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Prostaglandin E2 (PGE2) is an inflammatory mediator synthesized by the brain constitutive cyclooxygenase enzyme. PGE2 binds to G protein-coupled EP1-4 receptors (EP1 to Gq, EP2,4 to Gs, and EP3 to Gi/o). EP2, EP3 and EP4 receptors are expressed in the locus coeruleus (LC), the main noradrenergic nucleus in the brain. EP3 receptors have been explored in the central nervous system, although its role regulating the locus coeruleus neuron activity has not been pharmacologically defined. Our aim was to characterize the function of EP3 receptors in neurons of the LC. Thus, we studied the effect of EP3 receptor agonists on the firing activity of LC cells in rat brain slices by single-unit extracellular electrophysiological techniques. The EP3 receptor agonist sulprostone (0.15 nM–1.28 µM), PGE2 (0.31 nM–10.2 µM) and the PGE1 analogue misoprostol (0.31 nM–2.56 µM) inhibited the firing rate of LC neurons in a concentration-dependent manner (EC50 = 15 nM, 110 nM, and 51 nM, respectively). The EP3 receptor antagonist L-798,106 (3–10 µM), but not the EP2 (PF-04418948, 3–10 µM) or EP4 (L-161,982, 3–10 µM) receptor antagonists, caused rightward shifts in the concentration-effect curves for the EP3 receptor agonists. Sulprostone-induced effect was attenuated by the Gi/o protein blocker pertussis toxin (pertussis toxin, 500 ng ml-1) and the inhibitors of inwardly rectifying potassium channels (GIRK) BaCl2 (300 µM) and SCH-23390 (15 µM). In conclusion, LC neuron firing activity is regulated by EP3 receptors, presumably by an inhibitory Gi/o protein- and GIRK-mediated mechanism.
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1 INTRODUCTION
Prostaglandins are pain and inflammatory mediators synthesized on demand from membrane diacylglycerol, which is first converted into arachidonic acid via phospholipase-A2, then transformed to a common prostaglandin precursor by the rate-limiting enzyme cyclooxygenase (COX) and finally brought to the final product by different prostaglandin synthases. Nonsteroidal anti-inflammatory drugs (NSAIDs), widely used as analgesic, antipyretic and anti-inflammatory drugs, act by blocking COX and thereby suppressing the synthesis of prostaglandins. Brain prostaglandin E2 (PGE2) is a main final product of this pathway produced in endothelial cells and plays a role in inflammatory signaling after activation of astrocytes in the central nervous system (CNS). In neurons from specific brain areas, both COX-1 and COX-2 isoforms are also constitutively expressed under non-inflammatory conditions (Kaufmann et al., 1996; Hétu and Riendeau, 2005), supporting the idea that prostaglandins also play an essential role in regulating the function of the CNS. Thus, PGE2 modulates synaptic transmission in the hippocampus (Sang et al., 2005), the periaqueductal gray (PAG) (Lu et al., 2007) and the paraventricular nucleus of the hypothalamus (Khazaeipool et al., 2018). The variety of PGE2 actions are believed to be the result of four PGE2 receptor subtypes (EP1-4), which are coupled to different G protein pathways, primarily EP1 to Gq, EP2 and EP4 to Gs, and EP3 to Gi/o. The EP2, EP3 and EP4 receptors are widely expressed in the CNS, including the hypothalamus and the locus coeruleus (LC) (Zhang and Rivest, 1999; Ek et al., 2000). Among EP receptors, the functional role of the EP3 receptor has been one of the most extensively studied in the brain. Thus, EP3 receptor activation depolarizes serotonergic neurons in the dorsal raphe nucleus (Momiyama et al., 1996), weakens the long-term potentiation in the hippocampus (Maingret et al., 2017) and mediates the response to hypercapnia in the chemosensitive parafacial respiratory group (Forsberg et al., 2016). EP3 receptors within the PAG facilitate spinal nociception in arthritic secondary hypersensitity (Drake et al., 2016). In addition, EP3 receptors have been shown to be involved in nociception transmission (Drake et al., 2016), febrile response and neuroinflammation in the central nervous system (Ushikubi et al., 1998; Almeida et al., 2004; Shi et al., 2012).
The LC, the main source of noradrenaline (NA) in the brain, is involved in the regulation of numerous central functions, such as pain, rewarding, arousal, sleep-wake cycle and cognition. LC neurons possess the enzymatic machinery to synthesize prostaglandins, including the constitutive COX-2 (Yamaguchi and Okada, 2009). Several pieces of evidence have associated the LC with the EP3 receptor. First, in situ hybridization and immunohistochemistry techniques have detected a high expression of the EP3 receptor subtype and its mRNA in the LC (Ek et al., 2000; Nak et al., 2001). Second, behavioral studies have demonstrated that administration of an EP3 receptor agonist reverses the naloxone-induced c-fos overexpression observed in the LC from morphine-dependent rats (Nakagawa et al., 2000). Finally, presynaptic EP3 receptors mediate the inhibition of NA release in two main projection areas of the LC, the cortex and the hippocampus (Exner and Schlicker, 1995; Günther et al., 2010).
A recent study in an transgenic mouse line has shown a female-specific enrichment of the EP3 receptor-encoding Ptger3 gene in the LC (Mulvey et al., 2018). Electrophysiological recordings with patch-clamp techniques in C57/BL6J mice have suggested that the EP3 receptor mediates the hyperpolarization of LC neurons induced by administration of a single, high concentration of the agonist sulprostone (Mulvey et al., 2018). However, it remains uncharacterized the full pharmacological profile of this prostanoid receptor subtype in wild-type rats, that is, the response of LC neurons to a wide range of agonist concentrations with or without different antagonists, the functional sensitivity of the receptor to different natural or synthetic prostaglandin analogs, and the molecular mechanism underlying the receptor-mediated effect in the LC. Therefore, to directly characterize the EP3 receptor and its signaling in this nucleus, we carried out single-unit extracellular recordings of LC neurons from rat brain slices and constructed whole concentration-effect curves for different EP3 receptor agonists in control and after various specific antagonists.
