEA signalling in the BLA in conditioned fear and anxiety could contribute to a better understanding of the role of PPAR signalling in the BLA in conditioned fear and anxiety.



Recent studies have pointed to a possible role of PPARs in anxiety and cognition. Our recent work has shown that the administration of a PPARα antagonist exacerbated inflammatory pain-related impairment of spatial memory in rats [57]. Youssef et al. (2019) showed that the administration of a PPARγ antagonist blocked the anxiolytic effect of beta-caryophyllene. Another study demonstrated that repeated stress decreased PPARγ expression in the amygdala, and treatment with anxiolytics recovered PPARγ expression [58]. PPARγ blockade or knockout was shown to have anxiogenic effects on mice [43]. In this same study, intra-amygdala injections of pioglitazone (PPARγ agonist) were shown to reduce stress-induced anxiety behaviour in rats. In the present study, NFC rats that received intra-BLA injections of PPAR antagonists in the absence of nociceptive tone had increased levels of freezing, comparable to their FC counterparts. Thus, the blockade of these receptors in the BLA increased the innate anxious state in NFC rats with absent formalin-evoked pain. The studies to-date have investigated the role of PPARs in provoked anxious state (i.e., stress or pharmacological-induced anxiety state). Our results support and extend these studies, demonstrating that PPAR signalling in the BLA may modulate anxiety-related behaviour in the absence of nociceptive tone.



The results suggest that PPAR signalling in the BLA does not mediate or modulate formalin-evoked nociceptive behaviour. As previously mentioned, other studies have demonstrated effects of PPAR agonists on pain-related behaviour [59,60,61,62,63] but less is known about the effect of PPAR antagonists. The exogenous administration of PPAR natural ligands has also been shown to modulate pain responses (see Okine et al. 2018 for a review). To our knowledge, the present study is the first to investigate the effect of the blockade of PPARα, PPARβ/δ, and PPARγ expressed in the BLA on inflammatory pain. Similarly to what was shown by us previously [47] and by Donvito et al. (2017) and Mansouri et al. (2017) in their systemic studies, PPAR antagonist administration into the BLA did not affect formalin-evoked nociceptive behaviour.



FCA is a potent suppression of nociceptive responses upon exposure to a fearful stimulus. Our current study investigated the effects of intra-BLA administration of PPAR antagonists on FCA. FCA has been previously shown to be associated with increased levels of AEA, an endocannabinoid that also binds to PPARs, in the BLA [55] and a strong trend for increased tissue levels of PEA and OEA, endogenous ligands of PPARs, in the BLA. No FCA-related alterations in the levels of AEA, PEA, and OEA in the BLA were seen in our experiment; however, Rea et al. (2013) [64] used a different rat strain (Lister-hooded vs. Sprague-Dawley) and a shorter trial compared to our experiment (15 min vs. 30 min), which may explain the different observations in our studies. The data demonstrate that fear conditioning profoundly reduces formalin-evoked nociceptive behaviour via FCA as we and others have previously shown [65,66,67,68,69,70] and that the blockade of PPARα, PPARβ/δ, or PPARγ in the BLA does not affect the expression of FCA.



Furthermore, we compared the effects of intraplantar injection of formalin or saline on the tissue levels of neurotransmitters, endocannabinoids, and NAEs in the BLA of FC and NFC rats. The presence or absence of formalin-induced inflammatory pain was shown to influence the changes in the levels of neurotransmitters and NAEs after fear conditioning rats that received intra-BLA vehicle. For example, FC rats that received saline injection into the right hind paw had increased serotonin and AEA levels in the right BLA, but these effects were not observed in formalin-treated animals. Fear conditioning also decreased PEA levels in the right BLA of formalin-, but not saline-, treated rats. Rea et al. (2013) showed that PEA levels were higher in the left BLA of FC formalin compared to NFC formalin-treated counterparts, which is opposite to what we have observed in our experiment, in which PEA levels were higher in the right BLA of FC formalin compared to the NFC formalin-treated counterparts. In addition, Rea et al. (2013) did not observe altered AEA levels in the left or right BLA of saline-treated animals, contrary to what we observed in our study, where the AEA levels were higher in the FC saline-treated compared to NFC saline-treated rats. However, the rats used by Rea et al. (2013) were from a different strain (Lister-hooded versus Sprague Dawley), which may explain the difference in the results between our studies. The higher levels of serotonin in FC saline-treated rats compared to NFC counterparts that we have observed were in accordance to what Zanoveli et al. (2009) [71] observed in their microdialysis study. Similarly, serotonin levels were increased in conditioned rats 30 min after re-exposure. Other studies have also shown that serotonin neurotransmission in the BLA can be involved in the facilitation of conditioned states [72,73,74]. Formalin-injection itself affected dopamine and AEA levels. NFC rats that received an intraplantar formalin injection were shown to have increased levels of both dopamine and AEA in the right BLA compared to their saline-treated counterparts. Although the role of dopaminergic signalling in pain responses has been extensively studied [75,76,77,78], the role of this system in the amygdala in nociception has been less examined. Roche et al. (2007) [79] did not find changes in dopamine levels in the amygdaloid complex of formalin-treated rats compared to saline-treated rats, which is in contrast with our findings. The rats, similar to our study, underwent cannula implantation into the BLA but were only re-exposed for 15 min to the arena. Additionally, the levels of dopamine were measured using a different technique (i.e., HPLC with electrochemical detection) in gross dissected amygdala in contrast to punches of each of the amygdalar nuclei separately. One study demonstrated that antagonism of D1 receptors in the BNST (part of the extended amygdala) enhanced nociceptive responses in female, but not male rats, suggesting that the dopaminergic system in the BNST may exert sexually dimorphic effects on pain [80]. The blockade of dopaminergic receptors in the nucleus accumbens prevented antinociceptive effects of CB1 receptor activation in the BLA, suggesting a link between the neuromodulation of pain in the BLA and the mesolimbic dopaminergic system. The blockade of D2 and D4 in the PFC inhibited long lasting suppression of nociceptive responses induced by high frequency stimulations of the BLA, suggesting a link between the neuromodulation of pain and the prefrontal dopaminergic system. In their investigation, Rea et al. (2013) did not see any changes in AEA levels in the BLA of formalin-treated rats compared to saline-treated counterparts, which is divergent to what we observed in our results. However, their re-exposure time to the conditioning arena was longer (45 or 60 min) than the one used in our experiments (30 min), which may account for this difference. In our experiment, FC formalin-treated rats had higher levels of PEA in the right BLA compared to saline-treated animals, a result also seen by Rea et al. (2013). Together, these results show that intraplantar formalin injection impacts neurotransmitters and NAE signalling in the BLA. Thus, it is possible that these neurochemical differences underpin the differential effects of PPAR blockade on conditioned fear-related behaviour in the presence versus absence of formalin-evoked nociceptive tone.



In conclusion, the experiments described herein have shown that the blockade of PPARα expressed in the BLA impaired short-term, within trial fear-extinction, and the blockade of PPARγ in the same region potentiated freezing expression in the presence of a nociceptive stimulus in rats, without affecting pain responses. Moreover, the blockade of PPARα, PPARβ/δ, and PPARγ in the BLA increased innate anxiety status in the absence of pain in NFC rats. These results indicate a possible modulatory role for PPARs in the BLA in fear/anxiety expression, with differential effects depending on the presence or absence of nociceptive tone. Further investigations are necessary to elucidate the possible mechanisms involved in these modulations and clarify the molecular basis of this differential pain-dependent effect.




4. Materials and Methods


4.1. Animals


Experiments were carried out on a total of 88 (Experiment 1) and 92 (Experiment 2) adult male Sprague-Dawley rats (230–250 g on arrival; Envigo UK, Bicester, England). The animals were maintained at a controlled temperature (22 ± 2 °C) and humidity (45–55%) under standard lighting conditions (12:12 h light–dark cycles, lights on from 07.00 h). All experiments were carried out during the light phase. Food and water were available ad libitum. The experimental procedures were approved by the Animal Care and Research Ethics Committee, National University of Ireland Galway. The work was carried out under license from the Health Products Regulatory Authority in the Republic of Ireland and in accordance with EU Directive 2010/63.




4.2. Cannula Implantation


Under isoflurane anaesthesia (2–3% in O2, 0.7 L/min), a stainless steel guide cannula (12 mm length, Plastics One Inc., Roanoke, VA, USA) was stereotaxically implanted 1 mm above the right and left BLA of each rat (coordinates: AP = −2.5 mm from bregma, ML = ±4.8 mm, DV = −7.5 mm from the skull surface) according to the rat brain atlas published by Paxinos and Watson (Paxinos et al. 1997) [81]. The cannulae were permanently fixed to the skull using stainless steel screws and carboxylate cement. A stylet made from stainless steel tubing (12 mm length, 22 G, Plastic One—Bilaney Consultants, Sevenoaks, UK) was inserted into the guide cannula to prevent blockage by debris. The non-steroidal anti-inflammatory agent, carprofen (1.25 mg/25 µL, s.c., Rimadyl, Pfizer, Kent, UK), was administered before surgery to manage postoperative analgesia. Animals received a single daily dose of the antimicrobial agent enrofloxacin (10 mg/kg, s.c., Baytril, Bayer plc, Berkshire, UK) for five days to prevent postoperative infection. Following cannula implantation, the rats were singly housed and at least seven days were allowed for recovery post-surgery prior to experimentation. During this recovery period, the rats were handled, stylets checked, and their body weight and general health monitored once daily.




4.3. Drugs


PPARα antagonist, GW6471, PPARβ/δ antagonist, GSK0660, and PPARγ antagonist, GW9662 (all obtained from Tocris Bioscience, Bristol, UK) were dissolved in 100% dimethyl sulfoxide (DMSO), which was used as a vehicle solution. The dose of GW6471 (10 ng/0.5 μL) was chosen based on a study from our laboratory showing that this dose delayed the onset of the second phase of formalin-evoked nociceptive behaviour [43]. The dose of GW9662 (10 ng/0.5 μL) was chosen based on a previous study showing that this dose was effective in reversing the anti-inflammatory and anti-hyperalgesic actions of rosiglitazone [82]. We used the same dose of GSK0660 (10 ng/0.5 μL) as that used for the other two antagonists for comparison and because, up to the time of the experiments, no published studies have administered this drug intracerebrally. Formalin was prepared from a 37% stock solution (Sigma-Aldrich, Dublin, Ireland) diluted in sterile saline. Sodium chloride was dissolved in distilled water (9 g in 1 L—0.9%) and the solution was autoclaved.




