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Synthesized in the liver from cholesterol, the bile acids (BAs) primary role is emulsifying fats to facilitate their absorption. BAs can cross the blood-brain barrier (BBB) and be synthesized in the brain. Recent evidence suggests a role for BAs in the gut-brain signaling by modulating the activity of various neuronal receptors and transporters, including the dopamine transporter (DAT). In this study, we investigated the effects of BAs and their relationship with substrates in three transporters of the solute carrier 6 family. The exposure to obeticholic acid (OCA), a semi-synthetic BA, elicits an inward current (IBA) in the DAT, the GABA transporter 1 (GAT1), and the glycine transporter 1 (GlyT1b); this current is proportional to the current generated by the substrate, respective to the transporter. Interestingly, a second consecutive OCA application to the transporter fails to elicit a response. The full displacement of BAs from the transporter occurs only after exposure to a saturating concentration of a substrate. In DAT, perfusion of secondary substrates norepinephrine (NE) and serotonin (5-HT) results in a second OCA current, decreased in amplitude and proportional to their affinity. Moreover, co-application of 5-HT or NE with OCA in DAT, and GABA with OCA in GAT1, did not alter the apparent affinity or the Imax, similar to what was previously reported in DAT in the presence of DA and OCA. The findings support the previous molecular model that suggested the ability of BAs to lock the transporter in an occluded conformation. The physiological significance is that it could possibly avoid the accumulation of small depolarizations in the cells expressing the neurotransmitter transporter. This achieves better transport efficiency in the presence of a saturating concentration of the neurotransmitter and enhances the action of the neurotransmitter on their receptors when they are present at reduced concentrations due to decreased availability of transporters.
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1. Introduction

Bile acids (BAs) are a large family of molecules which act as a detergent supporting absorption and digestion of lipids. They are derived from cholesterol, synthesized in the liver, and accumulated in the gallbladder. In response to food intake, BAs are released into the duodenum (López et al., 2017). The enterohepatic circulation allows their reabsorption, and through the portal vein, they return to the liver. In this process, a small pool of BAs enter the systemic circulation.

Under physiological conditions, 20 different kinds of BAs can be detected in rodents and human brains (Mano et al., 2004; Higashi et al., 2017; Pan et al., 2017). Both conjugated and unconjugated BAs pass the blood-brain barrier (BBB) to reach the brain. Unconjugated BAs diffuse through the BBB, whereas conjugated BAs need a specific transporter to be translocated, namely the organic anion transporting polypeptides (OATP) (Lee et al., 2005), the organic anion transporter (OAT) (Kikuchi et al., 2003; Roberts et al., 2008) and the apical sodium-dependent bile acid transporter (ASBT) (McMillin et al., 2015). BAs can also be directly synthesized in the brain from cholesterol by cytochrome P450 46A1 (CYP46A1), an enzyme expressed only in neurons (Kiriyama and Nochi, 2019).

It is well-established that BAs influence complex physiological behaviors through their targets in the brain. Both the Takeda G protein-coupled receptor 5 (TGR5, also GPBAR1) (Maruyama et al., 2002) and the nuclear farnesoid X receptor (FXR) (Makishima et al., 1999; Wang et al., 1999) are expressed in the brain. TGR5 was found in cultured astrocytes and neurons. Its stimulation activated the TGR5-adenylate cyclase (Keitel et al., 2010), or acted as anorexigenic protein controlling satiety in response to physiological feeding (Perino et al., 2021). FXR is localized in the nucleus of the brain cortex and hippocampal neurons (Huang et al., 2016). In FXR knockout mice, changes in neurotransmitter homeostasis, such as glutamate, γ-aminobutyric acid (GABA), serotonin (5-HT), and norepinephrine (NE), were detected, suggesting that FXR activity mediates the regulation of neurotransmitters (Schmidt et al., 2015).

There is also the possibility of a physiological role for BAs in the modulation of brain activity through pathways other than their physiological targets. Direct activation of multiple targets important in neuromodulation has been described, such as muscarinic receptors (Raufman et al., 2002), NMDA (Schubring et al., 2012) and GABA receptors (Yanovsky et al., 2012) and some ion channels (Wiemuth et al., 2014; Kiriyama and Nochi, 2019). This aspect of BAs is, however, underrepresented in the field.

Recently, we have shown that OCA (a semi-synthetic BA analog with promising therapeutic applications) and the dopamine transporter DAT (SLC6A3) interact directly (Romanazzi et al., 2021). This was demonstrated through heterologous expression in Xenopus laevis oocytes and two-electrode voltage clamp experiments investigating the currents under different conditions. Using molecular docking simulations, we also identified putative OCA binding sites, which could alter the transport cycle stabilizing DAT in an occluded conformation.

Dopamine transporter is a neurotransmitter sodium symporter (NSS) belonging to the solute carrier 6 (SLC6) family. The SLC6 transporter family is essential in the homeostasis of neurotransmitters, nutrient molecules and, osmolytes; it has a fundamental role in controlling membrane potential (Sonders et al., 1997; Niello et al., 2020) in both central and peripheral nervous systems (Pramod et al., 2013). DAT is a member of the monoamine transporter (MAT) subfamily, together with serotonin (SLC6A4) and norepinephrine (SLC6A2) transporters, with which it shares significant sequence homology. It is also closely related to GAT1 (GABA Transporter SLC6A1) and glycine transporters (SLC6A5 and SLC6A9), which belong to the same neurotransmitter and amino acid transporter family (Castagna et al., 2022) and regulate, with other transporters of the family, the homeostasis of the two inhibitory neurotransmitters. These two transporters have been well characterized and studied for their electrical properties by our group (Pérez-Siles et al., 2012; Bhatt et al., 2023). Furthermore, they elicit larger transport currents than DAT when expressed in Xenopus laevis oocytes. In this work, we investigated the interaction of BAs with DAT, and assessed if those interactions are shared with other SLC6 family members, namely GAT1 and GlyT1b.