2 MATERIALS AND METHODS
2.1 Animals and ethics statement
87 adult male Sprague-Dawley rats (200–300 g) were used in this study. The animals were provided by the animal facilities of the University of the Basque Country (Leioa, Spain) and housed under standard environmental conditions (22°C, 12:12 h light/dark cycles) with free access to food and water. One slice was taken from each animal, and unless otherwise stated, only one experiment was performed in each slice. The number of experiments in each group was typically five to nine, depending on the level of variability. Treatment and control assays were performed in parallel in a randomized manner. As electrophysiological outcomes were collected in situ, data recording could not be blinded to the operator. However, the data analysis performed by the experimenter was confirmed separately by an additional researcher. All the experiments were carried out in compliance with the ARRIVE guidelines (Kilkenny et al., 2010) and according to EU Directive 2010/63 on the protection of animals used for scientific purposes. All the procedures were approved by the local Ethical Committee for Research and Teaching of the University of the Basque Country (UPV/EHU, Spain) and the Department of Sustainability and Natural Environment of Provincial Council from Bizkaia (ref. CEEA M20-2015-152; CEEA M20-2018-026). Every effort was made to use the minimum number of animals and reduce their suffering.
2.2 Brain slice preparation
Animals were anesthetized with chloral hydrate (400 mg kg-1, i.p.) and decapitated (Mendiguren and Pineda, 2007). The brain was rapidly extracted and a block of tissue including the brainstem was immersed in an ice-cold modified artificial cerebrospinal fluid (aCSF) where NaCl was equiosmolarly substituted for sucrose to improve neuronal viability. Coronal slices of 500–600 μm thickness containing the LC were cut using a vibratome (Leica VT1200 S, Leica Biosystems, Nussloch, Germany) (Paxinos and Watson, 2009). The slices were taken between interaural −0.60-0.96 mm and bregma −9.60-9.96 mm coordinates. This rostro-caudal section of the brainstem corresponds to the core of the LC, which is enriched with noradrenergic cell bodies according to previous ultrastructural analysis made with immunogold labelling (Van Bockstaele, 1998). The tissue was allowed to recover from the slicing for 90 min, placed on a nylon mesh and incubated at 33 ± 1 °C on a modified Haas-type interface chamber, which provided excellent perfusion to the slice. The tissue was continuously perfused with aCSF saturated with 95% O2/5% CO2 (final pH = 7.34) at a flow rate of 1.5 ml min-1 and left for equilibration before recordings were made. The aCSF contained (in mM): NaCl 130, KCl 3, NaH2PO4 1.25, D-glucose 10, NaHCO3 21, CaCl2 2 and MgSO4 2. The LC was recognized visually in the rostral pons as a dark oval area on the lateral borders of the central grey and the fourth ventricle, at or just anterior to the genu of the facial nerve. Previous histological analysis has verified that this area contains typical neurons of the LC showing noradrenergic cell properties (Williams et al., 1984).
2.3 Electrophysiological recordings
Single-unit extracellular recordings of LC noradrenergic cells were made as previously described (Mendiguren and Pineda, 2004; Mendiguren and Pineda, 2007). The recording electrode, an Omegadot glass micropipette, was pulled (Sutter Instruments, Novato, CA, USA) and filled with 50 mM NaCl. The tip of the electrode was broken back to a diameter of 2–5 μm (3–5 MΩ) and positioned in the core of the LC, which contains noradrenergic cell bodies. The extracellular signal from the electrode was passed through a high-input impedance amplifier (Axoclamp 2B, Molecular Devices, Union City, CA, USA) and monitored with an audio analyzer and also on an oscilloscope (Aumon 14, Cibertec S.A., Madrid, Spain). Individual neuronal spikes were isolated from the background noise with a window discriminator (PDV 225, Cibertec S.A.). The firing rate (FR) was continuously recorded and analyzed before, during and after experimental manipulations by a PC-based custom-made program which generated consecutive histogram bars representing the cumulative number of spikes in successive 10 s bins (HFCP®, Cibertec S.A., Madrid, Spain). Noradrenergic cells in the LC were identified by their spontaneous and regular discharge activities, the slow FR (0.5–1.5 Hz) and the long-lasting (3–4 ms) biphasic positive-negative waveforms (Mendiguren and Pineda, 2007).
2.4 Pharmacological procedures
The FR of LC neurons was recorded for several minutes before drug applications to obtain the baseline activity and then, during and after drug perfusion. We only used cells that showed stable FRs between 0.5 and 1.5 Hz for at least 3–5 min and clear inhibitory responses to control perfusion with [Met]enkephalin (ME, 0.8 μM, 1 min) or GABA (1 mM; 1 min) (inhibition magnitudes >80% of basal firing rate) (Pablos et al., 2015). To study the effect of EP3 receptor agonists on the firing rate of LC neurons, we perfused increasing concentrations of the EP3 receptor agonist sulprostone (0.15 nM–1.28 µM, 2x), PGE2 (0.31 nM–10.2 µM, 2x) or the PGE1 analogue misoprostol (0.31 nM–2.56 µM, 2x). Concentrations were based on previous studies in brain slices (Exner and Schlicker, 1995). To construct the concentration-effect curves, each concentration of the EP receptor agonists was perfused for enough time to reach its plateau effect (i.e., a steady firing rate in 3-4 consecutive 10-s bin bars), after which the following concentration (2x) was added up to concentrations that achieved the near-maximal cumulative effect of the drug. To identify the EP receptor subtype involved in the effects of sulprostone, PGE2 and misoprostol, the concentration-effect curves for these agonists were performed in the absence and the presence of different EP receptor subtype selective antagonists. Thus, in the case of sulprostone curves, we used the EP3 receptor antagonist L-798,106 (3 and 10 µM), the EP2 receptor antagonist PF-04418948 (3 and 10 µM) and the EP4 receptor antagonist L-161,982 (3 and 10 µM) at the concentrations previously reported (Jones et al., 2011). In the case of PGE2 and misoprostol curves, we used the EP3 receptor antagonist L-798,106 (10 µM) and a combination of the aforementioned EP2 and EP4 receptor antagonists (10 µM) at the maximal concentration. All the antagonists were perfused for 30 min before performing the concentration-effect curves for the EP receptor agonists.