4.4. Experimental Procedure


Two different experiments using two different cohorts of rats were carried out (Experiments 1 and 2) and identical in design and methodology with the exception that rats in Experiment 1 received an intraplantar injection of formalin while those in Experiment 2 received an intraplantar injection of saline. The FCA paradigm used in both experiments was essentially as previously described [83,84,85]. There were two phases: conditioning (day 1) and testing (day 2). On the conditioning day, rats were placed in a Perspex chamber (30 cm × 30 cm × 40 cm) and after 15 s, they received the first of 10 footshocks (0.4 mA, 1 s duration, LE85XCT Programmer and Scrambled Shock Generator; Linton Instrumentation, Norfolk, UK) spaced 60 s apart. Fifteen seconds after the last footshock, rats were returned to their home cage. The animals that belonged to the control group, which did not receive footshocks, were placed in the chamber for an equivalent time (9 min 30 s). The animals were randomly assigned to one of eight groups (n = 11 per group; see Supplementary Table S1 for a summary of experimental groups)—rats that received footshock (FC) or no footshock (NFC) treated with the PPARα antagonist GW6471, PPARβ/δ antagonist GSK0660, PPARγ GW9662, or vehicle (100% DMSO). The sequence of testing was randomised to minimise any confounding effects of the order of testing.



The test day started 23 h 30 min after the end of the conditioning phase (Figure 19). First, the rats received a 50 µL injection of formalin (2.5% in saline; Experiment 1) or saline (Experiment 2) into the right hind paw under brief isoflurane anaesthesia (3% in O2; 0.8 L·min−1). Fifteen minutes after, the animals received intra-basolateral amygdalar (intra-BLA) microinjections of either the PPARα antagonist (GW6471), the PPARβ/δ antagonist (GSK0660), PPARγ antagonist (GW9662), or vehicle (volume of injection 0.5 µL/side). After these microinjections, the rats were returned to their home cages. Fifteen minutes after the microinjections, or 24 h after footshock, the rats were re-exposed to the conditioning chamber. A video camera located beneath the observation chamber was used to monitor animal behaviour for 30 min. At the end of the test phase (60 min post formalin injection), rats were killed by decapitation, fast-green dye injected via the guide cannulae, brains were removed, snap-frozen on dry ice, and stored at −80 °C. Formalin induced oedema was assessed by measuring the change in the diameter of the right hind paw measured immediately before, and 60 min after, formalin administration, using Vernier callipers.




4.5. Behavioural Analysis


Behaviour was analysed using the Ethovision 11.5 XT software package (Noldus Technology, Wageningen, The Netherlands). A trained observer blind to the experimental conditions assessed behaviour including: (1) freezing duration (defined as the absence of visible movement except that needed for respiration); (2) duration of walking; (3) duration of grooming; and (4) duration of rearing. Moreover, formalin-evoked nociceptive behaviour was scored according to the composite pain scoring (CPS) technique described by Watson et al. (1997) [86] in which pain behaviours are classified as time spent raising the formalin-injected paw (P1), and holding, licking, biting, shaking, or flinching the injected paw (P2). Thus, we obtained a CPS value from the equation [CPS = (P1 + 2(P2))/(total duration of trial)].




4.6. Histological Verification of Intracerebral Injection Sites


Stereotaxic coordinates were verified histologically on two animals before the start of the cannula implantation surgeries. The rats underwent the surgical procedure as previously described. After the conclusion of the surgical implantation of cannulae, the two rats, still under anaesthesia, were decapitated and a microinjection of 2% fast green dye (0.5 μL over 1 min; Sigma-Aldrich, Dublin, Ireland) diluted in DMSO was made to determine whether the coordinates used were accurate for the BLA. The brain was collected and snap-frozen on dry ice. Then, frozen coronal brain sections were cut at a 50 μm thickness on a cryostat at −21 °C from the start to the end of the amygdaloid complex to determine the location of the dye and confirm the coordinates. For all other rats in the experiments, the dye injections were performed immediately post-decapitation in order to determine if the injections successfully targeted the BLA.




4.7. Cryo-Sectioning and Tissue Microdissection


Frozen coronal brain sections of 150 µm thickness containing the basolateral amygdala (BLA) were cut on a cryostat (Leica Biosystems, Watznal, Germany) and punch-dissected as previously described [70,87,88] using cylindrical brain punchers (Harvard Apparatus, Holliston, MA, USA) with an internal diameter of 0.50 mm for the different amygdalar nuclei, at the following rostro-caudal levels: Bregma, −2.12–−3.30 mm. Additionally, in order to evaluate possible lateralisation effects, the BLA punches were separately collected for the right and left hemispheres. The punch-dissected tissue was weighed (mean ± S.E.M. weight per sample was 1.72 ± 0.1 mg) and stored at −80 °C prior to measurement of the AEA, PEA, OEA, 2-AG, and neurotransmitter levels by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS).




4.8. Measurement of Endocannabinoids, NAEs, and Neurotransmitters in Discrete Brain Regions Using Liquid Chromatography—Tandem Mass Spectrometry (LC-MS/MS)


Each punch-dissected brain sample was homogenised for 4–6 s with an ultrasonic homogeniser/sonicator (Mason, Dublin, Ireland) in a mixture containing 200 μL of deuterated internal standards for endocannabinoids (0.48 nmol/50 ng of 2-AG-d8 and 0.014 nmol/2.5 ng of AEA-d8) and NAEs (0.015 nmol/2.5 ng of OEA-d2 and 0.016 nmol/2.5 ng of PEA-d4), and 10 μL of deuterated internal standards for neurotransmitters (5 μg/0.048 μmol of GABA-d6, 5 μg/0.033 μmol of glutamate d-5, 1 ng/0.006 nmol of dopamine-d-4, and 1 ng/0.005 nmol of serotonin-d-4) and immediately kept on ice. The final volume was made up to 260 μL prior to sonication by adding 50 μL of 100% acetonitrile. Deuterated and non-deuterated endocannabinoids were purchased from Cayman Chemicals (Biosciences, Cambridge, UK). Non-deuterated neurotransmitters were purchased from Sigma Chemicals (Dublin, Ireland): 2129-GABA, G1251-glutamate, H8502-dopamine, and H9523-serotonin. Deuterated neurotransmitters for GABA, glutamate, and dopamine were acquired from CDN isotopes (Pointe-Claire, QC, Canada) (D1828-GABA (D6), D2193-glutamate (D5), D1540-dopamine (D4)). The deuterated serotonin was procured from Alsachim (Strasbourg, France) M760-serotonin (D4).



Samples were kept on ice during the procedure. The homogenates were centrifuged at 11,000× g for 15 min at 4 °C (Hettich centrifuge Mikro 22R, Steinheim am Albuch, Germany). The supernatant was collected and 40 μL was transferred to a HPLC vial. The standard curve was constructed using serial 1/2 dilution by adding 50 µL of a mixture of non-deuterated endocannabinoids and NAEs (25 ng for PEA, OEA, and AEA + 250 ng for 2-AG) and 10 µL of a mixture of non-deuterated neurotransmitters (100 µg of glutamate and GABA, 10 ng each of dopamine, noradrenaline, and serotonin) to 40 μL of acetonitrile in tube #10, vortex-mixing, then collecting 50 µL and transferring it to the next tube (#9) containing 50 µL acetonitrile. The process was repeated until tube #1, when 50 µL of the final volume was discarded, in order to keep the volumes between tubes consistent. Thus, all 10 tubes had 50 µL of a mixture of endocannabinoids and neurotransmitters. All standard curve tubes were spiked with 200 µL of a deuterated endocannabinoid/NAE mixture (2.5 ng deuterated PEA, OEA, and AEA and 50 ng deuterated 2-AG as the internal standards) and 10 µL of deuterated neurotransmitter mixture (5 µg of glutamate and GABA, and 1 ng each of dopamine, and serotonin). A double blank (100% acetonitrile) was also included in between each standard point during the run to minimise the risk of analyte carryover from standard to standard at the upper range of the curve and five double blanks were included after the highest concentration point on the curve to avoid carryover onto the samples. A quality control (QC) sample was prepared from the whole rat brain homogenate using the same protocol described for the punches, and was included with each run to allow for monitoring of inter-run variability. The QC was added after all the samples, at the end of the run.



Mobile phases consisted of (1) high pressure liquid chromatography (HPLC) grade water with 0.1% (v/v) formic acid, and (2) acetonitrile with 0.1% (v/v) formic acid for the initial three minutes with a flow rate of 0.2 mL/min using a Waters Atlantis T3 column (3 µm particles, 100 mm length, 2.1 mm diameter; Waters, UK). Quantitation of each analyte was performed by determining the peak area response of each target analyte against its corresponding deuterated internal standard. This ratiometric analysis was calculated using Masshunter Quantitative Analysis Software (Agilent Technologies Ltd., Cork, Ireland). The amount of analyte in unknown samples was calculated from the analyte/internal standard peak area response ratio using a 10-point calibration curve constructed from a range of concentrations of the non-deuterated form of each analyte and a fixed amount of deuterated internal standard. The values obtained from the Masshunter Quantitative Analysis Software are initially expressed in ng per mg of tissue by dividing by the weight of the punched tissue. To express values as nmol or pmols per mg, the corresponding values are then divided by the molar mass of each analyte expressed as ng/nmole or pg/pmole.




4.9. Verification of PPAR Expression in the BLA


Previous studies showing PPAR expression in the amygdalar complex [41,42] had not considered the subdivisions of the amygdala or all the isoforms in their experiments. Therefore, we carried out a confirmation of the expression of each of the isoforms of PPARs in the BLA.