2. Materials and methods


2.1. Solutions

The ND96 and NDE solutions used during oocyte preparation and culture had the following compositions (in mM): ND96: NaCl 96, KCl 2, CaCl2 1.8, MgCl2 1, HEPES 5, pH7.6; NDE: ND96 plus 2.5 mM pyruvate, 50 μg/ml gentamycin sulfate, penicillin streptomycin solution, 10 U/ml. The external control solution for electrophysiological studies (ND98) had the following compositions (in mM): NaCl 98, MgCl2 1, CaCl2 1.8 and HEPES 5. The final pH was adjusted to 7.6 with NaOH. Substrates used were dopamine (DA) (Merck, Italy), γ-Aminobutyric acid (GABA) (Merck, Italy), SKF89976A (Merck, Italy), glycine (Merck, Italy), 5-hydroxytryptamine (5-HT) (Merck, Italy), lithocholic acid (LCA) (Merck, Italy), and obeticholic acid (OCA) (Adipogen, Füllinsdorf, Switzerland). LCA and OCA powder were dissolved in DMSO at 50 and 100 mM, respectively.



2.2. Oocytes collection and cRNA preparation

The oocytes were obtained from adult Xenopus laevis females. Animals were anesthetized in 0.1% (w/v) MS222 (tricaine methanesulfonate; Merck, Italy) solution in water. Abdomens were sterilized with the antiseptic agent (Povidone-iodine 0.8%), laparotomy was performed, and portions of the ovary were collected. The oocytes were treated with 1.5 mg/ml collagenase (collagenase type IA from Clostridium histolyticum, C0130 from Merck, Italy) in ND96 calcium-free for at least an hour at 18°C. Healthy and fully grown oocytes were selected and stored at 18°C in NDE solution (Bhatt et al., 2022). The experimental protocol was approved locally by the Committee of the “Organismo Preposto al Benessere Animale” of the University of Insubria, Varese, Italy, and nationally by Ministero della Salute (n. 449/2021-PR), Italy. cDNAs were linearized with restriction enzymes, in vitro capped and transcribed using 200 units of T7 RNA polymerase. All enzymes were supplied by Promega (Italy). For specifications about the constructs, see Table 1. The day after the removal, the oocytes were injected with cRNA using a manual microinjection system (Drummond Scientific Company, Broomall, PA, USA). Injected concentrations were 12.5 ng/50 nl for mDAT, rGAT1, and 25 ng/50 nl for rGlyT1b. Then, the oocytes were incubated at 18°C for 2–3 days before electrophysiological experiments.


TABLE 1    List of transporter gene and vector characteristics, along with molecular methodology used to get the cRNA for oocytes injection.
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2.3. Electrophysiology

Electrophysiological studies were performed using the two-electrode voltage clamp (TEVC) technique (Oocyte Clamp OC-725; Warner Instruments, Hamden, CT, USA). The controlling software was WinWCP version 4.4.6 (J. Dempster, University of Strathclyde, Glasgow, UK) or Clampex (Molecular Devices, Sunnyvale, CA, USA). Borosilicate microelectrodes, with a tip resistance of 0.5–4 MΩ, were filled with 3 M KCl. Bath electrodes were connected to the experimental oocyte chamber via agar bridges (3% agar in 3 M KCl). The holding potential was kept at −60 mV for all the experiments. Data analysis was performed using Clampfit 10.2 software (Molecular Devices, Sunnyvale, CA, USA); OriginPro 8.0 (OriginLab Corp., Northampton, MA, USA) and GraphPad Prism 8.0.2 (GraphPad Software, Boston, MA, USA) were used for statistical analysis and figure preparation. The values reported are the mean ± SE; statistical analysis was done with ANOVA one-way and repeated measures ANOVA.

We have defined I0OCA or I0LCA as the transient current elicited due to the first (0) exposure of OCA or LCA, respectively. I’OCA refers to the transient current elicited by any other exposure to OCA followed by the first one. IS (S is substrate) represents the current elicited by the transport of the indicated substrate.




3. Results


3.1. Dopamine and OCA interaction

The perfusion of DA (30 μM), over a X. laevis oocyte heterologously expressing mDAT, generated an inward transport current (IDA) of about 25 nA, and OCA 10 μM elicited an inward transient current (I0OCA) of about 60% of IDA; a second applications of OCA (I’OCA) did not elicit a similar response (Figure 1A). The amplitude of I0OCA and I’OCA (nearly undetectable) measured on the same oocytes are statistically different (p < 0.0001). Their relationship is independent of the washing time (from 1 to 15 min) or the concentration of the second dose (data not shown). Furthermore, repeated applications of another BA with lower affinity (LCA, Figure 1A histogram on the right) were not able to generate a current as well. These data support the hypothesis that OCA is still residing in its binding sites.
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FIGURE 1
The displacement of OCA from mDAT by DA. Representative traces of currents recorded by TEVC from oocytes expressing mDAT exposed to OCA (left) and mean of the indicated currents (right). (A) Currents after the first and second exposure to OCA, with an interval of 5′ wash with ND98 alone; mean current (nA) ± SE, from n = 15 oocytes, n = 4 batches; I0OCA vs. I’OCA on the same oocyte: one-way ANOVA F(2,42) = 18.15, ****p < 0.0001 followed by Bonferroni’s multiple comparison test; I0OCA vs. I’LCA same oocyte: ****p < 0.0001. (B) Currents after the first and second exposure to OCA with washing ND98 and ND98 plus DA 30 μM after the first OCA exposure; mean current (nA) ± SE of 11/3 n/N; repeated measure one-way ANOVA F(1.220, 12.20) = 20.71, p = 0.0001 between columns and F(10, 30) = 9.253, ****p < 0.0001 between rows, followed by Bonferroni’s multiple comparison test. IDA vs. I’DA: p = 0.8737 and I0OCA vs. I’OCA: p > 0.9999. (C) Currents after the first and second exposure to OCA with washing ND98 and ND98 plus DA 2 μM after the first OCA exposure; mean current (nA) ± SE of 13/2 n/N; repeated measure one-way ANOVA F(2.838, 36.89) = 62.26, ****p < 0.0001 between columns and F(13, 65) = 10.44, ****p < 0.0001 between rows followed by Bonferroni’s multiple comparison test. IDA vs. I’DA: p > 0.9999; I0OCA vs. I”OCA: p > 0.9999; I0OCA vs. I‘OCA after DA 2 μM: ****p < 0.0001.