Based on its pharmacological profile, we selected sulprostone to further characterize the molecular mechanism underlying EP3 receptor activation. In order to study the involvement of Gi/o proteins, concentration-effect curves for sulprostone were made after overnight incubation of the slices with the irreversible Gi/o protein inhibitor pertussis toxin (PTX, 500 ng ml-1, 18 h) in an oxygenated glass beaker at room temperature (modified from Chessell et al., 1996). In order to verify that PTX had effectively blocked the Gi/o protein, the effect of the Gi/o-protein coupled MOR agonist ME (0.8 μM, 1 min) was tested. Thus, only cells with a blunted inhibitory effect of ME (that is, inhibition magnitudes weaker than 75% of basal FR) were considered to perform the concentration-effect curve for sulprostone. In those cells, proper drug perfusion was assessed with GABA (1 mM, 1 min) (that is, inhibition magnitudes greater than 80% of basal FR). To confirm the involvement of inwardly rectifying potassium channels (GIRK), we performed concentration-effect curves for sulprostone in the presence of the GIRK blocker BaCl2 (300 μM, 15 min) or the selective GIRK2 gating inhibitor SCH-23390 (15 μM, 30 min) at the concentrations previously used (Pineda and Aghajanian, 1997; Chee et al., 2011).
2.5 Analysis and statistics of electrophysiological data
The data and statistical analyses were carried out with the computer programs GraphPad Prism (version 5.0 for Windows, GraphPad Software, Inc., San Diego, CA, USA) and SPSS (version 22.0 for Windows, SPSS Inc., Chicago, IL, USA); these procedures comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018). To obtain the experimental data of the concentration-effect curves for EP3 receptor agonists, the cumulative inhibitory effects of sulprostone, PGE2 or misoprostol were first normalized to the baseline FR in each cell as follows: E (%) = (FRbasal - FRpost) · 100/FRbasal, where FRbasal is the spontaneous FR of each neuron averaged for 60 s immediately before the first agonist concentration and FRpost is the FR of the same neuron averaged for 60–90 s after each drug application. This post-drug interval was chosen to integrate the whole period of maximal effect of each drug administration (Medrano et al., 2017). Normalization to baseline values was made to obtain comparable measures across and within groups.
To construct the theoretical concentration-effect curves for the EP3 receptor agonists, we performed nonlinear analysis of experimental curve data and obtained the best simple curve fit values to the following three-parameter logistic equation: E = Emax· An/(An + EC50n), where E and A are the observed cumulative effect and the concentration of the agonist, respectively; Emax is the maximal effect of the EP3 receptor agonist with the Emax being constrained to 100% in those neurons in which the observed effect reached a full cessation of the FR. EC50 is the concentration of the agonist required to promote the 50% of Emax and n represents the slope factor of the function. These parameters were individually determined by the nonlinear analysis and then averaged to obtain the theoretical parameters in each group. For comparison purposes, the EC50 values were converted and expressed as negative logarithm (pEC50) to transform the variable into a Gaussian distribution (Pineda et al., 1997a). The antagonist affinity value was calculated as the negative logarithm of the equilibrium dissociation constant of the antagonist-receptor complex (pKB). The pKB value was estimated by nonlinear regression analysis of the entire concentration-effect curve after the antagonist by directly fitting the individual curve to the following equation derived from Schild model (Waud et al., 1978): E = Emax· An/{An + [EC50· (1 + (B/KB)s)]n}, where E and A are the observed effects and the agonist concentrations in the presence of a fixed concentration of the antagonist (B); Emax, EC50 and n are the parameters of the concentration-effect curves for the agonist in the absence of the antagonist, which were constrained to the average values previously calculated in control; and s is the logistic slope factor of the antagonist occupancy function (fixed to 1 in accordance with reports by Lazareno et al., 1993 and Säfholm et al., 2013). This procedure has the advantage that all the curve data are used to estimate the antagonist affinity and, therefore, it yields more accurate estimates of these parameters than using just a few dose-ratio values by Schild analysis (Lazareno et al., 1993; Säfholm et al., 2013).
Data are expressed as the mean ± SEM of n number of experiments. Statistical analyses were performed by a two-tailed paired Student’s t-test when the response values were compared before and after drug applications within the same cell, and by a two-tailed two-sample Student’s t-test when the FRs, responses or parameters were compared under two independent experimental conditions. Statistical comparison of the results among more than two experimental conditions (including the control group) were performed by one-way analysis of variance (ANOVA) followed by post hoc pairwise comparisons with the Dunnett’s test or the Bonferroni’s Multiple Comparison test, provided that F achieved the necessary level of statistical significance (i.e., p < 0.05) and there was no significant variance in homogeneity. Dunnett’s procedure was used for comparisons with a control group and Bonferroni’s test, for comparisons among all the groups. The threshold of significance was set at p = 0.05 and only one level of probability (p < 0.05) is reported.