4.9.1. Verification of PPAR Expression in the BLA by Western Blotting


Punched brain tissues from BLA of naïve male SD rats were analysed by western immunoblotting. Frozen punched samples were lysed briefly with 3 s sonication in radio-immunoprecipitation assay (RIPA) lysis buffer (150 mmol/L NaCl, 25 mmol/L Tris-HCl, pH 7.6, 0.5% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1 mmol/L Na3VO4, 10 mmol/L NaF containing 1% protease inhibitor cocktail [Sigma-Aldrich, Ireland] in a 1.5 mL microcentrifuge tube [75 mL]). After homogenisation, the microcentrifuge tube was placed on the shaker for 45 min at 4 °C for the RIPA lysis buffer to free the protein bound either to the plasma membrane/nuclear membrane and then centrifuged at 14,000× g (Eppendorf Centrifuge 5415R, Stevenage, UK) for 20 min at 4 °C to separate the precipitate and the supernatant. The supernatant was collected, and the protein content determined by the Bradford assay. Protein (BSA, Sigma-Aldrich, Arklow, Ireland) standards (0, 0.0125, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0 mg/mL) were prepared in deionised water (DH2O). The Bradford assay involved adding 250 μL of Bradford reagent (Sigma-Aldrich, Ireland) to 5 μL of unknown samples or standards in triplicate on a 96-well plate. After a 5 min incubation time, absorption at 570 nm wavelength was determined. Protein concentrations of the samples were determined using an 8-point standard curve constructed using the BSA standards. The samples were equalised to 2.0 mg/mL after determining the protein concentration. Eight μL of 4X sample loading buffer was added to 24 μL of the protein sample (48 μg of protein sample) in the microcentrifuge tubes (4X sample loading buffer: 25% v/v 1 mol/L Tris-HCl, pH 6.8, 5% w/v sodium dodecyl sulphate (SDS), 20% v/v glycerol, 2.5% bromophenol blue (0.2% w/v in 100% ethanol), 7 M urea, and 20% v/v of 2-mercaptoethanol, made up to a total volume of 20 mL in distilled water). The microcentrifuge tubes were vortexed quickly and then boiled at 95 °C for 5 min. The samples were then briefly centrifuged and subjected to 9% SDS–polyacrylamide gel electrophoresis (SDS-PAGE) at a constant voltage of 120 mV for 2 h. The separated protein samples were electroblotted onto a nitrocellulose membrane (Nitrocellulose membrane, CAS# 9004-70-0; Bio-Rad, Hercules, CA, USA) at 100 mV for 40 min using the wet transfer method. Protein transfer efficiency was verified by ponceau S (0.1% ponceau dye in 5% acetic acid; Sigma-Aldrich, Arklow, Ireland) staining of the protein band. Membranes were blocked in 5% non-fat dry milk in 0.1% Tris-buffered saline/Tween 20 (TBST) solution for 1 h at room temperature and incubated with a polyclonal antibody to PPARβ/δ Cat# 398394, anti-rabbit, Santa Cruz Biotechnology, Dallas, TX, USA], PPARα [1:200, Cat# 74517, anti-mouse Santa Cruz Biotechnology, Dallas, TX, USA] or PPARγ receptor [1:200, Cat# 22020, anti-goat, Santa Cruz Biotechnology, Dallas, TX, USA] and mouse monoclonal antibody to β-actin (1:10000 Cat# 5441; Sigma-Aldrich, Arklow, Ireland) diluted in 5% milk/0.05% TBST overnight at 4 °C. Post incubation period, the membrane was washed in washing buffer (0.1% TBST) for 3 × 10 min washes. After washing, membranes were then incubated in secondary antibody solution containing IR-Dye goat anti-mouse (k700) and goat anti-rabbit or donkey anti-goat (k800) (LI-COR Biosciences, Cambridge, UK) diluted 1:10,000 in 1% milk/0.1% TBST for 1 h. Five × 5 min washing steps were then performed with washing buffer (0.1% TBST) and one final 5 min wash in distilled water. Blots were scanned on a LI-COR Odyssey imager. IR band intensities for PPAR receptor protein expression (~52/55 kDa) for each sample were generated automatically using the background subtraction method of the LI-COR Image Studio Ver. 2.0 imaging software. Two distinct bands were observed for PPARγ (refer to Figure 15) due to the existence of two isoforms for this receptor. Because the antibodies for PPARα and PPARβ/δ were raised in mouse, similarly to β-actin, these two isoforms showed a band for the endogenous control taken in a second moment. The membranes were stripped of the binding of PPAR antibodies using a stripping buffer, and the protocol described above was repeated from the blocking in 5% non-fat dry milk in the 0.1% TBST step, and the membrane was then re-probed using β-actin antibodies. The blots were then re-scanned on a LI-COR Odyssey imager. IR band intensities for β-actin (~42 kDa) were generated automatically using the background subtraction method of the LI-COR Image Studio Ver. 2.0 imaging software.




4.9.2. Verification of PPARβ/δ Expression in the BLA by RT-qPCR


Punched brain tissues from BLA of naïve male Sprague-Dawley rats were analysed by quantitative real-time PCR (RT-qPCR). RT-qPCR was carried out as described previously (68,87). RNA was extracted from BLA tissue (BLA: 2.04 mg ± 0.2 mg) using the Macherey-Nagel NucleoSpin ® RNA Extraction Kit (Nucleospin RNA, Fisher Scientific, Dublin, Ireland), according to the instructions of the manufacturer. Tissue was homogenised in 353.5 µL of lysis buffer (RA1) containing β-mercaptoethanol (Sigma, Dublin, Ireland) for 3–5 s using an automated homogeniser (Polytron tissue disrupter, Ultra-Turrax, Staufen, Germany). Homogenates were kept on ice until transferred to a Nucleospin filter (violet ring) and centrifuged at 11,000× g for 1 min to reduce viscosity and clear the lysate. The lysates were then treated with 350 µL of 70% molecular grade ethanol (Sigma, Dublin, Ireland) and transferred to a Nucleospin RNA column (light blue ring) and centrifuged at 11,000× g for 30 s to bind the RNA to the membrane. The membrane column was then desalted by adding 350 µL of membrane desalting buffer (MDB) and centrifuging at 11,000× g for 1 min to dry the membrane. Samples were then treated with 10 μL rDNase and left for 15 min at room temperature to remove any DNA. Samples were then serially washed using washing buffers (200 µL RA2, 600 µL RA3, and 250 µL RA3) and RNA was eluted in 30 µL of RNAase-free water (Sigma, Dublin, Ireland). Nanodrop technology (ND-1000, Nanodrop, Labtech International, Ringmer, UK) was used to measure the concentration, purity, and integrity of the RNA. RNA concentration was determined by measuring the optical density (OD) at 260 nm. The integrity and purity were determined by measuring the ratios of OD260/OD280 and OD230/OD280, respectively, where a ratio of approximately 1.8–2.0 was deemed indicative of RNA of good quality and purity. All RNA samples were within the acceptable range for both integrity and purity. Samples were equalised to the same concentration of RNA (35 ng/μL) using RNase free water (Sigma, Dublin, Ireland). Equalised samples were then stored at −80 °C until reverse transcribed. Equal amounts of total RNA (10 ng/μL) were reverse transcribed into cDNA as follows: two master mixes were made up, as shown below in Supplementary Tables S2 and S3; all reagents were obtained from (Biosciences, Dublin, Ireland). Ten μL of normalised RNA from each sample was added to a newly labelled PCR tube where 2 μL of master mix 1 was added to each tube. The mixture was then heated to 65 °C for 5 min in a thermocycler (MJ Research, Reno, NV, USA) and quickly chilled on ice. The contents of the tube were collected by brief centrifugation. Seven μL of master mix 2 was then added to each tube and incubated at 37 °C for 2 min on the thermocycler. One μL of superscript III reverse transcriptase was added to each sample and mixed gently. Samples were left to incubate at room temperature for 10-min and then loaded on the thermocycler to incubate further at 50 °C for 50 min. The reaction was inactivated by heating the samples at 70 °C for another 15 min. Finally, cDNA samples were diluted (1:4) using RNAase-free water and stored at −20 °C. cDNA strands were then analysed by RT-qPCR using the Applied Biosystems StepOne Plus Real Time PCR System (Bio-Sciences, Dublin, Ireland). TaqMan gene expression assays (Bio-Sciences, Dublin, Ireland) containing forward and reverse primers and a FAM-labelled TaqMan probe were used (Bio-Sciences, Dublin, Ireland). Assay IDs for the genes in rats examined were as follows: PPARβ/δ (Rn00565707) and VIC-labelled β-actin (Rn00667869_m1) was used as the house keeping gene and endogenous control. A reaction mixture was prepared and stored on ice. This consisted of 0.5 μL target (PPAR) primers (Bio-Sciences, Dublin, Ireland), 0.5 μL of the reference gene β-actin, 5 μL TaqMan Universal PCR master mix, 1.5 μL of RNA free water, and 2.5 μL of sample cDNA to give a total volume of 10 μL per sample. Samples were pipetted in duplicate (10 μL per well total volume) into an optical 96 well plate. Negative controls were included in all assays, containing the master mix but cDNA was replaced with RNase free water. Plates were then covered with adhesive covers and spun at 1000 g for 1 min to ensure complete mixing. The plate was then placed in a StepOnePlus™ real time PCR machine (Bio-Sciences, Dublin, Ireland). StepOnePlus™ cycling conditions were 50 °C for 2 min, 95 °C for 10 min, and 40 cycles of (95 °C for 15 s/60 °C for 1 min). Amplification plots were examined using Applied Biosystems 7500 System SDS Software 1.3.1.





4.10. Statistical Analysis


The SPSS 21.0 statistical package was used to analyse the data. Normality was assessed using thee Shapiro–Wilk test and homogeneity of variance was checked using Levene’s test. Behavioural data were analysed using two-factor analysis of variance (two-way ANOVA), with factors being fear-conditioning and treatment, or analysis of variance with repeated measures (repeated measures ANOVA) when appropriate (e.g., when the data were analysed and presented in time bins). Neurochemical data were analysed using three-factor analysis of variance (three-way ANOVA), with factors being fear conditioning, treatment, and side (ipsilateral or contralateral, with respect to the formalin injection). Post hoc pairwise comparisons were made with Student Newman–Keuls test when appropriate. If data were found to be non-parametric, three transformation protocols were applied, in this order: square root of the data values, log of the data values, and ranking of the data values. Additionally, we checked whether the highest standard deviation was less than or equal to two times the smallest standard deviation for the particular dataset being analysed [89]. If data were still deemed non-parametric after these transformations and tests, they were analysed using Kruskal–Wallis analysis of variance and post hoc analysis performed using Dunn’s test when appropriate. When repeated measures data were non-parametric, they were analysed using Friedman’s and Kruskal–Wallis tests, followed by Dunn’s post hoc if applicable. Data were considered significant when p < 0.05. Data are expressed as group means ± standard error of the mean (S.E.M.) when parametric and as median with interquartile range and min/max when non-parametric.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27062021/s1, Figure S1: Histological verification of injector site location for Experiment 1; Figure S2: Effects of intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on freezing duration presented as 3-min time bins (B) in non-fear conditioned (NFC) rats; Figure S3: Histological verification of injector site location for Experiment 1; Figure S4: Effects of intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on freezing duration presented as 3-min time bins in fear conditioned (FC) and non-fear conditioned (NFC) rats; Table S1: Summary of experimental groups. NFC, non-fear conditioned; FC, fear conditioned; Table S2: Supplementary Table S1: Master mixture 1 for cDNA synthesis; Table S3: Supplementary Table S3: Master mixture 2 for cDNA synthesis; Annex S1: Description of statistical results for Section 2.4.1; Annex S2: Description of statistical results for Section 2.4.2.