Next, we tested whether the application of a substrate was able to restore I0OCA. After the first exposure to OCA, cells were washed with ND98, followed by DA 30 μM perfusion. The second exposure to the OCA elicited a current I’OCA with an amplitude identical to I0OCA (Figure 1B). The amplitude of I’DA did not significantly differ from the first IDA.

To investigate the dependency of the amplitude of the I’OCA on DA doses, we tested the concentration of DA 2 μM, proximal to the K0.5 for mDAT (Sonders et al., 1997; Romanazzi et al., 2021), after the first exposure to OCA. The second application of OCA 10 μM elicited a detectable I’OCA, but with a significantly reduced amplitude (40% of I0OCA) (p < 0.0001).

Finally, a third application of OCA 10 μM following the ND98 plus DA 30 μM elicited an I’OCA identical in amplitude (p > 0.9999) and shape to I0OCA (Figure 1C). It is of note that the I0OCA is present, independent of previous exposure to DA.



3.2. Norepinephrine and serotonin are substrates of mDAT

The pharmacological characterization on Drosophila melanogaster dopamine transporter (dDAT) defines the potency of different agonists and antagonists of monoamine transporter (such as fluorexetine, cocaine, norepinephrine, and serotonin) to inhibit the DA radiolabeled uptake (Pörzgen et al., 2001), suggesting that NE and 5-HT could act as DAT substrates. To our knowledge in the literature, there are no clear indications as to the capability of mDAT transporting these two substrates. With this aim, we performed dose-response experiments on X. laevis oocytes, heterologously expressing mDAT, in the presence of NE and 5-HT, to record the transport response and define the kinetic parameters. Both substrates were tested at concentrations from 1 μM to 1 mM on the same oocytes, and the mean of the amplitude of the current recorded for each dose was fitted using the Hill’s equation. The value of maximal transport current (Imax) for NE was −12.49 ± 0.79 nA, and for 5-HT −11.76 ± 1.28 nA, i.e., 53% and 45% of the Imax for DA, respectively. The apparent substrate affinity K0.5 for NE was 10.76 ± 1.67 μM, and for 5-HT 36.98 ± 10.77 μM (Figure 2). We also calculated the transport efficiency, defined as the ratio of Imax and K0.5 (Imax/K0.5), of DA, NE, and 5-HT in mDAT (Figure 2C). The substrate preference order was DA > NE > 5-HT, and substrate affinity was also DA > NE > 5-HT.
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FIGURE 2
Kinetics parameter of mDAT for NE and 5-HT. (A) Representative traces of currents recorded from oocytes expressing mDAT perfused with increasing concentrations of NE, from 1 μM to 1 mM (top) and 5-HT (bottom). (B) Data from 14/3 n/N were fitted to Hill’s equation and the data reported in table (C). *Parameter for the DA reported in Romanazzi et al. (2021). (D) Data from 11/2 n/N cells perfused with increasing concentrations of NE from 3 μM to 1 mM with or without OCA, 10 μM, were fitted to Hill’s equation and the data reported in table (left) and (right) data from 9/2 n/N cells perfused with increasing concentrations of 5-HT from 3 μM to 1 mM with or without OCA 10 μM were fitted to Hill’s equation and the data reported in the table (NE: Imax: p = 0.9435; K0.5: p = 0.8341; 5-HT: Imax: p = 0.7259; K0.5: p = 0.8730).


Moreover, we calculated if the maximal currents and/or the apparent affinity of NE or 5-HT for DAT are affected by OCA. Dose-response experiments were performed in the presence of NE or 5-HT, with and without OCA 10 μM. The current means at the different substrate concentrations were fitted with the Hill’s equation and the resulting kinetic parameters are reported in the table in Figure 2D. These data reveal that OCA does not significantly affect both the affinity and the maximal transport currents for NE and 5-HT, similar to what was previously described for DA (Romanazzi et al., 2021).



3.3. Norepinephrine and serotonin are able to displace OCA

Since DAT can translocate NE and 5-HT, even with reduced efficiency and lower affinity as reported above, we repeated the experiments of Figure 1, washing the oocytes after the first OCA exposure with ND98 plus NE or 5-HT at saturating concentrations (300 μM). After measuring the amplitude of IDA (DA 30 μM) and I0OCA (OCA 10 μM), NE was perfused, which resulted in INE of about 57% of IDA (as shown above). Interestingly, the following exposure of oocytes to OCA 10 μM elicited an inward transient current I’OCA, which was significantly (p = 0.001) reduced in amplitude compared to I0OCA (about 56% of I0OCA) (Figures 3A–C). Applying 5-HT 300 μM, after DA and OCA, generated the I5–HT of about 44% of IDA. The subsequent perfusion of OCA 10 μM generated the I’OCA, significantly reduced in amplitude (about 25%) than I0OCA (p < 0.0001) (Figures 3B, C). Finally, after applying NE or 5-HT and the second OCA, if DA was applied at saturating concentrations, OCA elicited a current similar to I0OCA. These results confirm that only saturating DA can fully displace OCA, moving DAT to the initial cycle conditions (outward facing) and giving rise to the maximal OCA current.
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FIGURE 3
The partial displacement of OCA by NE and 5-HT. (A) Representative traces of currents recorded by TEVC (Vh = –60 mV) from oocytes expressing mDAT exposed to NE 300 μM after the first OCA exposure. (B) Representative traces of currents recorded by exposure to 5-HT 300 μM after the first OCA perfusion. (C) Mean current (nA) ± SE of 11–12/3 n/N; one-way ANOVA F(5,88) = 35.51, ****p < 0.0001 followed by Bonferroni’s multiple comparison test; I0OCA vs. I’OCA after NE: ***p = 0.001; I0OCA vs. I’OCA after 5-HT: ****p < 0.0001.