2.6 Materials and drugs
For electrophysiological recordings, the following drugs were used (drug source): BaCl2 (Sigma-Aldrich Química S.A., Madrid, Spain), γ-aminobutyric acid (GABA, Sigma-Aldrich), L-161,982 (Tocris Bioscience, Bristol, UK), L-798,106 (Tocris Bioscience), [Met]enkephaline acetate salt (Bachem, Weil am Rhein, Germany), misoprostol free acid (Cayman Chemical, Ann Arbor, MI, USA), pertussis toxin (Tocris Bioscience), PF-04418948 (Tocris Bioscience), prostaglandin E2 (PGE2) (Tocris Bioscience), SCH-23390 (Tocris Bioscience) and sulprostone (Cayman Chemical). Stock solutions of L-161,982, L-798,106, PF-04418948 and PGE2 were first prepared in pure DMSO and then diluted in aCSF to obtain a final concentration of DMSO lower than 0.1%, which does not affect the firing activity of LC neurons ex vivo (Pineda et al., 1996). Misoprostol and sulprostone were purchased already dissolved in methyl acetate, and the final concentrations were obtained by diluting them in the aCSF at the moment of the experiment. Control assays were performed with equivalent volumes of the vehicles in which the drugs were dissolved. The final concentration of methyl acetate in the aCSF was <0.01%. Stock solutions of the rest of the drugs were first prepared in Milli-Q water and then diluted 1000 to 10000 fold in aCSF for the desired concentration. Final solutions were freshly prepared just before each experiment and stock solutions were kept at −20°C.
3 RESULTS
3.1 Pharmacological characterization of the effect of sulprostone, a selective EP3 receptor agonist, on the firing rate of LC neurons
EP3 receptors are expressed in catecholaminergic neurons of the brain, including the LC (Yamaguchi and Okada, 2009). To investigate the regulation mediated by EP3 receptors in the firing rate of LC neurons, we performed concentration-effect curves for sulprostone, an agonist that shows more than 300-fold higher affinity for the EP3 than the EP1 receptor (Abramovitz et al., 2000). Perfusion with sulprostone (1.25–320 nM, 2x, 1 min each) inhibited the firing activity of LC neurons in a concentration-dependent manner, with an EC50 in the nanomolar range (Figures 1A, C; Table 1). Complete inhibition of the firing rate of noradrenergic cells was achieved at the highest concentrations of sulprostone (≥ 20 nM) and persisted for 265 ± 53 s on average (n = 9). A recovery of more than 75% of the basal firing rate was observed after 11 min of the complete inhibition produced by sulprostone (n = 3).
[image: Figure 1]FIGURE 1 | Effect of the EP3 receptor agonist sulprostone on the firing rate of LC neurons in the absence or presence of the EP3 receptor antagonist L-798,106. (A,B) Representative examples of firing rate recordings of two LC neurons showing the effect of increasing concentrations of sulprostone in the absence (A) and presence of L-798,106 (10 µM) (B). The vertical lines represent the number of spikes recorded every 10 s and the horizontal bars the period of drug application. (C) Concentration-effect curves for sulprostone in control (filled squares) and in the presence of L-798,106 (3 μM, open circles or 10 μM, filled circles). The horizontal axis shows the sulprostone concentration on a semi-logarithmic scale. The vertical axis expresses the reduction in firing rate of LC neurons as the percentage of the baseline. Data points are the mean ± SEM at each sulprostone concentration obtained from n number of experiments. The lines through the data are the theoretical curves in each group constructed from the mean of the individual concentration-effect curve parameters, as estimated by nonlinear regressions. Note that the concentration-effect curve for sulprostone is shifted to the right by the EP3 receptor antagonist.
TABLE 1 | Basal firing rate and concentration-effect curve parameters for the inhibitory action of the EP3 receptor agonist sulprostone on LC neurons in the absence (control) or in the presence of the EP3 (L-798,106), EP2 (PF-04418948), and EP4 (L-161,982) receptor antagonists.
[image: Table 1]In order to investigate the EP receptor involved in the sulprostone-induced inhibitory effect, concentration-effect curves for sulprostone (0.15 nM–1.28 µM) were performed in the presence of the EP3 receptor antagonist L-798,106 (3 and 10 µM), the EP2 receptor antagonist PF-04418948 (3 and 10 µM) or the EP4 receptor antagonist L-161,982 (3 and 10 µM). Thus, perfusion with L-798,106 (3 µM) for 30 min did not significantly change the firing rate of LC neurons, but shifted to the right the concentration-effect curve for sulprostone, with a 2.2-fold increase in the EC50 and a significant reduction in the steepness of the curves (Figure 1C; Table 1). Moreover, a higher concentration of L-798,106 (10 μM, 10 min) reduced the firing rate of LC neurons by 17.7% ± 3.8% (n = 6, p < 0.05 vs baseline in the same neuron) and shifted to the right by 8.6 fold the concentration-effect curve for sulprostone (Figures 1B, C; Table 1). The estimated apparent affinity of L-798,106 for the EP3 receptor (pKB) was 5.77 ± 0.10 (n = 12). On the other hand, the EP2 receptor antagonist PF-04418948 (3 µM) failed to cause any significant change in the firing rate or the concentration-effect curve for sulprostone (Figure 2C; Table 1). Unexpectedly, the highest concentration of PF-04418938 (10 µM) caused a 4.6-fold shift to the left in the concentration-effect curve for sulprostone (Figures 2A, C; Table 1). Finally, perfusion with the EP4 receptor antagonist L-161,982 (3 and 10 µM) failed to change the firing rate or the concentration-effect curves for sulprostone (Figures 2B, D; Table 1).
[image: Figure 2]FIGURE 2 | Effect of the EP3 receptor agonist sulprostone on the firing rate of LC neurons in the presence of the EP2 receptor antagonist PF-04418948 or the EP4 receptor antagonist L-161,982. (A,B) Representative examples of firing rate recordings of two LC neurons showing the effect of increasing concentrations of sulprostone in the presence of PF-04418948 (10 µM) (A) or L-161,982 (10 µM) (B). The vertical lines represent the number of spikes recorded every 10 s and the horizontal bars the period of drug application. (C,D) Concentration-effect curves for sulprostone in control (filled squares) and in the presence of PF-04418948 (3 μM, open triangles or 10 μM, filled triangles) (C) or L-161,982 (3 μM, open diamonds or 10 μM, filled diamonds) (D). The horizontal axes show the sulprostone concentration on a semi-logarithmic scale. The vertical axes express the reduction in firing rate of LC neurons as the percentage of the baseline. Data points are the mean ± SEM at each sulprostone concentration obtained from n number of experiments. The lines through the data are the theoretical curves in each group constructed from the mean of the individual concentration-effect curve parameters, as estimated by nonlinear regressions.