Author Contributions


Conceptualisation, J.C.G., B.N.O., M.R. and D.P.F.; Data curation, J.C.G. and D.D.; Formal analysis, J.C.G. and B.N.O.; Funding acquisition, J.C.G. and D.P.F.; Investigation, J.C.G., B.N.O. and D.D.; Methodology, J.C.G. and B.N.O.; Project administration, D.P.F.; Resources, J.C.G. and D.P.F.; Supervision, M.R. and D.P.F.; Writing—original draft, J.C.G.; Writing—review & editing, D.P.F. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Conselho Nacional de Pesquisa (CNPq)—Brazil (#207530/2014-9) and the Science Foundation Ireland (10/IN.1/B2976). J.C.G. was funded by a PhD scholarship from Conselho Nacional de Pesquisa (CNPq)—Brazil.




Institutional Review Board Statement


The experimental procedures were approved by the Animal Care and Research Ethics Committee, National University of Ireland Galway. The work was carried out under license from the Health Products Regulatory Authority in the Republic of Ireland and in accordance with EU Directive 2010/63.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We would like to acknowledge the contribution of Mehnaz I Ferdousi and Laura Boullon, for their vital support during the in vivo and in vitro analysis.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Laboratory samples may be discarded following publication of this work.




References


	



Issemann, I.; Green, S. Activation of a member of the steroid hormone receptor superfamily by peroxisome proliferators. Nature 1990, 347, 645–650. [Google Scholar] [CrossRef]

	



Marion-Letellier, R.; Savoye, G.; Ghosh, S. Fatty acids, eicosanoids and PPAR gamma. Eur. J. Pharmacol. 2016, 785, 44–49. [Google Scholar] [CrossRef] [PubMed]

	



Waku, T.; Shiraki, T.; Oyama, T.; Maebara, K.; Nakamori, R.; Morikawa, K. The nuclear receptor PPARγ individually responds to serotonin- and fatty acid-metabolites. EMBO J. 2010, 29, 3395–3407. [Google Scholar] [CrossRef] [PubMed]

	



Bouaboula, M.; Hilairet, S.; Marchand, J.; Fajas, L.; Le Fur, G.; Casellas, P. Anandamide induced PPARγ transcriptional activation and 3T3-L1 preadipocyte differentiation. Eur. J. Pharmacol. 2005, 517, 174–181. [Google Scholar] [CrossRef] [PubMed]

	



Rockwell, C.E.; Snider, N.T.; Thompson, J.T.; Vanden Heuvel, J.P.; Kaminski, N.E. Interleukin-2 suppression by 2-arachidonyl glycerol is mediated through peroxisome proliferator activated receptor independently of cannabinoid receptors 1 and 2. Mol. Pharmacol. 2006, 70, 101–111. [Google Scholar] [CrossRef] [PubMed]

	



LoVerme, J.; La Rana, G.; Russo, R.; Calignano, A.; Piomelli, D. The search for the palmitoylethanolamide receptor. Life Sci. 2005, 77, 1685–1698. [Google Scholar] [CrossRef]

	



Fu, J.; Gaetani, S.; Oveisi, F.; Lo Verme, J.; Serrano, A.; Rodríguez De Fonseca, F.; Rosengarth, A.; Luecke, H.; Di Giacomo, B.; Tarzia, G.; et al. Oleylethanolamide regulates feeding and body weight through activation of the nuclear receptor PPAR-a. Nature 2003, 425, 90–93. [Google Scholar] [CrossRef]

	



Hong, F.; Xu, P.; Zhai, Y. The Opportunities and Challenges of Peroxisome Proliferator-Activated Receptors Ligands in Clinical Drug Discovery and Development. Int. J. Mol. Sci. 2018, 19, 2189. [Google Scholar] [CrossRef]

	



Fruchart, J.C.; Staels, B.; Duriez, P. The role of fibric acids in atherosclerosis. Curr. Atheroscler. Rep. 2001, 3, 83–92. [Google Scholar] [CrossRef]

	



Davis, M. The role of the amygdala in fear and anxiety. Annu. Rev. Neurosci. 1992, 15, 353–375. [Google Scholar] [CrossRef]

	



Sah, P.; Faber, E.S.L.; Lopez De Armentia, M.; Power, J. The Amygdaloid Complex: Anatomy and Physiology. Physiol. Rev. 2003, 83, 803–834. [Google Scholar] [CrossRef] [PubMed]

	



Tsvetkov, E.A.; Krasnoshchekova, E.I.; Vesselkin, N.P.; Kharazova, A.D. Amygdala: Neuroanatomy and Neurophysiology of Fear. J. Evol. Biochem. Physiol. 2015, 51, 406–418. [Google Scholar] [CrossRef]

	



LeDoux, J. The amygdala. Curr. Biol. 2007, 17, R868–R874. [Google Scholar] [CrossRef] [PubMed]

	



Koo, J.W.; Han, J.-S.; Kim, J.J. Selective Neurotoxic Lesions of Basolateral and Central Nuclei of the Amygdala Produce Differential Effects on Fear Conditioning. J. Neurosci. 2004, 24, 7654–7662. [Google Scholar] [CrossRef]

	



Maren, S. Neurotoxic Basolateral Amygdala Lesions Impair Learning and Memory But Not the Performance of Conditional Fear in Rats. J. Neurosci. 1999, 19, 8696–8703. [Google Scholar] [CrossRef]

	



Phillips, R.G.; LeDoux, J.E. Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning. Behav. Neurosci. 1992, 106, 274–285. [Google Scholar] [CrossRef]

	



Sananes, C.B.; Davis, M. N-methyl-D-aspartate lesions of the lateral and basolateral nuclei of the amygdala block fear-potentiated startle and shock sensitization of startle. Behav. Neurosci. 1992, 106, 72–80. [Google Scholar] [CrossRef]

	



Helmstetter, F.J. Contribution of the amygdala to learning and performance of conditional fear. Physiol. Behav. 1992, 51, 1271–1276. [Google Scholar] [CrossRef]

	



Kim, J.J.; Rison, R.A.; Fanselow, M.S. Effects of amygdala, hippocampus, and periaqueductal gray lesions on short- and long-term contextual fear. Behav. Neurosci. 1993, 107, 1093–1098. [Google Scholar] [CrossRef]

	



Muller, J.; Corodimas, K.P.; Fridel, Z.; LeDoux, J.E. Functional inactivation of the lateral and basal nuclei of the amygdala by muscimol infusion prevents fear conditioning to an explicit conditioned stimulus and to contextual stimuli. Behav. Neurosci. 1997, 111, 683–691. [Google Scholar] [CrossRef]

	



Sacchetti, B.; Lorenzini, C.A.; Baldi, E.; Tassoni, G.; Bucherelli, C. Auditory thalamus, dorsal hippocampus, basolateral amygdala, and perirhinal cortex role in the consolidation of conditioned freezing to context and to acoustic conditioned stimulus in the rat. J. Neurosci. 1999, 19, 9570–9578. [Google Scholar] [CrossRef] [PubMed]

	



Miserendino, M.J.D.; Sananes, C.B.; Melia, K.R.; Davis, M. Blocking of acquisition but not expression of conditioned fear-potentiated startle by NMDA antagonists in the amygdala. Nature 1990, 345, 716–718. [Google Scholar] [CrossRef] [PubMed]

	



Fanselow, M.S.; Kim, J.J. Acquisition of contextual Pavlovian fear conditioning is blocked by application of an NMDA receptor antagonist D,L-2-amino-5-phosphonovaleric acid to the basolateral amygdala. Behav. Neurosci. 1994, 108, 210–212. [Google Scholar] [CrossRef] [PubMed]

	



Helmstetter, F.J.; Bellgowan, P.S. Effects of muscimol applied to the basolateral amygdala on acquisition and expression of contextual fear conditioning in rats. Behav. Neurosci. 1994, 108, 1005–1009. [Google Scholar] [CrossRef] [PubMed]

	



Baldi, E.; Bucherelli, C. Substantia nigra, nucleus basalis magnocellularis and basolateral amygdala roles in extinction of contextual fear conditioning in the rat. Neurobiol. Learn. Mem. 2010, 94, 199–205. [Google Scholar] [CrossRef] [PubMed]

	



Ranjbar, H.; Radahmadi, M.; Reisi, P.; Alaei, H. Effects of electrical lesion of basolateral amygdala nucleus on rat anxiety-like behaviour under acute, sub-chronic, and chronic stresses. Clin. Exp. Pharmacol. Physiol. 2017, 44, 470–479. [Google Scholar] [CrossRef] [PubMed]

	



Degoulet, M.F.; Rostain, J.C.; David, H.N.; Abraini, J.H. Repeated administration of amphetamine induces a shift of the prefrontal cortex and basolateral amygdala motor function. Int. J. Neuropsychopharmacol. 2009, 12, 965–974. [Google Scholar] [CrossRef]

	



Makkar, S.R.; Zhang, S.Q.; Cranney, J.; Cranney, J. Behavioral and Neural Analysis of GABA in the Acquisition, Consolidation, Reconsolidation, and Extinction of Fear Memory. Neuropsychopharmacology 2010, 35, 1625–1652. [Google Scholar] [CrossRef]

	



Walker, D.L.; Davis, M. The role of amygdala glutamate receptors in fear learning, fear-potentiated startle, and extinction. Pharmacol. Biochem. Behav. 2002, 71, 379–392. [Google Scholar] [CrossRef]

	



Davis, M.; Myers, K.M. The role of glutamate and gamma-aminobutyric acid in fear extinction: Clinical implications for exposure therapy. Biol. Psychiatry 2002, 52, 998–1007. [Google Scholar] [CrossRef]

	



Bauer, E.P. Serotonin in fear conditioning processes. Behav. Brain Res. 2015, 277, 68–77. [Google Scholar] [CrossRef]

	



Fadok, J.P.; Darvas, M.; Dickerson, T.M.K.; Palmiter, R.D. Long-Term Memory for Pavlovian Fear Conditioning Requires Dopamine in the Nucleus Accumbens and Basolateral Amygdala. PLoS ONE 2010, 5, e12751. [Google Scholar] [CrossRef] [PubMed]

	



Chhatwal, J.P.; Ressler, K.J. Modulation of fear and anxiety by the endogenous cannabinoid system. CNS Spectr. 2007, 12, 211–220. [Google Scholar] [CrossRef]