3.4. Interaction of BAs with other two members of SLC6 neurotransmitter transporter family, GlyT1b and GAT1

To verify if the interaction of BAs is specific and limited to DAT or extended to other SLC6 transporters, we selected two other members of the family: GAT1 and GlyT1b. The experimental protocol reported in Figure 1 was applied to oocytes expressing rGAT1 or rGlyT1b.

The perfusion of GABA 300 μM on oocytes expressing rGAT1 elicited a large and inward transport current IGABA (−217.8 ± 14.57 nA). The subsequent perfusion of OCA (10 μM) generated a proportionally large transient inward I0OCA (−123.6 ± 8.32 nA) (Figure 4A).
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FIGURE 4
Obeticholic acid (OCA) effect on neurotransmitter transporters GAT1 (SLC6A1) and GlyT1b (SLC6A9). (A) Representative traces recorded by TEVC from oocytes expressing rGAT1 exposed to GABA and OCA (left) or GABA and LCA (right); mean of currents (center) (nA) ± SE of 33/6 n/N. (B) Representative traces recorded by TEVC from oocytes expressing rGlyT1b exposed to glycine and OCA (left) or glycine and LCA (right); mean of currents (center) (nA) ± SE of 17/4 n/N. (C) mean of normalized OCA current for rGlyT1b, mDAT, and rGAT1; (nA) ± SE of 16–34/6 n/N; one-way ANOVA F(2, 79) = 0.4982, p = 0.6094 followed by Bonferroni’s multiple comparison test. IOCA/IDA vs. IOCA/IGABA: p > 0.9999; IOCA/IDA vs. IOCA/IGly: p > 0.9999; IOCA/IGly vs. IOCA/IGABA: p > 0.9999.


In oocytes expressing rGlyT1b, the perfusion of glycine 1 mM resulted in an inward transport current IGly (−88.24 ± 11.15 nA) and OCA 10 μM gave rise to a transient inward I0OCA (−51.88 ± 6.70 nA) (Figure 4B).

The perfusion of LCA 10 μM on rGAT1 or rGlyT1b expressing oocytes induced similar inward transient current ILCA (Figures 4A, B), as reported before for mDAT (Romanazzi et al., 2021).

All three transporters investigated here (mDAT, rGAT1, and rGlyT1b) have shown different amplitudes of substrate transport currents (∼25, ∼200, and ∼100 nA, respectively). In the presence of OCA (or LCA), the amplitude of the I0OCA (or I0LCA) was about 60% of the substrate currents (IS), as shown in Figure 4C. There were no significant differences between the normalized OCA currents induced in the different transporters considered (p > 0.99), indicating that OCA has comparable effects in all transporters tested, effects that are proportional to their specific transport-associated current amplitude.



3.5. OCA acts similarly in mDAT and rGAT1

Taking advantage of the relatively larger transport-associated current generated by GAT1, we tried to measure the amplitude of I’OCA, expecting that in GAT1 the second exposure of OCA might result in a detectable current. The I’OCA indeed generated a current; however, significantly reduced to 6% of I0OCA (−6.64 ± 1.47 nA, p < 0.0001) (Figure 5A).
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FIGURE 5
Obeticholic acid (OCA) relationship with rGAT1. Representative traces of currents recorded by TEVC from oocytes expressing rGAT1 exposed to OCA (left) and mean of the indicated currents (right). (A) Currents after the first and second exposure to OCA with an interval of 5′ wash with ND98 alone; mean current (nA) ± SE of 13/3 n/N; one-way ANOVA F(2,36) = 35.68, ****p < 0.0001 followed by Bonferroni’s multiple comparison test: I0OCA vs. I’OCA: ****p < 0.0001. (B) Currents after the first and second exposure to OCA with washing ND98 and ND98 plus GABA 300 μM after the first OCA exposure; mean current (nA) ± SE of 15/3 n/N; repeated measure one-way ANOVA F(1.246, 17.44) = 45.80, ****p < 0.0001 between columns and F(14, 42) = 14.93, ****p < 0.0001 between rows followed by Bonferroni’s multiple comparison test. IGABA vs. I’GABA: p = 0.1599 and I0OCA vs. I’OCA: p > 0.9999. (C) Currents after the first and second exposure to OCA with washing ND98 and ND98 plus GABA 20 μM after the first OCA exposure; mean current (nA) ± SE of 10/2 n/N; repeated measure one-way ANOVA F(1.765, 15.89) = 38.97, ****p < 0.0001 between columns and F(9, 45) = 10.44, ****p < 0.0001 between rows followed by Bonferroni’s multiple comparison test. IGABA 100 μM vs. I’GABA 100 μM: p > 0.4177; I0OCA vs. I’OCA after GABA 100 μM: p > 0.9999; I0OCA vs. I’OCA after GABA 20 μM: ****p < 0.0001. (D) Current after SKF 30 μM perfusion, followed by the second OCA; mean current nA ± SE of 6/2 n/N; one-way ANOVA F(3,18) = 17.02, ****p < 0.0001 followed by Bonferroni’s multiple comparison test: I0OCA vs. I’OCA after SKF: p = 0.0019; IGABA vs. I’GABA after SFK: p = 0.0003. (E) Data from 8/1 n/N cells perfused with increasing concentrations of GABA from 3 to 300 μM with or without OCA 10 μM were fitted to Hill’s equation and the data reported in the table (Imax: p = 0.9523; K0.5: p = 0.8170). **p < 0.01, ***p < 0.001.


After GABA-OCA application, perfusion of GABA 300 μM elicited IGABA with an amplitude comparable to the first one (p = 0.1599), and the re-exposure to OCA 10 μM induced an inward transient current of I0OCA (p > 0.99) (Figure 5B), consistent with the observation for DAT (Figure 1B).