Altogether, these results suggest that the inhibitory effect of sulprostone on the firing rate of LC neurons is mediated by the EP3 receptor.
3.2 Pharmacological characterization of the effects of PGE2 and misoprostol, two mixed EP3 receptor agonists, on the firing rate of LC neurons
To study whether PGE2 and the PGE1 analog misoprostol elicit EP3 receptor-mediated inhibitory effects on the firing rate of LC cells, we performed concentration-effect curves for both agonists. PGE2 (0.31 nM–1.28 µM, 2x, 1 min each) and misoprostol (0.31–320 nM, 2x, 1 min each) both inhibited the firing rate of LC neurons in a concentration-dependent manner, with EC50 values in the intermediate nanomolar range (Figures 3A, C; Figures 4A, C; Table 2).
[image: Figure 3]FIGURE 3 | Effect of PGE2 on the firing rate of LC neurons in the absence or presence of the EP3 receptor antagonist L-798,106 or a combination of the EP2 receptor antagonist PF-04418948 and the EP4 receptor antagonist L-161,982. (A,B) Representative examples of firing rate recordings of two LC neurons showing the effect of increasing concentrations of PGE2 in the absence (A) and presence of L-798,106 (10 µM) (B). The vertical lines represent the number of spikes recorded every 10 s and the horizontal bars the period of drug application. (C) Concentration-effect curves for PGE2 in control (filled squares) and in the presence of L-798,106 (10 μM, filled circles) or PF-04418948 and L-161,982 (10 µM each, half-filled diamonds). The horizontal axis shows the PGE2 concentration on a semi-logarithmic scale. The vertical axis expresses the reduction in firing rate of LC neurons as the percentage of the baseline. Data points are the mean ± SEM at each PGE2 concentration obtained from n number of experiments. The lines through the data are the theoretical curves in each group constructed from the mean of the individual concentration-effect curve parameters, as estimated by nonlinear regressions. Note that the concentration-effect curve for PGE2 is shifted to the right by the EP3 receptor antagonist and to the left by the EP2 and EP4 receptor antagonists.
[image: Figure 4]FIGURE 4 | Effect of misoprostol on the firing rate of LC neurons in the absence or presence of the EP3 receptor antagonist L-798,106 or a combination of the EP2 receptor antagonist PF-04418948 and the EP4 receptor antagonist L-161,982. (A,B) Representative examples of firing rate recordings of two LC neurons showing the effect of increasing concentrations of misoprostol in the absence (A) and presence of L-798,106 (10 µM) (B). The vertical lines represent the number of spikes recorded every 10 s and the horizontal bars the period of drug application. (C) Concentration-effect curves for misoprostol in control (filled squares) and in the presence of L-798,106 (10 μM, filled circles) or PF-04418948 and L-161,982 (10 µM each, half-filled diamonds). The horizontal axis shows the misoprostol concentration on a semi-logarithmic scale. The vertical axis expresses the reduction in firing rate of LC neurons as the percentage of the baseline. Data points are the mean ± SEM at each misoprostol concentration obtained from n number of experiments. The lines through the data are the theoretical curves in each group constructed from the mean of the individual concentration-effect curve parameters, as estimated by nonlinear regressions. Note that the concentration-effect curve for misoprostol is shifted to the right by the EP3 receptor antagonist.
TABLE 2 | Basal firing rate and concentration-effect curve parameters for the inhibitory action of the EP3 receptor agonists PGE2 and misoprostol on LC neurons in the absence (control) or in the presence of the EP3 (L-798,106) or a combination of the EP2 (PF-04418948) and EP4 (L-161,982) receptor antagonists.
[image: Table 2]Perfusion with the EP3 receptor antagonist L-798,106 (10 µM) shifted to the right by 19.1 and 9.0 fold the concentration-effect curves for PGE2 (0.31 nM–10.2 µM) and misoprostol (0.31 nM–2.56 µM), respectively (Figures 3B, C; Figures 4B, C; Table 2). The antagonist affinity for L-798,106 was higher when estimated with PGE2 as the agonist (pKB = 6.26 ± 0.05, n = 5, p < 0.05) than the previous value estimated with sulprostone (see above). However, the antagonist affinity for L-798,106 estimated with misoprostol (pKB = 5.91 ± 0.14; n = 5, p > 0.05) was not different from that obtained with sulprostone. On the other hand, administration of a combination of the EP2 receptor antagonist PF-04418948 (10 µM) and the EP4 receptor antagonist L-161,982 (10 µM) caused a 6.6-fold shift to the left in the concentration-effect curves for PGE2 (Figure 3C; Table 2). This combination of antagonists (PF-04418948 10 µM + L-161,982 10 µM) did not cause any significant shift in the concentration-effect curves for misoprostol (Figure 4C; Table 2). Finally, none of these antagonists changed the slope of the concentration-effect curves.
As a whole, these results suggest that the natural prostanoid PGE2 and the PGE1 synthetic analog misoprostol inhibit the activity of LC neurons through the EP3 receptor.
3.3 Molecular mechanisms underlying the EP3 receptor-mediated effect on the firing rate of LC neurons
The EP3 receptor has been shown to be coupled to Gi/o proteins (Ikeda-Matsuo et al., 2010) and GIRK channels (Ruiz-Velasco and Ikeda, 1998). Thus, to identify the molecular mechanisms underlying the EP3 receptor-mediated inhibition of the firing activity of LC cells, we performed concentration-effect curves for sulprostone (0.31 nM–1.28 µM, 2x) in slices continuously incubated for 18 h with the irreversible Gi/o protein blocker PTX (500 ng ml-1). As a control for effective blockade of Gi/o proteins, concentration-effect curves for sulprostone were performed only in slices in which a reduction of the inhibitory response to the Gi/o-coupled MOR agonist ME (0.8 µM, 1 min) had been previously confirmed after incubation with PTX (i.e., ME-induced inhibition <75% of basal firing rate; mean inhibition = 47.0 ± 13.7%, n = 5) (Figure 5A). In these cases, proper drug perfusion was tested with GABA (1 mM, 1 min) (Figure 5A), which is known to fully inhibit the firing rate of LC cells through GABAA ionotropic receptors (i.e., GABA-induced inhibition >80% of basal firing rate). Thus, overnight treatment of the slices with PTX shifted to the right by 6.1 fold the concentration-effect curves for sulprostone, without affecting significantly the maximal response or the basal firing rates (Figures 5A, D; Table 3).