	



Ji, G.; Sun, H.; Fu, Y.; Li, Z.; Pais-Vieira, M.; Galhardo, V.; Neugebauer, V. Cognitive Impairment in Pain through Amygdala-Driven Prefrontal Cortical Deactivation. J. Neurosci. 2010, 30, 5451–5464. [Google Scholar] [CrossRef] [PubMed]

	



Luongo, L.; de Novellis, V.; Gatta, L.; Palazzo, E.; Vita, D.; Guida, F.; Giordano, C.; Siniscalco, D.; Marabese, I.; De Chiaro, M.; et al. Role of metabotropic glutamate receptor 1 in the basolateral amygdala-driven prefrontal cortical deactivation in inflammatory pain in the rat. Neuropharmacology 2013, 66, 317–329. [Google Scholar] [CrossRef] [PubMed]

	



Butler, R.K.; Ehling, S.; Barbar, M.; Thomas, J.; Hughes, M.A.; Smith, C.E.; Pogorelov, V.M.; Aryal, D.K.; Wetsel, W.C.; Lascelles, B.D.X. Distinct neuronal populations in the basolateral and central amygdala are activated with acute pain, conditioned fear, and fear-conditioned analgesia. Neurosci. Lett. 2017, 661, 11–17. [Google Scholar] [CrossRef]

	



Nakagawa, T.; Katsuya, A.; Tanimoto, S.; Yamamoto, J.; Yamauchi, Y.; Minami, M.; Satoh, M. Differential patterns of c-fos mRNA expression in the amygdaloid nuclei induced by chemical somatic and visceral noxious stimuli in rats. Neurosci. Lett. 2003, 344, 197–200. [Google Scholar] [CrossRef]

	



Asmundson, G.J.; Coons, M.J.; Taylor, S.; Katz, J. PTSD and the Experience of Pain: Research and Clinical Implications of Shared Vulnerability and Mutual Maintenance Models. Can. J. Psychiatry 2002, 47, 930–937. [Google Scholar] [CrossRef]

	



Pereira, F.G.; França, M.H.; de Paiva, M.C.A.; Andrade, L.H.; Viana, M.C. Prevalence and clinical profile of chronic pain and its association with mental disorders. Rev. Saude Publica 2017, 51, 96. [Google Scholar] [CrossRef]

	



Warden, A.; Truitt, J.; Merriman, M.; Ponomareva, O.; Jameson, K.; Ferguson, L.B.; Mayfield, R.D.; Harris, R.A.; Berger, J.; Moller, D.E.; et al. Localization of PPAR isotypes in the adult mouse and human brain. Sci. Rep. 2016, 6, 27618. [Google Scholar] [CrossRef]

	



Moreno, S.; Farioli-Vecchioli, S.; Cerù, M. Immunolocalization of peroxisome proliferator-activated receptors and retinoid × receptors in the adult rat CNS. Neuroscience 2004, 123, 131–145. [Google Scholar] [CrossRef] [PubMed]

	



Okine, B.N.; Rea, K.; Olango, W.M.; Price, J.; Herdman, S.; Madasu, M.K.; Roche, M.; Finn, D.P. A role for PPARα in the medial prefrontal cortex in formalin-evoked nociceptive responding in rats. Br. J. Pharmacol. 2014, 171, 1462–1471. [Google Scholar] [CrossRef] [PubMed]

	



Domi, E.; Uhrig, S.; Soverchia, L.; Spanagel, R.; Hansson, A.C.; Barbier, E.; Heilig, M.; Ciccocioppo, R.; Ubaldi, M. Genetic Deletion of Neuronal PPARγ Enhances the Emotional Response to Acute Stress and Exacerbates Anxiety: An Effect Reversed by Rescue of Amygdala PPARγ Function. J. Neurosci. 2016, 36, 12611–12623. [Google Scholar] [CrossRef] [PubMed]

	



Okine, B.N.; Gaspar, J.C.; Madasu, M.K.; Olango, W.M.; Harhen, B.; Roche, M.; Finn, D.P. Characterisation of peroxisome proliferator-activated receptor signalling in the midbrain periaqueductal grey of rats genetically prone to heightened stress, negative affect and hyperalgesia. Brain Res. 2017, 1657, 185–192. [Google Scholar] [CrossRef]

	



Okine, B.N.; Gaspar, J.C.; Finn, D.P. PPARs and pain. Br. J. Pharmacol. 2018, 176, 1421–1442. [Google Scholar] [CrossRef]

	



Youssef, D.A.; El-Fayoumi, H.M.; Mahmoud, M.F. Beta-caryophyllene alleviates diet-induced neurobehavioral changes in rats: The role of CB2 and PPAR-γ receptors. Biomed. Pharmacother. 2019, 110, 145–154. [Google Scholar] [CrossRef]

	



Gaspar, J.C.; Okine, B.N.; Llorente-Berzal, A.; Roche, M.; Finn, D.P. Pharmacological blockade of PPAR isoforms increases conditioned fear responding in the presence of nociceptive tone. Molecules 2020, 25, 1007. [Google Scholar] [CrossRef]

	



Mazzola, C.; Medalie, J.; Scherma, M.; Panlilio, L.V.; Solinas, M.; Tanda, G.; Drago, F.; Cadet, J.L.; Goldberg, S.R.; Yasar, S. Fatty acid amide hydrolase (FAAH) inhibition enhances memory acquisition through activation of PPAR-alpha nuclear receptors. Learn. Mem. 2009, 16, 332–337. [Google Scholar] [CrossRef]

	



Campolongo, P.; Roozendaal, B.; Trezza, V.; Cuomo, V.; Astarita, G.; Fu, J.; McGaugh, J.L.; Piomelli, D. Fat-induced satiety factor oleoylethanolamide enhances memory consolidation. Proc. Natl. Acad. Sci. USA 2009, 106, 8027–8031. [Google Scholar] [CrossRef]

	



Ratano, P.; Palmery, M.; Trezza, V.; Campolongo, P. Cannabinoid Modulation of Memory Consolidation in Rats: Beyond the Role of Cannabinoid Receptor Subtype 1. Front. Pharmacol. 2017, 8, 200. [Google Scholar] [CrossRef]

	



Chikahisa, S.; Chida, D.; Shiuchi, T.; Harada, S.; Shimizu, N.; Otsuka, A.; Tanioka, D.; Séi, H. Enhancement of fear learning in PPARα knockout mice. Behav. Brain Res. 2019, 359, 664–670. [Google Scholar] [CrossRef] [PubMed]

	



Mijangos-Moreno, S.; Poot-Aké, A.; Guzmán, K.; Arankowsky-Sandoval, G.; Arias-Carrión, O.; Zaldívar-Rae, J.; Sarro-Ramírez, A.; Murillo-Rodríguez, E. Sleep and neurochemical modulation by the nuclear peroxisome proliferator-activated receptor α (PPAR-α) in rat. Neurosci. Res. 2016, 105, 65–69. [Google Scholar] [CrossRef] [PubMed]

	



Mascia, P.; Pistis, M.; Justinova, Z.; Panlilio, L.V.; Luchicchi, A.; Lecca, S.; Scherma, M.; Fratta, W.; Fadda, P.; Barnes, C.; et al. Blockade of Nicotine Reward and Reinstatement by Activation of Alpha-Type Peroxisome Proliferator-Activated Receptors. Biol. Psychiatry 2011, 69, 633–641. [Google Scholar] [CrossRef] [PubMed]

	



Li, F.; Wang, L.P.; Shen, X.; Tsien, J.Z. Balanced dopamine is critical for pattern completion during associative memory recall. PLoS ONE 2010, 5, e15401. [Google Scholar] [CrossRef]

	



Rea, K.; Olango, W.M.; Harhen, B.; Kerr, D.M.; Galligan, R.; Fitzgerald, S.; Moore, M.; Roche, M.; Finn, D.P. Evidence for a role of GABAergic and glutamatergic signalling in the basolateral amygdala in endocannabinoid-mediated fear-conditioned analgesia in rats. Pain 2013, 154, 576–585. [Google Scholar] [CrossRef]

	



Morena, M.; Aukema, R.J.; Leitl, K.D.; Rashid, A.J.; Vecchiarelli, H.A.; Josselyn, S.A.; Hill, M.N. Upregulation of Anandamide Hydrolysis in the Basolateral Complex of Amygdala Reduces Fear Memory Expression and Indices of Stress and Anxiety. J. Neurosci. 2018, 7, 1275–1292. [Google Scholar] [CrossRef]

	



Gaspar, J.C.; Healy, C.; Ferdousi, M.I.; Roche, M.; Finn, D.P. Pharmacological blockade of pparα exacerbates inflammatory pain-related impairment of spatial memory in rats. Biomedicines 2021, 9, 610. [Google Scholar] [CrossRef]

	



Liu, H.-Y.; Yue, J.; Hu, L.-N.; Cheng, L.-F.; Wang, X.-S.; Wang, X.-J.; Feng, B. Chronic minocycline treatment reduces the anxiety-like behaviors induced by repeated restraint stress through modulating neuroinflammation. Brain Res. Bull. 2018, 143, 19–26. [Google Scholar] [CrossRef]

	



Taylor, B.K.; Dadia, N.; Yang, C.B.; Krishnan, S.; Badr, M. Peroxisome Proliferator-Activated Receptor Agonists Inhibit Inflammatory Edema and Hyperalgesia. Inflammation 2002, 26, 121–127. [Google Scholar] [CrossRef]

	



Oliveira, A.C.P.; Bertollo, C.M.; Rocha, L.T.S.; Nascimento, E.B.; Costa, K.A.; Coelho, M.M. Antinociceptive and antiedematogenic activities of fenofibrate, an agonist of PPAR alpha, and pioglitazone, an agonist of PPAR gamma. Eur. J. Pharmacol. 2007, 561, 194–201. [Google Scholar] [CrossRef]

	



Suardíaz, M.; Estivill-Torrús, G.; Goicoechea, C.; Bilbao, A.; Rodríguez de Fonseca, F. Analgesic properties of oleoylethanolamide (OEA) in visceral and inflammatory pain. Pain 2007, 133, 99–110. [Google Scholar] [CrossRef] [PubMed]

	



Gill, N.; Bijjem, K.R.V.; Sharma, P.L. Anti-inflammatory and anti-hyperalgesic effect of all-trans retinoic acid in carrageenan-induced paw edema in Wistar rats: Involvement of peroxisome proliferator-activated receptor-β/δ receptors. Indian J. Pharmacol. 2013, 45, 278–282. [Google Scholar] [PubMed]