Moreover, if after the first GABA-OCA application, the oocyte received GABA 20 μM [concentration proximal to rGAT1 K0.5 at −60 mV (Fesce et al., 2002)], the I’OCA was reduced to the 53% of the I0OCA (p < 0.0001) (Figure 5C). Exposing the transporter again to GABA at saturating concentrations, the amplitude of I’OCA was not statistically different from I0OCA (p > 0.9999). Furthermore, the application of OCA did not alter the amplitude of IGABA (Figure 5C). SKF89976A is a specific GAT1 blocker that abolishes the pre-steady-state currents completely and the transport-associated currents partially (Mager et al., 1993; Cherubino et al., 2012). After GABA-OCA-GABA application, the oocyte was exposed for 30 s to SKF89976A 30 μM and followed by the second exposure to OCA that lead to a significant reduction of I’OCA (10% of the I0OCA) (p = 0.0019). This reduction was consistent with the decrease of the GABA transport current (p = 0.0003) (Figure 5D). The fact that in the presence of the GAT1-specific inhibitor (SKF-89976A), the OCA-induced current was drastically reduced, supports that the OCA current is directly mediated via rGAT1.

This data reported in Figure 4 indicates that OCA interacts directly with GAT1, in the absence of GABA. The effect of OCA on the kinetic parameters of GAT1 was also investigated. Currents generated from increasing concentrations of GABA were unaltered by the presence of OCA 10 μM (Figure 5E). Current means were fitted with the Hill’s equation and kinetic parameters are reported in the table in Figure 5E. OCA does not significantly affect either the affinity or the maximal transport currents of rGAT1, similar to what was previously described for mDAT (Romanazzi et al., 2021).




4. Discussion and conclusion

Bile acids are amphipathic molecules synthesized in the liver from cholesterol and released into the duodenum. Their physiological role as fat absorption adjuvants and signaling molecules involved in metabolism is well-established. Recently, a possible role as a direct modulator of brain function has emerged (Raufman et al., 2002; Schubring et al., 2012; Yanovsky et al., 2012). In our previous work, we showed that in Xenopus laevis oocytes expressing mDAT, OCA and LCA elicited a sodium transient inward current (Romanazzi et al., 2021). The molecular docking simulations identified multiple putative binding sites for OCA. In our interpretation, upon binding OCA induced conformational changes. The rearrangement of the transmembrane domains in positioning in the occluded conformation, opens a temporary ion conductance. In this work, we examined the interaction of BAs with DAT, GAT1, and GlyT1b, all neurotransmitter transporters of the SLC6 family, to study the specificity of the binding and the mechanics involved.

As reported, OCA can bind and occlude DAT, but the effectiveness of the occlusion is debatable (Romanazzi et al., 2021). To elucidate this phenomenon, we tested the displacement of bound OCA, investigating whether the transporter gets blocked, or if OCA locks the transporter until a substrate with stronger affinity induces reopening of it. As shown in Figure 1, the second application of OCA does not elicit any currents (I’OCA) in DAT; a regular transient inward current is visible only when preceded by the perfusion of DA. When the oocytes are perfused with a concentration of DA lower than the saturating one, I’OCA is significantly smaller than I0OCA. These observations suggest that the OCA molecules bound to DAT are not displaced from the transporter by simple buffer washing, and that only the presence of saturating concentrations of DA completely remove OCA from its binding site. This results in a second OCA current with reduced amplitude (Figure 1C).

The transporter becomes able to respond again to OCA only when it completes a transport cycle, translocating the substrate inside the cell and returning in an outward facing conformation. The amplitude of I’OCA is similar to I0OCA only when all the transporters expressed reach the condition of maximal activity (Imax). We thus hypothesize that I’OCA amplitude is directly correlated to the unbinding of the OCA from the transporter. To test this hypothesis, we exposed the oocytes to lower affinity substrates of DAT, like NE and 5-HT. As our data show (Figure 2), these are transported with lower efficiency without reaching the Imax values recorded for DA. These substrates should fail to fully remove OCA from DAT, thereby yielding lower I’OCA. Indeed, the perfusion of one of these substrates at its saturating concentration after the first OCA exposure results in a reduced amplitude of I’OCA (Figures 3A, B), similar to the one resulting in the presence of DA at concentrations close to the K0.5.

Observing the recovery of the amplitude of I’OCA after the substrate perfusion, the displacement of OCA by saturating DA, NE, or 5-HT is consistent with their respective K0.5 for DAT. Our interpretation is that the lower binding energy of the secondary substrates NE and 5-HT to the substrate binding site might not be enough to drive all the transporters to complete the transport cycle, as suggested by the lower Imax.

While the interaction of OCA with DAT is interesting, the larger question is whether it is limited to DAT. Therefore, we assessed the effect of OCA on other members of the SLC6 family involved in neurotransmission, namely GAT1 (member of the GABA transporters subfamily) and GlyT1b (neurotransmitter member of the amino acid transporters). In oocytes expressing rGlyT1b or rGAT1, the perfusion of BAs produces a current that is larger than that recorded in mDAT, and proportional to the current induced by the specific substrate. The fact that the OCA current was proportional to the transport current supports the idea that this conductance triggered by OCA should be mediated by the rearrangement of the transporter (Figures 4, 5).

This binding is not exclusive to OCA perfusion, as GlyT1b and GAT1 respond to the application of LCA as well. LCA is a natural bile acid that shares with OCA the same sterol-based structure, with the ethyl and hydroxyl groups present in OCA substituted by hydrogen in LCA. This observation is important not only to assess that a similar interaction with transporters occurs even in the presence of different residues, sharing common binding mechanisms, but also concerning the pathophysiological role of endogenous BAs, which, for example, increase in the systemic circulation after bariatric surgery and may act on different targets in the central nervous and enteric systems (Mano et al., 2004).

We further investigated these interactions, using the same approach of multiple OCA applications, to characterize the removal of OCA bound to these transporters. In GlyT1b and GAT1, the second exposure to BAs does not elicit reliable responses, suggesting that as in DAT, the first BA bound to the transporter makes its binding site inaccessible to other BAs molecules. BAs do not modify GAT1 kinetic transport parameters, confirming that these molecules act only on the transporters in the absence of substrate. Perfusion of GABA at a concentration lower than saturating, after the first OCA application, caused an I’OCA current reduced in amplitude, confirming what was previously seen in DAT.