[image: Figure 5]FIGURE 5 | Effect of sulprostone on the firing rate of LC neurons after overnight treatment of the slices with the Gi/o inhibitor pertussis toxin (PTX) or in the presence of the GIRK blockers Ba2+ or SCH-23390. Representative examples of firing rate recordings of three LC neurons showing the effect of increasing concentrations of sulprostone after overnight treatment with PTX (500 ng ml-1) (A) or in the presence of BaCl2 (300 µM) (B) or SCH-23390 (15 µM) (C). The vertical lines represent the number of spikes recorded every 10 s and the horizontal bars the period of drug application. Note that the effect of ME (0.8 µM) is reduced compared to control (see Figure 1A), while the inhibitory effect of GABA (1 mM) is maintained (A). (D) Concentration-effect curves for sulprostone in control (filled squares) or after overnight treatment with PTX (500 ng ml-1, open triangles) or in the presence of Ba2+ (300 μM, filled circles) or SCH-23390 (15 μM, open squares). The vertical axis expresses the reduction in firing rate of LC as the percentage of the baseline. Data points are the mean ± SEM at each sulprostone concentration obtained from n number of experiments. The lines through the data are the theoretical curves in each group constructed from the mean of the individual concentration-effect curve parameters, as estimated by nonlinear regressions. Note that the concentration-effect curve for sulprostone is shifted to the right by PTX, Ba2+, and SCH-23390.
TABLE 3 | Basal firing rate and concentration-effect curve parameters for the inhibitory action of sulprostone on LC neurons in the absence (control) or in the presence of PTX, BaCl2, and SCH-23390.
[image: Table 3]To study the involvement of GIRK channels, we performed concentration-effect curves for sulprostone (0.31 nM–2.56 µM, 2x) in the presence of the non-selective GIRK channel blocker BaCl2 or the selective GIRK2 gating inhibitor SCH-23390 (Torrecilla et al., 2002). As a control for effective blockade of GIRK channels, we confirmed the reduction in the inhibitory response to the GIRK-coupled MOR agonist ME (0.8 µM, 1 min) by incubation with Ba2+ (300 μM, 15 min) and SCH-23390 (15 μM, 30 min) before the concentration-effect curves for sulprostone (i.e., mean ME-induced inhibition, 62.4 ± 7.0%, n = 5, p < 0.05 vs pre-blocker; and 71.8 ± 7.8%, n = 5; p < 0.05 vs pre-blocker; respectively) (Figures 5B, C). Bath perfusion with BaCl2 (300 μM, 15 min) increased the firing rate of LC neurons by 42.6 ± 13.1% (n = 5, p < 0.05 compared to baseline) and shifted to the right by 3.6 fold the concentration-effect curve for sulprostone (Figures 5B, D; Table 3). Likewise, bath administration of SCH-23390 (15 μM, 30 min) increased the firing activity of LC neurons by 144 ± 57% (n = 5, p < 0.05 compared to baseline) and shifted to the right by 2.3 fold the concentration-effect curve for sulprostone (Figures 5C, D; Table 3). BaCl2 and SCH-23390 slightly reduced the maximal effects of sulprostone, but these changes did not reach statistical significances (Table 3).
These results suggest that EP3 receptor activation inhibits the LC neuron activity through activation of Gi/o proteins and GIRK channels.
4 DISCUSSION
Previous assays have shown that administration of a single, high concentration of an EP3 receptor agonist causes a hyperpolarizing response in mice LC neurons (Mulvey et al., 2018). The present work was undertaken to directly characterize, by single-unit extracellular recordings, the pharmacological nature and underlying mechanism of functional EP3 receptors in rat LC neurons. We constructed whole concentration-effect curves for different EP3 receptor agonists after perfusion with selective EP2/3/4 receptor antagonists in the LC from brain slices. Our results show that the selective EP3 receptor agonist sulprostone and the mixed EP3 receptor agonists PGE2 and misoprostol all induce concentration-dependent inhibitions of the neuronal firing activity of LC cells. The inhibitory effects were blocked by the selective EP3 receptor antagonist L-798,106, but not by the EP2 receptor antagonist PF-04418948 or the EP4 receptor antagonist L-161,982, which indicates that the effects of these agonists were mediated by EP3 receptors. Furthermore, sulprostone-induced inhibition of the firing activity was prevented by the Gi/o protein inhibitor PTX or the GIRK blockers BaCl2 and SCH-23390. Thus, our results support that pharmacologically identified EP3 receptors in LC neurons mediate the inhibitory regulation of firing activity by prostaglandin analogs through its coupling to Gi/o proteins and the subsequent opening of GIRK channels.