	



Mansouri, M.T.; Naghizadeh, B.; Ghorbanzadeh, B.; Rajabi, H.; Pashmforoush, M. Pharmacological evidence for systemic and peripheral antinociceptive activities of pioglitazone in the rat formalin test: Role of PPARγ and nitric oxide. Eur. J. Pharmacol. 2017, 805, 84–92. [Google Scholar] [CrossRef]

	



Donvito, G.; Bagdas, D.; Toma, W.; Rahimpour, E.; Jackson, A.; Meade, J.A.; AlSharari, S.; Kulkarni, A.R.; Ivy Carroll, F.; Lichtman, A.H.; et al. The interaction between alpha 7 nicotinic acetylcholine receptor and nuclear peroxisome proliferator-activated receptor-α represents a new antinociceptive signaling pathway in mice. Exp. Neurol. 2017, 295, 194–201. [Google Scholar] [CrossRef]

	



Roche, M.; Johnston, P.; Mhuircheartaigh, O.N.; Olango, W.M.; Mackie, K.; Finn, D.P. Effects of intra-basolateral amygdala administration of rimonabant on nociceptive behaviour and neuronal activity in the presence or absence of contextual fear. Eur. J. Pain 2010, 14, 487–495. [Google Scholar] [CrossRef] [PubMed]

	



Ford, G.K.; Kieran, S.; Dolan, K.; Harhen, B.; Finn, D.P. A role for the ventral hippocampal endocannabinoid system in fear-conditioned analgesia and fear responding in the presence of nociceptive tone in rats. Pain 2011, 152, 2495–2504. [Google Scholar] [CrossRef] [PubMed]

	



Rea, K.; Roche, M.; Finn, D.P. Modulation of Conditioned Fear, Fear-Conditioned Analgesia, and Brain Regional C-Fos Expression Following Administration of Muscimol into the Rat Basolateral Amygdala. J. Pain 2011, 12, 712–721. [Google Scholar] [CrossRef] [PubMed]

	



Rea, K.; Ford, G.K.; Olango, W.M.; Harhen, B.; Roche, M.; Finn, D.P. Microinjection of 2-arachidonoyl glycerol into the rat ventral hippocampus differentially modulates contextually induced fear, depending on a persistent pain state. Eur. J. Neurosci. 2014, 39, 435–443. [Google Scholar] [CrossRef]

	



Butler, R.K.; Ford, G.K.; Hogan, M.; Roche, M.; Doyle, K.M.; Kelly, J.P.; Kendall, D.A.; Chapman, V.; Finn, D.P. Fear-induced suppression of nociceptive behaviour and activation of Akt signalling in the rat periaqueductal grey: Role of fatty acid amide hydrolase. J Psychopharmacol 2012, 26, 83–91. [Google Scholar] [CrossRef]

	



Olango, W.M.; Roche, M.; Ford, G.K.; Harhen, B.; Finn, D.P. The endocannabinoid system in the rat dorsolateral periaqueductal grey mediates fear-conditioned analgesia and controls fear expression in the presence of nociceptive tone. Br. J. Pharmacol. 2012, 165, 2549–2560. [Google Scholar] [CrossRef]

	



Zanoveli, J.M.; Carvalho, M.C.; Cunha, J.M.; Brandão, M.L. Extracellular serotonin level in the basolateral nucleus of the amygdala and dorsal periaqueductal gray under unconditioned and conditioned fear states: An in vivo microdialysis study. Brain Res. 2009, 1294, 106–115. [Google Scholar] [CrossRef] [PubMed]

	



Deutch, A.; Charney, D.S. A Functional Neuroanatomy of Anxiety and Fear: Implications for the Pathophysiology and Treatment of Anxiety Disorders. Crit. Rev. Neurobiol. 1996, 10, 419–446. [Google Scholar] [CrossRef] [PubMed]

	



Davis, M.; Rainnie, D.; Cassell, M. Neurotransmission in the rat amygdala related to fear and anxiety. Trends Neurosci. 1994, 17, 208–214. [Google Scholar] [CrossRef]

	



Macedo, C.E.; Martinez, R.C.R.; Albrechet-Souza, L.; Molina, V.A.; Brandão, M.L. 5-HT2- and D1-mechanisms of the basolateral nucleus of the amygdala enhance conditioned fear and impair unconditioned fear. Behav. Brain Res. 2007, 177, 100–108. [Google Scholar] [CrossRef]

	



Taylor, A.M.W.; Becker, S.; Schweinhardt, P.; Cahill, C. Mesolimbic dopamine signaling in acute and chronic pain: Implications for motivation, analgesia, and addiction. Pain 2016, 157, 1194–1198. [Google Scholar] [CrossRef]

	



Benarroch, E.E. Involvement of the nucleus accumbens and dopamine system in chronic pain. Neurology 2016, 87, 1720–1726. [Google Scholar] [CrossRef]

	



Ikeda, H.; Takasu, S.; Murase, K. Contribution of Anterior Cingulate Cortex and Descending Pain Inhibitory System to Analgesic Effect of Lemon Odor in Mice. Mol. Pain 2014, 10, 1–10. [Google Scholar] [CrossRef]

	



Wood, P.B. Role of central dopamine in pain and analgesia. Expert Rev. Neurother. 2008, 8, 781–797. [Google Scholar] [CrossRef]

	



Roche, M.; O’Connor, E.; Diskin, C.; Finn, D.P. The effect of CB1 receptor antagonism in the right basolateral amygdala on conditioned fear and associated analgesia in rats. Eur. J. Neurosci. 2007, 26, 2643–2653. [Google Scholar] [CrossRef]

	



Hagiwara, H.; Funabashi, T.; Akema, T.; Kimura, F. Sex-specific differences in pain response by dopamine in the bed nucleus of the stria terminalis in rats. Neuroreport 2013, 24, 181–185. [Google Scholar] [CrossRef]

	



George, P.; Watson, C. The Rat Brain, in Stereotaxic Coordinates; Academic Press: San Diego, MO, USA, 1997. [Google Scholar]

	



Morgenweck, J.; Abdel-aleem, O.S.; McNamara, K.C.; Donahue, R.R.; Badr, M.Z.; Taylor, B.K. Activation of peroxisome proliferator-activated receptor γ in brain inhibits inflammatory pain, dorsal horn expression of Fos, and local edema. Neuropharmacology 2010, 58, 337–345. [Google Scholar] [CrossRef] [PubMed]

	



Finn, D.P.; Beckett, S.R.G.; Richardson, D.; Kendall, D.A.; Marsden, C.A.; Chapman, V. Evidence for differential modulation of conditioned aversion and fear-conditioned analgesia by CB1 receptors. Eur. J. Neurosci. 2004, 20, 848–852. [Google Scholar] [CrossRef] [PubMed]

	



Butler, R.K.; Rea, K.; Lang, Y.; Gavin, A.M.; Finn, D.P. Endocannabinoid-mediated enhancement of fear-conditioned analgesia in rats: Opioid receptor dependency and molecular correlates. Pain 2008, 140, 491–500. [Google Scholar] [CrossRef] [PubMed]

	



Rea, K.; McGowan, F.; Corcoran, L.; Roche, M.; Finn, D.P. The prefrontal cortical endocannabinoid system modulates fear-pain interactions in a subregion-specific manner. Br. J. Pharmacol. 2019, 176, 1492–1505. [Google Scholar] [CrossRef] [PubMed]

	



Watson, G.S.; Sufka, K.J.; Coderre, T.J. Optimal scoring strategies and weights for the formalin test in rats. Pain 1997, 70, 53–58. [Google Scholar] [CrossRef]

	



Ford, G.K.; Moriarty, O.; McGuire, B.E.; Finn, D.P. Investigating the effects of distracting stimuli on nociceptive behaviour and associated alterations in brain monoamines in rats. Eur. J. Pain 2008, 12, 970–979. [Google Scholar] [CrossRef]

	



Kerr, D.M.; Burke, N.N.; Ford, G.K.; Connor, T.J.; Harhen, B.; Egan, L.J.; Finn, D.P.; Roche, M. Pharmacological inhibition of endocannabinoid degradation modulates the expression of inflammatory mediators in the hypothalamus following an immunological stressor. Neuroscience 2012, 204, 53–63. [Google Scholar] [CrossRef]

	



Thunder, M.; Moore, D.S.; McCabe, G.P. Introduction to the Practice of Statistics; WH Freeman: New York, NY, USA, 2007; Volume 79. [Google Scholar]








[image: Molecules 27 02021 g001 550] 