In conclusion, BAs act on the tested members of the SLC6 family members similarly: upon binding, they induce a conformation rearrangement that opens a transient conductance and while bound, the BAs prevent the action of another BA molecule. This occluded conformation can be recovered only in the presence of substrates (Figure 6). Consequently, the BAs do not act on the kinetic parameters of the transport. A possible physiological significance of this behavior is avoiding the summation of small depolarizations in the cells expressing the neurotransmitter transporters, permitting better transport efficiency in the presence of saturating concentrations of neurotransmitter, and enhancing the action of neurotransmitters on their receptors when they are present at reduced concentrations due to decreased availability of transporters, partially blocked in the occluded conformation by the Bas. Also, by avoiding the summation of small inward (depolarizing) currents elicited by the Bas, the cell could prevent the alteration of neuronal excitability or the efficiency controls of the neurotransmitter homeostasis by the uptake by astrocytes (Pramod et al., 2013). The transporter-occluded state is recovered when the transporter works at maximal efficiency with a saturating concentration of substrate.


[image: image]

FIGURE 6
Hypothetical mechanism of action of BAs on the transport cycle of NSS. In presence of BAs, the BA molecule binds the transporters (Oo), opens a transient conductance (Oo-Occ), and then freezes the protein in an occluded conformation (Occ) that makes it resistant to other BAs-mediated alteration of membrane potential. The occluded state can be recovered only in the presence of the physiological substrates that allow the transporter to switch from Oo to Io. The binding of the physiological transport induces the unbinding of OCA from the protein.


The characterization of the action of BAs on three members of SLC6 is a first step in investigating the relationship between the SLC protein and BAs, a class of molecules that are also present in the brain. Identifying the structural determinants of these transporters involved in BAs binding might provide fundamental information in drug discovery to identify new therapeutic uses for BAs, considering that studies focused on the use of BAs as a treatment for brain conditions are rapidly growing (Monteiro-Cardoso et al., 2017; Kiriyama and Nochi, 2019; Grant and Demorrow, 2020) and that multiple studies have already proven their value as signaling molecules (Reddy et al., 2018; Perino et al., 2021) in the gut-brain relationship.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

This animal study was reviewed and approved by the Committee of the “Organismo Preposto al Benessere degli Animali” of the University of Insubria and nationally by Ministero della Salute (permit nr. 449/2021-PR).



Author contributions

TR, MB, and AD performed the experiments. TR analyzed the data and prepared the figures. TR and EB wrote the manuscript. DZ and MB contributed to editing the manuscript. AG, DZ, and EB designed and supervised the studies. All authors contributed to the article and approved the submitted version.



Funding

This work has received funding from NeuroTrans consortium under European Union H2020 MSCA-ITN-2019, grant agreement no. 860954 to EB.



Acknowledgments

We would like to acknowledge Saunders Consulting for the help in editing this manuscript and Raffella Cinquetti for the preparation of the expression cDNA constructs.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Bhatt, M., Di Iacovo, A., Romanazzi, T., Roseti, C., Cinquetti, R., and Bossi, E. (2022). The “www” of Xenopus laevis oocytes: the why, when, what of Xenopus laevis oocytes in membrane transporters research. Membranes 12:927. doi: 10.3390/membranes12100927

Bhatt, M., Gauthier-Manuel, L., Lazzarin, E., Zerlotti, R., Ziegler, C., Bazzone, A., et al. (2023). A comparative review on the well-studied GAT1 and the understudied BGT-1 in the brain. Front. Physiol. 14:1145973. doi: 10.3389/FPHYS.2023.1145973

Castagna, M., Cinquetti, R., Verri, T., Vacca, F., Giovanola, M., Barca, A., et al. (2022). The Lepidopteran KAAT1 and CAATCH1: orthologs to understand structure–function relationships in mammalian SLC6 transporters. Neurochem. Res. 47, 111–126. doi: 10.1007/s11064-021-03410-1

Cherubino, F., Bertram, S., Bossi, E., and Peres, A. (2012). Pre-steady-state and reverse transport currents in the GABA transporter GAT1. Am. J. Physiol. Cell Physiol. 302, 1096–1108. doi: 10.1152/ajpcell.00268.2011

Fesce, R., Giovannardi, S., Binda, F., Bossi, E., and Peres, A. (2002). The relation between charge movement and transport-associated currents in the rat GABA contransporter rGAT1. J. Physiol. 545, 739–750. doi: 10.1113/jphysiol.2002.026823

Grant, S. M., and Demorrow, S. (2020). Bile acid signaling in neurodegenerative and neurological disorders. Int. J. Mol. Sci. 21, 1–25. doi: 10.3390/ijms21175982

Higashi, T., Watanabe, S., Tomaru, K., Yamazaki, W., Yoshizawa, K., Ogawa, S., et al. (2017). Unconjugated bile acids in rat brain: analytical method based on LC/ESI-MS/MS with chemical derivatization and estimation of their origin by comparison to serum levels. Steroids 125, 107–113. doi: 10.1016/J.STEROIDS.2017.07.001

Huang, C., Wang, J., Hu, W., Wang, C., Lu, X., Tong, L., et al. (2016). Identification of functional farnesoid X receptors in brain neurons. FEBS Lett. 590, 3233–3242. doi: 10.1002/1873-3468.12373

Keitel, V., Görg, B., Bidmon, H. J., Zemtsova, I., Spomer, L., Zilles, K., et al. (2010). The bile acid receptor TGR5 (Gpbar-1) acts as a neurosteroid receptor in brain. Glia 58, 1794–1805. doi: 10.1002/glia.21049

Kikuchi, R., Kusuhara, H., Sugiyama, D., and Sugiyama, Y. (2003). Contribution of organic anion transporter 3 (Slc22a8) to the elimination of p-aminohippuric acid and benzylpenicillin across the blood-brain barrier. J. Pharmacol. Exp. Ther. 306, 51–58. doi: 10.1124/JPET.103.049197

Kiriyama, Y., and Nochi, H. (2019). The biosynthesis, signaling, and neurological functions of bile acids. Biomolecules 9:232. doi: 10.3390/biom9060232

Lee, W., Glaeser, H., Smith, L. H., Roberts, R. L., Moeckel, G. W., Gervasini, G., et al. (2005). Polymorphisms in human organic anion-transporting polypeptide 1A2 (OATP1A2). J. Biol. Chem. 280, 9610–9617. doi: 10.1074/jbc.m411092200