Activation of LC neurons by pro-inflammatory and nociceptive-like stimuli depends on brain PGE2 synthesis by the rate-limiting enzyme COX and the microsomal PGE synthase 1 (Hall et al., 1999; Dallaporta et al., 2007). Accordingly, COX isoenzymes have been reported to be constituvely expressed in spinally projecting LC neurons (Nak et al., 2001). Regarding the functional targets for prostaglandins, double immunofluorescence techniques have shown a dense EP3 receptor-like reactivity in the neuropil and cell bodies of noradrenergic neurons in the LC (Yamaguchi and Okada, 2009). Furthermore, a strong expression of the EP3 receptor gene (Mulvey et al., 2018) and mRNA (Ek et al., 2000) is present in the LC. In fact, intensive hybridization signal for EP3 receptor mRNA is specifically localized to neurons within the LC (Sugimoto et al., 1994). In our study, we assessed the functional role of EP3 receptors by selective and mixed EP3 receptor agonists combined with extracellular electrophysiological recording techniques ex vivo. Sulprostone was selected as a selective EP3 receptor agonist, since it has more than 300-fold higher affinity for EP3 than EP1 receptors (Abramovitz et al., 2000). Sulprostone was perfused at similar concentrations to those used to study the functional role of EP3 receptors in the cortex from rodent brain slices (Exner and Schlicker, 1995). We also assessed the biological relevance of the prostanoid system by perfusing PGE2, a natural prostaglandin showing high affinity for all the EP receptors, mainly for the EP3 receptor (EP3≥EP4>EP2>EP1) (Abramovitz et al., 2000). Moreover, we tested the commercially available PGE1 analog misoprostol, which is a preferential agonist of the EP3 receptor (affinity: EP3>EP4>EP2) (Abramovitz et al., 2000). On the other hand, the pharmacological nature of agonist effects was evaluated by the selective EP3 receptor antagonist L-798,106, which has more than 9000-fold higher affinity for EP3 than EP4 or EP2 receptors (Su et al., 2008). Finally, we examined the effect of the EP2 receptor antagonist PF-04418948, which displays more than 2000-fold higher selectivity for EP2 than EP3 or EP4 receptors (Forselles et al., 2011), and the effect of the EP4 receptor antagonist L-161,982, which shows 80 to 800-fold higher affinity for EP4 than EP3 or EP2 receptors (Machwate et al., 2001).
In the present study, the three EP3 receptor agonists sulprostone, PGE2 and misoprostol were fully efficacious at inhibiting the firing activity of LC neurons. The rank order of EC50 values estimated from the concentration-effect curves for neuron firing inhibition induced by these agonists was sulprostone > misoprostol > PGE2 (EC50 values: 14.8, 50.7 and 110 nM, respectively). This pharmacological profile in the LC is highly concordant with the values obtained from rodent slices for an EP3 receptor subtype in the brain cortex, where sulprostone, misoprostol and PGE2 inhibit the NA release with potencies in the same range (EC50 values: 6.0, 10.0 and 18.2 nM, respectively) (Exner and Schlicker, 1995). In guinea-pig aorta, a comparable EC50 value has been also found for sulprostone-induced vasoconstriction (23 nM) (Jones et al., 1998).
On the other hand, the inhibitory effects induced by sulprostone, misoprostol and PGE2 were prevented by the selective EP3 receptor antagonist L-798,106, but not by the EP2 or the EP4 receptor antagonists, confirming the involvement of the EP3 receptor subtype in this inhibition of LC neurons. EP1 receptor antagonists were not tested because very low EP1 receptor mRNA expression has been reported in the brainstem (Candelario-Jalil et al., 2005). The fact that the pKB values described for L-798,106 were similar when estimated from the effect of sulprostone or misoprostol (5.8–5.9) as agonists further provides evidence for the involvement of an EP3 receptor subtype. The pKB value for L-798,106 calculated from the effect of PGE2 as the agonist was 0.4 log units higher (6.3), suggesting that non-EP3 receptor mechanisms activated by these agonists may interfere in different ways with the regulation of the firing activity of LC neurons by EP3 receptors. In this regard, in the presence of a high concentration of the EP2/EP4 receptor antagonists, the concentration-effect curves for sulprostone and PGE2 were shifted to the left but not that of misoprostol. This could be explained by the difference in the phamacological profile of misoprostol for EP3 and EP2 receptors. One could speculate that the EP2 and EP3 receptors physically interact with each other at the postsynaptic site of the LC cell, so that EP2 receptor would prevent the inhibitory effect mediated by EP3 receptor. In the presence of EP2 receptor antagonist, the EP3 receptor would be released and sulprostone and PGE2 would elicit greater inhibitory effects onto EP3 receptor. However, in the case of misoprostol, the interaction between receptors would not be as relevant as with the other EP3 receptor agonists due to its lower efficacy than sulprostone at EP3 receptor and the lower selectivity than PGE2 for EP2 receptor.
Jones et al. have also reported a higher pKB value for L-798,106 against PGE2 effect in guinea-pig vas deferens as compared with the LC herein stated (Jones et al., 2011). However, this discrepancy could be explained by a higher apparent affinity of L-798,106 for EP3 receptors in guinea-pig smooth muscle due to its faster onset of antagonism compared to the brain slice preparation. Thus, highly potent and lipophilic ligands such as L-798,106 have been proposed to underlie slower onset kinetics for EP3 receptors in lipid-containing tissues, which may yield lower pKB values by the forced use of higher antagonist concentrations (Jones et al., 2011).
Therefore, our work demonstrates that the firing activity of LC neurons is inhibited by pharmacologically defined EP3 receptors present within the nucleus. Accordingly, other functional studies at neuronal level have suggested inhibition of brain neurotransmission by EP3 receptors in the LC and other regions. Thus, as abovementioned, whole-cell recordings from mice slices have shown that a single, high concentration of sulprostone (200 nM) causes a hyperpolarization and outward current in neurons of the LC, which results stronger in female animals due to a higher number of EP3 receptors (Mulvey et al., 2018). However, in our study, the electrophysiological responses to a wide range of concentrations of three EP3 receptor agonists (sulprostone, PGE2 and misoprostol) were tested both in the absence and in the presence of EP3, EP2 and EP4 receptors antagonists in wild-type rats. We have also described the molecular mechanism involved in the inhibitory responses mediated by the EP3 receptor. In further experiments, it would be interesting to study whether previously described sex-differential electrophysiological responses to EP3 receptor agonists also occur in LC slices from rat. In addition, it is also known that centrally administered EP3 receptor agonists reverse the enhancement of c-fos expression in LC neurons from morphine-dependent rats (Nakagawa et al., 2000). In other brain areas, EP3 receptor activation by PGE2 has been reported to weaken glutamatergic transmission in the dorsolateral PAG (Lu et al., 2007), GABAergic transmission in the paraventricular nucleus of the hypothalamus (Khazaeipool et al., 2018) and network activity in the neocortex (Koch et al., 2010). EP3 receptor activation by PGE2 also impairs presynaptic long-term potentiation at synapses on pyramidal cells in the hippocampus CA3 (Maingret et al., 2017) and responses to hypercapnia in the chemosensitive parafacial respiratory group (Forsberg et al., 2016). In contrast, activation of postsynaptic EP3 receptors by PGE2 depolarizes serotonergic neurons of the dorsal raphe nucleus by a cationic conductance (Momiyama et al., 1996). Finally, EP3 receptors on neurons at supraspinal and spinal levels contribute to regulation of some autonomic functions and nociceptive responses (Su et al., 2008; Drake et al., 2016).