Figure 1. Effects of intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on formalin-evoked nociceptive behaviour (CPS; composite pain score) in non-fear conditioned (NFC) and fear conditioned (FC) rats. Data are expressed as mean ± S.E.M (n = 6–7 rats per group). According to a 2-way ANOVA (a p < 0.001), significant overall effect of fear conditioning. 
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Figure 2. Effects of intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on paw oedema. Paw oedema was assessed by measuring the change in the diameter of the right hind paw immediately before, and 60 min after, formalin administration. Data are expressed as mean ± S.E.M, n = 9–10 rats per group. 
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Figure 3. Effects of intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on freezing duration over the total trial period (A) and as 3-min time bins (B) in non-fear conditioned (NFC) and fear conditioned (FC) rats. Post hoc analysis indicated a significant increase at 0–3 min for FC GW9662-treated rats (* p < 0.05, vs. FC vehicle), and FC GW6471-treated rats at 10–12 min (* p < 0.05, vs. FC vehicle). Data are expressed as the median with interquartile range and min/max (A) and mean ± S.E.M. (B) (n = 7–9 rats per group). 
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Figure 4. Effects of fear conditioning and intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on defecation. Data are expressed as median with interquartile range and min/max (n= 7–9 rats per group). 
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Figure 5. Effects of fear-conditioning and intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on walking duration (A), distance moved (B), grooming duration (C), and rearing duration (D). Data are expressed as mean ± S.E.M. (A,B,D) or median with interquartile range and min/max (C), each symbol represents one individual, n = 7–9 rats per group. 
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Figure 6. Effects of fear-conditioning and intra-BLA administration of PPARα, PPARβ/δ, and PPARγ antagonists on the levels of GABA (A), glutamate (B), serotonin (C), and dopamine (D). Post hoc analysis indicated that dopamine levels were significantly lower in the right BLA of NFC Vehicle, FC Vehicle, and NFC GSK0660 rats compared to their left counterparts (* p < 0.05). Post hoc analysis also indicated that levels of serotonin were lower in the right BLA of NFC GW6471, FC Vehicle, and FC GSK0660 rats compared to their left side counterparts (* p < 0.05). Data are expressed as the median with interquartile range and min/max (n = 7–9 rats per group). 
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Figure 7. Effects of fear-conditioning and intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on the levels of PEA (A), AEA (B), and OEA (C). Two-way ANOVA revealed a significant effect of side on PEA levels (* p < 0.05). Data are expressed as mean ± S.E.M (A) or median with interquartile range and min/max (B,C), each symbol represents one individual, (n = 7–9 rats per group). 
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Figure 8. Effects of intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on the composite pain score in non-fear conditioned (NFC) and fear conditioned (FC) rats that received an intraplantar injection of saline. Composite pain score was calculated as (pain 1 + 2 × [pain 2])/total duration of analysis period (see for further information in the Material and Methods). Kruskal–Wallis showed no significant difference between groups [χ2 (7) = 4.241, p > 0.05]. Data are expressed as median with interquartile range and min/max (n = 8–10 rats per group). 
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Figure 9. Effects of intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on saline-evoked changes in the hind paw diameter in non-fear conditioned (NFC) and fear conditioned (FC) rats. The change was assessed by measuring the paw diameter immediately before, and 60 min after, saline administration. Data are expressed as mean ± S.E.M, each symbol represents one individual, n = 8–10 rats per group. 
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Figure 10. Effects of fear conditioning and intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on total freezing duration. Post hoc indicated an increase in freezing duration in FC Vehicle rats (# p < 0.05, vs. NFC Vehicle). The treatment with GW6471 and GSK0660 in NFC rats also increased freezing duration (## p < 0.01 vs. NFC Vehicle; # p < 0.05 vs. NFC Vehicle). Treatment with GW9662 almost reached statistical significance (p = 0.064, vs. NFC Vehicle). Data are expressed as median with interquartile range and min/max (n= 7–9 rats per group). 
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Figure 11. Effects of fear conditioning and intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on defecation. Data are expressed as median with interquartile range and min/max (n = 7–9 rats per group). 
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Figure 12. Effects of fear-conditioning and intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on walking duration (A), distance moved (B), rearing duration (C), and grooming duration (D). Data are expressed as mean ± S.E.M.), each symbol represents one individual, (n = 7–9 rats per group). 
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Figure 13. Effects of fear-conditioning and intra-BLA administration of selective PPARα, PPARβ/δ and PPARγ antagonists on the tissue levels of GABA (A), glutamate (B), serotonin (C), and dopamine (D) in the BLA. Post hoc analysis indicated that NFC rats treated with GW6471 had increased dopamine levels compared to the NFC Vehicle-treated ones (# p < 0.05). The test also indicated a strong trend for increased levels of dopamine in the NFC GW9662-treated rats compared to the NFC vehicle-treated (p = 0.0584). Data are expressed as median with interquartile range and min/max (n = 7–9 rats per group). 
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Figure 14. Effects of fear-conditioning and intra-BLA administration of selective PPARα, PPARβ/δ, and PPARγ antagonists on the levels of, PEA (A), AEA (B), and OEA (C). Post hoc analysis with Dunn’s test indicated that FC GW6471-treated rats had decreased levels of PEA compared to the FC Vehicle treated rats in the right BLA ($ p < 0.05). Data are expressed as median with interquartile range and min/max (n = 6–9 rats per group). 
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Figure 15. Expression of PPARα, PPARβ/δ, and PPARγ in the right and left BLA in four or five samples (S1–S4/S5 per side). The expression of PPARα (A) as seen at 55 kDa, PPARβ/δ (B) at 52 kDa, and PPARγ (C) at 52/55 kDa; β-actin was used as the endogenous control. M = marker/ladder; QC = quality control. 
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Figure 16. Amplification plots for PPARβ/δ gene expression in the right and left BLA. 
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Figure 17. Effects of fear-conditioning and intraplantar injection of formalin on the levels of GABA (A), glutamate (B), serotonin (C), and dopamine (D). Two-way ANOVA revealed a significant effect of side on all neurotransmitters (a p < 0.05). Post hoc pairwise analysis with Student Newman–Keuls showed a significant difference in serotonin levels between the NFC Vehicle and FC Vehicle of i.pl. saline-treated rats (# p < 0.05), and dopamine levels between the NFC Vehicle i.pl. saline-treated and NFC Vehicle i.pl. formalin-treated rats (# p < 0.05). The test also confirmed side differences (* p < 0.05, compared to their left counterparts) in the dopamine levels. Data are expressed as mean ± S.E.M, each symbol represents one individual, (n = 7–9 rats per group). 
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Figure 18. Effects of fear-conditioning and intraplantar injection of formalin on the levels of PEA (A), AEA (B), and OEA (C). Two-way ANOVA revealed a significant effect of side on PEA and OEA (a p < 0.05). Post hoc pairwise analysis with Student Newman–Keuls indicated that FC rats that received formalin injection had lower levels of PEA in the right side compared to their saline-treated counterparts (FC formalin-treated vs. FC saline-treated, $ p < 0.05). Data are expressed as mean ± S.E.M (A,C) or median with interquartile range (B); each symbol represent one individual, n = 6–9 rats per group. 
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Figure 19. Graphical representation of the experimental procedure. 






Figure 19. Graphical representation of the experimental procedure.



[image: Molecules 27 02021 g019]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
A) PEA-BLA

AEA-BLA

et Contalaera) Right psitoal

"'{ﬂ;& oﬂﬂ' 1:}: yn:i

e

0 OEA-BLA
et (Contatateral  Right (psatra)

5::”” ei quﬂmi






media/file4.png
Change in paw diameter (mm)

Paw Oedema

;P

1
NFC

g

deo

g > H o

Vehicle
GW6471
GSK0660
GW9662





media/file18.png
N
()
|

g
o
I

-
)]
|

Y
o
|

o
o
|

Change in paw diameter

Vehicle
A A GW6471 (PPARo. antagonist)
c A g O GSK0660 (PPARB/5 antagonist)
0.0 Aﬁ : GW9662 (PPARy antagonist)
D q % %
o)

Change in paw diameter (mm)

o
o






media/file21.jpg
Number of Pellets

15

10

Defecation

NFC

FC

£ Vehicle
I GW6471 (PPAR« antagonist)

3 GSK0660 (PPAR/5 antagonist)
B GW9662 (PPARy antagonist)





media/file44.png
Il"-.J' "_H' }" L':';

r'

Fear conditioning Sahm? or
(NFC or FC) Formalin injection Re-exposure to the
conditioning arena
Microinjection of (30 minutes)

antagonists or vehicle





media/file26.png
Rearing Duration (s)

Grooming Duration (s)

C)

200+
150+
100+

50+

D)
350+
300+
250+
200+
150-

Rearing

O
A
o @)
A H
\VAY,
v \V
AA
NFC
Grooming
O
E ®
A A O
_ 0
d) un o E
3 p

2

\L/|
) |
ThY>
e
3

(S
-,

oy |
I

S

23 Vehicle B GSKOG6D (PPARB/SE antagonist)
[ GW6471 (PPARa antagonist) Hl GW9662 (PPARy antagonist)





media/file7.jpg
Defecation 3 Vehicle

I GW6471 (PPAR« antagonist)
1 GSK0660 (PPAR/5 Antagonist)
8 B GW9662 (PPARy antagonist)

Number of Pellets

NFC FC





media/file10.png
Walking duration (s)

Distance moved (cm)

Rearing Duration (s)

Grooming Duration (s)

A)

200~
150+
100~

50+

B)

5000~
4000+
3000~
2000+

1000+

Walking
@) A A
© A DI:I]
A
|
FC

Distance Moved

A

:

O
NFC
Rearing
NFC FC
Grooming
O

=3 Vehicle
0 GW6471 (PPARa antagonist) Hl GW9662 (PPARy antagonist)

B GSKO660 (PPARB/S antagonist)





media/file11.jpg





media/file6.png
Freezing duration (s)

Freezing duration (s)

A)
1000-
800-
600-
400-

200-

B)
150~ *

50+

J_I .1

NFC

Freezing

Freezing

N
1009 g \( *

]
o

O

«

NI\ N A
Time (min)

FC

P

\ a0
YV o

(‘,

3 Vehicle

CJ GW6471 (PPARo antagonist)
B GSKO0660 (PPARP /6 antagonist)
Bl GW9662 (PPARy antagonist)

©- FC Vehicle

FC GW6471 (PPARo antagonist)
4 FC GSK0660 (PPARp /5 antagonist)
49 FC GW9662 (PPARYy antagonist)






media/file36.png
Amplification Plot

10 4

UV

14

12

12

Lo

-

0. Q0000 1

Cycla





media/file15.jpg
cpPs

015

0.10

0.05

0.00

Composite Pain Score

NFC FC

3 Vehicle
3 GW6471 (PPARa antagonist)
3 GSK0660 (PPARb/d antagonist)
BN GW9662 (PPARg antagonist)






nav.xhtml


  molecules-27-02021


  
    		
      molecules-27-02021
    


  




  





media/file2.png
1.5~

1.0~

CPS

0.5+

0.0

A

Composite Pain Score

v
Y

H A
| A
N

g > B O

Vehicle
GWe6471
GSK0660
GW9662





media/file23.jpg
Walking

(s) uoneinp Bupiiem

FC

NFC

Distance Moved

(wo) panows soueisia

FC

NFC





media/file1.jpg
CPS

Composite Pain Score

arme

Vehicle
GWe471
GSK0660
GW9662





media/file12.png
GABA levels (nmol/g)

Glutamate levels (nmol/q)

Serotonin levels (nmol/g)

Dopamine levels (nmol/g)

A) GABA - BLA

40007 oft (Contralateral) Right (Ipsilateral)
3000~
2000~
"6 | ﬂ i T
0 I | | I J
NFC FC NFC FC
B) Glutamate - BLA
800077 eft (Contralateral) Right (Ipsilateral)
6000
4000- + ﬁ
2000+ ﬁH ﬁg!
0
NFC  FC NFC  FC
C) Serotonin - BLA
1457 Left (Contralateral) Right (Ipsilateral)
1.40- ‘ ﬁ 1
-I-'l'.l. ""l'
1.35 -
0.3 “ T
TITNITL
0.2-
0.1-
0.0
NFC  FC NFC  FC
D) Dopamine - BLA
257 Left (Contralateral)  Right (Ipsilateral)
2.0
1_5--l--l-ﬂl -
1.0- rox
*
oo
0.0 | | | | |
NFC FC NFC FC
= Vehicle