López, M., Nadal, A., Miguel Hernández de Elche, U., Joseph Pisegna, S., Eggink, H. M., Mertens, K. L., et al. (2017). Bile acid signaling pathways from the enterohepatic circulation to the central nervous system. Front. Neurosci. 11:617. doi: 10.3389/fnins.2017.00617

Mager, S., Naeve, J., Quick, M., Labarca, C., Davidson, N., and Lester, H. A. (1993). Steady states, charge movements, and rates for a cloned GABA transporter expressed in Xenopus oocytes. Neuron 10, 177–188. doi: 10.1016/0896-6273(93)90309-F

Makishima, M., Okamoto, A. Y., Repa, J. J., Tu, H., Learned, R. M., Luk, A., et al. (1999). Identification of a nuclear receptor for bile acids. Science 284, 1362–1365. doi: 10.1126/SCIENCE.284.5418.1362

Mano, N., Goto, T., Uchida, M., Nishimura, K., Ando, M., Kobayashi, N., et al. (2004). Presence of protein-bound unconjugated bile acids in the cytoplasmic fraction of rat brain. J. Lipid Res. 45, 295–300. doi: 10.1194/JLR.M300369-JLR200

Maruyama, T., Miyamoto, Y., Nakamura, T., Tamai, Y., Okada, H., Sugiyama, E., et al. (2002). Identification of membrane-type receptor for bile acids (M-BAR). Biochem. Biophys. Res. Commun. 298, 714–719. doi: 10.1016/S0006-291X(02)02550-0

McMillin, M., Frampton, G., Quinn, M., Divan, A., Grant, S., Patel, N., et al. (2015). Suppression of the HPA axis during cholestasis can be attributed to hypothalamic bile acid signaling. Mol. Endocrinol. 29, 1720–1730. doi: 10.1210/ME.2015-1087

Monteiro-Cardoso, V. F., Corlianò, M., and Singaraja, R. R. (2017). Bile acids: a communication channel in the gut-brain axis. NeuroMol. Med. 23, 99–117. doi: 10.1007/s12017-020-08625-z

Niello, M., Gradisch, R., Loland, C. J., Stockner, T., and Sitte, H. H. (2020). allosteric modulation of neurotransmitter transporters as a therapeutic strategy. Trends Pharmacol. Sci. 41, 446–463. doi: 10.1016/j.tips.2020.04.006

Pan, X., Elliott, C. T., McGuinness, B., Passmore, P., Kehoe, P. G., Hölscher, C., et al. (2017). Metabolomic profiling of bile acids in clinical and experimental samples of Alzheimer’s disease. Metabolites 7:28. doi: 10.3390/METABO7020028

Pérez-Siles, G., Núñez, E., Morreale, A., Jiménez, E., Leo-Macías, A., Pita, G., et al. (2012). An aspartate residue in the external vestibule of GLYT2 (glycine transporter 2) controls cation access and transport coupling. Biochem. J. 442, 323–334. doi: 10.1042/BJ20110247

Perino, A., Velázquez-Villegas, L. A., Bresciani, N., Sun, Y., Huang, Q., Fénelon, V. S., et al. (2021). Central anorexigenic actions of bile acids are mediated by TGR5. Nat. Metab. 3, 595–603. doi: 10.1038/s42255-021-00398-4

Pörzgen, P., Park, S. K., Hirsh, J., Sonders, M. S., and Amara, S. G. (2001). The antidepressant-sensitive dopamine transporter in Drosophila melanogaster: a primordial carrier for catecholamines. Mol. Pharmacol. 59, 83–95. doi: 10.1124/mol.59.1.83

Pramod, A. B., Foster, J., Carvelli, L., and Henry, L. K. (2013). SLC6 transporters: structure, function, regulation, disease association and therapeutics. Mol. Aspects Med. 34, 197–219. doi: 10.1016/J.MAM.2012.07.002

Raufman, J. P., Chen, Y., Cheng, K., Compadre, C., Compadre, L., and Zimniak, P. (2002). Selective interaction of bile acids with muscarinic receptors: a case of molecular mimicry. Eur. J. Pharmacol. 457, 77–84. doi: 10.1016/S0014-2999(02)02690-0

Reddy, I. A., Smith, N. K., Erreger, K., Ghose, D., Saunders, C., Foster, D. J., et al. (2018). Bile diversion, a bariatric surgery, and bile acid signaling reduce central cocaine reward. PLoS Biol. 16:e2006682. doi: 10.1371/journal.pbio.2006682

Roberts, L. M., Black, D. S., Raman, C., Woodford, K., Zhou, M., Haggerty, J. E., et al. (2008). Subcellular localization of transporters along the rat blood–brain barrier and blood–cerebral-spinal fluid barrier by in vivo biotinylation. Neuroscience 155, 423–438. doi: 10.1016/J.NEUROSCIENCE.2008.06.015

Romanazzi, T., Zanella, D., Cheng, M. H., Smith, B., Carter, A. M., Galli, A., et al. (2021). Bile acids gate dopamine transporter mediated currents. Front. Chem. 9:753990. doi: 10.3389/fchem.2021.753990

Schmidt, M. V., Arthur van der Kooij, M., Hu, Z., Wu, X., Huang, F., Wang, T., et al. (2015). Deletion of mouse FXR gene disturbs multiple neurotransmitter systems and alters neurobehavior. Front. Behav. Neurosci. 9:70. doi: 10.3389/fnbeh.2015.00070

Schubring, S. R., Fleischer, W., Lin, J. S., Haas, H. L., and Sergeeva, O. A. (2012). The bile steroid chenodeoxycholate is a potent antagonist at NMDA and GABA(A) receptors. Neurosci. Lett. 506, 322–326. doi: 10.1016/J.NEULET.2011.11.036

Sonders, M. S., Zhu, S. J., Zahniser, N. R., Kavanaugh, M. P., and Amara, S. G. (1997). Multiple ionic conductances of the human dopamine transporter: the actions of dopamine and psychostimulants. J. Neurosci. 17, 960–974. doi: 10.1523/jneurosci.17-03-00960.1997