EP3 receptors regulate different sets of G proteins, although the inhibitory Gi/o family is the primary transduction mechanism (Markovič et al., 2017). In the LC, Gi/o protein-coupled receptors have been shown to open GIRK channels and thereby inhibit neuron activity (Pineda et al., 1997b; Albsoul-Younes et al., 2001; Torrecilla et al., 2002). Herein, the inhibitory effect of the EP3 receptor agonist sulprostone was attenuated by pretreatment with PTX, which blocks Gi/o proteins by an ADP-ribosylation of the α subunit (Mangmool and Kurose, 2011). Moreover, sulprostone effect was blunted by barium and SCH-23390, two effective GIRK channel blockers (Kuzhikandathil and Oxford, 2002). Barium and SCH-23390 also increased the firing rate of LC cells, as reported for a disinhibition by these agents in the LC (Li and Putnam, 2013). Taken together, we propose that Gi/o protein-gated GIRK channels underlie the inhibitory regulation of LC neurons by EP3 receptors. In cultures of rat hippocampal slices, activation of EP3 receptors augments glutamate-induced excitotoxicity by a mechanism that is ameliorated by pertussis toxin, indicating that Gi/o proteins also mediate EP3 receptor effects in CA1 neurons (Ikeda-Matsuo et al., 2010). In sympathetic neurons, GIRK channels are activated by PGE2, but the EP receptor subtype has not been yet determined (Ruiz-Velasco and Ikeda, 1998). In addition to the described molecular pathway, we can not completely rule out a presynaptic mechanism that could contribute to the effect of EP3 receptor agonists on the firing rate of LC neurons although this seems very unlikely to occur. EP3 receptor activation leads to an inhibition of GABA release in other brain regions (Ibrahim et al., 1999; Khazaeipool et al., 2018) and LC cells are regulated in an inhibitory manner by GABAA receptor activation (Williams et al., 1991). Therefore, if EP3 receptor agonists had elicited an inhibition of GABA release in LC cells, a stimulation rather than an inhibition of the firing rate would have been observed.
5 CONCLUSION
Our work demonstrates that somatodendritic EP3 receptors suppress the firing activity of LC neurons by opening Gi/o protein-coupled GIRK channels. In the entire animal, the inhibitory control of LC noradrenergic neurons by somatodendritic EP3 receptors would be added to the reduction of NA release induced by presynaptic EP3 receptors on nerve terminals as described in the cortex and the hippocampus (Exner and Schlicker, 1995; Günther et al., 2010). The resultant overall decrease in synaptic NA concentrations in the forebrain could explain, among others, the anxiolytic effect of EP3 receptor agonists (Nakagawa et al., 2000), since activation of LC noradrenergic neurons projecting to the prefrontal cortex has been shown to exacerbate anxiety-like behaviors (Hirschberg et al., 2017). In addition to antianxiety actions, EP3 receptors in the LC could play a role in the pathophysiology of pain and inflammatory disorders. Firstly, it has been already shown in arthritis-induced inflammatory models that EP3 receptors in the ventrolateral PAG are involved in hyperalgesia mechanism by facilitating the spinal nociceptive reflex (Drake et al., 2016). We hypothesize that EP3 receptors within the LC may also play a role in the supraspinal regulation of pain in vivo, in light of the reported contribution of specific noradrenergic neurons from the LC to the supraspinal inhibitory control of spinal nociception transmission (West et al., 1993; Hickey et al., 2014) and the analgesic effects of opioid agonists (Jongeling et al., 2009). Accordingly, it has been revealed that certain experimental models that generate an activation of LC neurons via prostanoid synthesis are also capable of transforming normally innocuous stimuli into allodynia-like nociceptive responses (Hall et al., 1999). Furthermore, CFA-induced persistent inflammatory pain attenuates the antinociceptive effect of the µ opioid receptor agonist DAMGO applied into the LC, confirming the relevance of inflammatory factors in the mutual regulation of nociception and the LC (Jongeling et al., 2009). Regarding neuroinflammatory states, systemic infusion of pyrogenic agents (i.e., LPS) causes an overactivation of LC neurons through central PGE2 synthesis (Dallaporta et al., 2007), whereas central and systemic administrations of LPS or PGE2 induce febrile responses through both the LC and the EP3 receptor (Ushikubi et al., 1998; Almeida et al., 2004). Finally, animal models of Alzheimer’s disease have shown an overexpression of inhibitory EP3 receptors around amyloid plaques in LC-projecting brain areas (Shi et al., 2012). This change may have a protective role, since amyloid-β deposition and proinflammatory cytokine production in the hippocampus from these animals are both aggravated by lesions of the LC (Heneka et al., 2010; Bharani et al., 2017). However, chronic neuroinflammatory states as that caused by prolonged, central (i.c.v.) LPS administration also enhances the production of inflammation factors within the LC, which leads to a disruption of Ca2+ channel-dependent neuron pacemaking activity and thereby a neurodegenerative loss of LC noradrenergic cells (Hopp et al., 2015); this change has been associated with the maladaptive behavioral agitation phenotype found in Alzheimer´s disease (Hopp et al., 2015). All these data point to the interest of prostanoid EP3 receptors in the LC as novel pharmacological targets for neuropsychiatric disorders.
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