1 GWE471 (PPARa antagonist)

Bl GSKOG60 (PPARB /S antagonist)
B GWI662 (PPARy antagonist)





media/file9.jpg





media/file42.png
A) PEA
1.5 Left (Contralateral) Right (Ipsilateral)
£
TE) d
1.09 o
c
- $
L. O
S o © ©
2 0.5- O O
ﬁ e o) 2
o R E ﬁ . ol &3
0.0 T T T =4 I:‘I:2 > m_
NFC FC NFC FC
B) AEA
= 1507 eft (Contralateral) Right (Ipsilateral)
S
£ 100-
L)
)
3 50-
5 *
<, * G
NFC FC NFC FC
C) OEA
0.8 Left (Contralateral) Right (Ipsilateral)

OEA levels (nmol/g)

= Saline
B Formalin





media/file25.png
Walking

00-
00+

N -

(s) uoneinp Bunjjep

Distance Moved

B)

2000~

g e<d <
oo &2
T 1 1
o = =
o o Q
T+ o n
e

o

(wo) panow aduelsiqg

FC

NFC





media/file17.jpg
Change in paw diameter

Vehicle

A GWB471 (PPARa antagonist)
GSK0860 (PPAR /5 antagonist)
GW9662 (PPARy antagonist)

Change in paw diameter (mm)

NFC FC





media/file30.png
C) Serotonin - BLA
D 0.20-
=o 020 et (Contralateral) Right (Ipsilateral)
S
£ 0.15-
L
S
> 0.10-
=
§ 0.05- B gé E Eﬂ
o)
% 0.00
NFC FC NFC FC
D) Dopamine - BLA

g
o

-
(3, ]
|

e
o
|

“|Left (Contralateral) Right (Ipsilateral)

0.0584

0.0-

Dopamine levels (nmol/g)
5

li#l b3 : ﬂl Iilul]i

NFC FC NFC FC

= Vehicle
] GWE471 (PPARa antagonist)

Bl GSKOG60 (PPARB /S antagonist)
B GWI662 (PPARy antagonist)





media/file35.jpg





media/file39.png
GABA levels (nmol/g)

Glutamate levels (nmol/g)

GABA
A) Left (Contralateral) Right (Ipsilateral)
a

5000-

'S
o
Q
Q
[ |

3000+

- N
o o
(=] (=]
(=] (=]
1 1

o
L

3 Saline
Bl Formalin

B) Glutamate
Left (Contralateral) Right (Ipsilateral)

150001

10000+

5000+

o
L






media/file27.jpg
A) GABA - BLA

5000, oft (Contralateral)  Right (Ipsilateral)

B
°
£
£
@
2
i
3
<
o)
NFC  FC NFC  FC
B) Glutamate - BLA

200007 oft (Contralateral) Right (Ipsilateral)

ol dgel

a
8
g

5000

Glutamate levels (nmol/g)
g
g

NFC FC NFC FC





media/file3.jpg
Change in paw diameter (mm)

Paw Oedema

4> m e

Vehicle
GW6471
GSK0660
GW9662





media/file22.png
Number of Pellets

15+

-
o
1

9]
1

Defecation

NFC

FC

3 Vehicle
CJ GW6471 (PPARo antagonist)

£ GSK0660 (PPARpB /5 antagonist)
Bl GW9662 (PPARy antagonist)





media/file19.jpg
Freezing duration (s)

2000

1500

1000

500

o

#

NFC

Freezing

0084

FC

=1 Vehicle

3 GW6471 (PPAR« antagonist)
B3 GSK0660 (PPARB/S antagonist)
B GW9662 (PPARy antagonist)





media/file40.png
Serotonin

Left (Contralateral)

Right (Ipsilateral)

C)

| | I
Tp) o
. .
o o
(6/10wiu) sjoA3] UIUOJOIDS

©
| .
o
e
S
‘»
o
-
=
O D
S
-
(4v]
w.n
©
Q g
)
©
-
c
o
Q
by
@
|
po—
o

X
O
=~ S
‘ﬂo
K,
e
al,
@)
I | | 1
ol Q ol Q
- - o o

(B/jowu) sjana] sulwedoq

FC

NFC





media/file33.jpg
A BLA Right BLA Left

—

s

s1 52 53 s s1 52 53 s

B BLARight BLALeft

 suoumgs

-~ .

——— 005

M s1 s s3osa s s1 s S8 saQc

BLARight BLALeft

-

i gy T s s e e e e — (2001 Bt

M 51 52 53 sS4 S5 S1 s2 S3 sS4 S5 QC





media/file32.png
PEA levels (nmol/g)

AEA levels (nmol/g)

OEA levels (nmol/g)

A)
2.0

1.5

1.0

O
o
I

Left (Contralateral)

PEA - BLA

Right (Ipsilateral)

E-E'l!lu ﬂu @EB

O
o

B)
150

100

o
o
|

NFC

Left (Contralateral)

FC NFC FC

AEA - BLA
Right (Ipsilateral)

Wit

C)

NFC

FC NFC FC

OEA - BLA

1-97Left (Contralateral) Right (Ipsilateral)

0.8+
0.6
0.4

0.2

0.0+

DU N

-0.2

NFC FC NFC FC

= Vehicle
] GWGE471 (PPARa antagonist)

B GSKOG60D (PPARB/S antagonist)
Bl GWI662 (PPARy antagonist)





media/file28.jpg
c) Serotonin - BLA

0207 oft (Contralateral) Right (Ipsilateral)

Serotonin levels (nmol/g)

D) Dopamine - BLA
207Left (Contralateral) ~Right (Ipsilateral)

10

05

Dopamine levels (nmol/g)

=31 Vehicle
3 GW6471 (PPARa antagonist) BB GW9662 (PPARy antagonist)

3 GSK0660 (PPARP/3 antagonist)





media/file14.png
Z

PEA - BLA

Right (Ipsilateral)

— 1.5 Left (Contralateral)

Ay

8

£ 1.0 O

L7 A

d>) @)

@O 0.5

; ; &
0.0 =

NFC FC NFC

B) AEA - BLA

__ 1507 oft (Contralateral) Right (Ipsilateral)

o

8

£ 100-

7

[

>

Q9 504

: " T

< -
: il

NFC FC NFC FC

C) OEA - BLA

5 157 Left (Contralateral) Right (Ipsilateral)

o

£ 1.0-

"

[

>

@ 0.5-

S H‘ﬁi i .!. |:| i

o -L] il

I I | |

0.0

1
NFC FC NFC FC

=3 Vehicle

B GSKOG60 (PPARB /S antagonist)

0 GW6471 (PPARax antagonist) Hl GW9662 (PPARy antagonist)





media/file41.jpg
A PEA

5] Lott (Contratatoral)  Right (psi

(nmolig)

PEA lovel

00
NFC FC NFC FC

B) AEA
1Lt (Contralateal) - Right (psilatoral)

‘OEA lovels (nmolig)
 §

N FC e Fe





media/file37.jpg
GABA levels (nmolig)

Glutamate levels (nmol/g)

)

B)

GABA
Left (Contralateral)  Right (Ipsilateral)

NFC FC NFC  FC

Glutamate
Left (Contralateral)  Right (Ipsilateral)

NFC  FC NFC  FC

= saline
== Formalin





media/file24.jpg
Rearing Duration (s)

Grooming Duration (s)

<)

200-
150

100

Rearing

NFC

= Venicle GSKO660 (PPARp /3 antagonist)
3 GW6471 (PPARa antagonist) B8 GW9662 (PPARy antagonist)





media/file29.png
GABA levels (nmol/g)

Glutamate levels (nmol/g)

A)

GABA - BLA

50007 ¢ft (Contralateral) Right (Ipsilateral)

4000

3000

2000-

1000

o

by s u

B)
20000

15000
10000

5000

NFC FC NFC FC

Glutamate - BLA
Left (Contralateral) Right (Ipsilateral)

sl Bl

NFC FC NFC FC





media/file16.png
CPS

0.15-

0.10+

0.05-

0.00

Composite Pain Score

NFC

FC

3 Vehicle

B GW6471 (PPARa antagonist)
E GSK0660 (PPARDb/d antagonist)
El GW9662 (PPARg antagonist)





media/file20.png
Freezing duration (s)

Freezing

== Vehicle

1 GW6471 (PPARa antagonist)
B GSK0660 (PPARpB/6 antagonist)
El GW9662 (PPARY antagonist)

20001
#
1500 4
i

1000+ 0.064

500+

0 Y ]
NFC FC





media/file5.jpg
) Freezing

1000
% 3 Vehicle
5 800 3 GWe471 (PPARa antagonist)
B aeo 1 GSK0660 (PPAR} /5 antagonist)
8 B GW9662 (PPARY antagonist)
2 a0
3
g mo

o

NFC FC
B) Freezing

FC Vehicle

FC GW6471 (PPAR. antagonist)
FC GSK0660 (PPAR}/5 antagonist)
FC GW9662 (PPARy antagonist)

Freezing duration (s)

PR AR Y 0 8 o P S
VA T

Time (min)





media/file38.jpg
Serotonin
C) Lot (Contratatera)  Right (psitateral)

@

0.05

o
o

Serotonin levels (nmol/g)

NFC  FC NFC  FC

D)

Dopamine levels (nmolig)

NFC  FC NFC  FC





media/file31.jpg
il

AEA-BLA
Lett (Contrlateral  Right psisters)

C) OEA -BLA
5 "OLeft (Contralateral) ~Right Ipsilateral)
3 os
:
£l b Hl
£ elle, W
4 oo
:

3 GW6471 (PPAR antagonist) BN GWS662 (PPARy antagonist)






media/file0.png





media/file8.png
Number of Pellets

Defecation

NFC

FC

3 Vehicle

Cd GW6471 (PPARo antagonist)
B GSK0660 (PPARB/6 Antagonist)
Bl GW9662 (PPARy antagonist)





media/file43.jpg
2 . ] «
] '\v%
. s
oy . S
T
e o

antagonists or vehicle





media/file34.png
BLA Right BLA Left

< 70 kDa

44— 55kDa PPARx

<—— 50 kDa
I
I
_ -

S1 S2 S3 54 S1 5S2 S3 54

BLA Right BLA Left

<—— 52kDa PPARP/d

|
M 51 52 53 S4 S5 S1 S2 S3 S4 QC

BLA Right BLA Left
70kDa —> ° :
. * E
[ ]
" ' ot

S0kDa —s = . i

ul = o wee | —— “=~ == mmme < 52/55kDa PPARY

| " e — ' ]

-l_-———— <— 42kDa  Pactin

L]
-

M 51 52 53 54 55 51 52 53 54 55 QC