Wang, H., Chen, J., Hollister, K., Sowers, L. C., and Forman, B. M. (1999). Endogenous bile acids are ligands for the nuclear receptor FXR/BAR. Mol. Cell 3, 543–553. doi: 10.1016/S1097-2765(00)80348-2

Wiemuth, D., Lefèvre, C. M. T., Heidtmann, H., and Gründer, S. (2014). Bile acids increase the activity of the epithelial Na+ channel. Pflugers Arch.? 466, 1725–1733. doi: 10.1007/S00424-013-1403-0

Yanovsky, Y., Schubring, S. R., Yao, Q., Zhao, Y., Li, S., May, A., et al. (2012). Waking action of ursodeoxycholic acid (UDCA) involves histamine and GABAA receptor block. PLoS One 7:e0042512. doi: 10.1371/journal.pone.0042512


OPS/images/fncel-17-1161930-g003.jpg
mDAT

A Vh=-60 mV & DA HE il
DA 30 uM OCA10uM NE300uM  OCA 10 uM iz .
1] 1 ] 1 0

-20-

I (nA)

-40-

lOnA‘

30 sec \ ' ' '
& & ‘)g;&“" g
B DA 30 uM OCA 10 uM 5-HT 300 uM OCA 10 uM DA 30 uM OCA 10 uM
1 1 ] ] 1 [

10 nA |

30 sec





OPS/images/fncel-17-1161930-g004.jpg
Vh=-60 mV
A GABA 300 pM OCA 10 uM
— E—

<
=3

10 nA

30 sec
Vh=-60 mV
B Gly 1mM OCA 10 uM
— —

I (nA)

20 nA ‘

30 sec

rGATI1

£
%

b@—l...
0
<,

o)

c,

rGlyT1b

0-

-50-

-100

-150

29NN

LUV

GABA 300 uM
—

LCA 10 uM
—

LCA 10 uM
1

)

IOCA / Isubstrate






OPS/images/fncel-17-1161930-g001.jpg
Vh=-60 mV

A

C DA30uM

DA30uM OCA 10 uM

]

DA 30 uM
]

]

]

OCA 10 uM
]

P,

mDAT

OCA 10 uM
]

-

DA2uM OCA10uM D
] ]

OCA 10 uM
]
.
DA 30 uM OCA 10 uM
L1 1]
A 30 uM OCA 10 uM
] ]

0e®

3

L

L]

L4
-20 -1-

-30-

| (nA)

I (nA)

-30-

40

| (NA)

-10-

-20-

-30-

-40- -,

BN

oo g -

-

vV

oa(/
’o é—

>
\alfha
FE

%,
0
0@ }

//@ 3
O
70'("17 -

K/@ 3

\a >
PSS 300 o
& Fe





OPS/images/fncel-17-1161930-g002.jpg
A
Vh=-60 mV
NE
1 uM 3pM 10 uM 30 pM 100 pM 300 uM
5nA \/ \/
1 min ’
5-HT
1 pM SUM 10RM - 30RM - 100RM 300 uM
1 min
D o NE
-~ NE
-10 - NE + OCA 10 pM
<
=
-20 I i
I 0 8
"30 | L] | ) | ) 1 T 1 T 1
0 200 400 600 800 1000
[NE] pM
I,.. (NA) Kys (uM) Hill’s coeff.
-20.71 £1.36 12.97 £3.67 | 1.26

-20.85 £1.25

11982295 | 1.32

mDAT
0-
—-— NE
-5= —— 5-HT
<
E
-10- l
L
'1: L 1 ) L] 1 L] 1 ] 1 Ll 1
0 200 400 600 800 1000
MM
Imax 1° Imax / KO.S
Luax (nA) Hormalized e 1= VoS (L s et (nA/pmol I'1)
DA* -19.52+149 -] 2.03 £0.50 122 9.61
-12.49+0.79  -0.53+£0.02 | 11.03+2.89 1.11 .43
-11.76 £1.28 -0.45£0.03  36.77+15.7 0.797 0.32
0] 5-HT
-~ 5-HT
-10- @ 5-HT + OCA 10 uM
<
c
s - -
-20-
-30 — 71 v 1 v 1 7r1r 1
0 200 400 600 800 1000
[5-HT] uM
I,. (NA) Ky (uM) Hill’s coeff.
-16.49 £1.43 28.31+9.69 1.04

-15.75 £1.38 30.65+10.68 0.98





OPS/images/fncel-17-1161930-g005.jpg
% %k %k %k

Vh=-60 mV l’GATl
A GABA 300 uM OCA 10 yM OCA 10 uM
_«:] — ‘ - -
ol 7
'/'/ ,‘“ 2
| =
| | -300
|| 1 I
’." \
‘.‘l\ | '50
- I—« - O&v.
30 sec
B GABA 300 uM OCA 10 uM GABA 300 uM OCA 10 uyM
— — —3 —
B W z
s -
30 nA ‘
30 sec
C GABA  OCA GABA OCA GABA OCA
100 uyM 10 uM 20uM 10 uM 100 uM 10 uM
= —/ — — —/ =

—

(I ==

GABA 100 pM OCA 10 uM  GABA 100 uM

I (nA)

SKF OCA GABA

30 uM 10 pM 100 M

-

i

0w
-50 =
-o- GABA
2 -100- + GABA + OCA 10 uM
.
- =150 = I
-200- B
-250 -r-r-T—rr-r—r—r-—r-rT"-T"T"TT
0 100 200 300

[GABA] pM

/|| . | —
\A\—M‘ o
<
=
= 2004
3
S & & K K
@QQ g o @@) @él-@é-
ovgv' oo (,V;QYQ Q*o @Qo
Y\ 0?
& F
Lax (DA) Ko.5 (uM) Hill’s coeff.
-190.01 £24.67 | 16.13 £0.44 1.17
-192.70 £24.71 16.23 £0.44 1.18





OPS/images/fncel-17-1161930-g006.jpg
Hypothetical mechanism of action of BAs on transport cycle of NSS

(
e rLy TErY TN,
((; ) ?*ﬁ"'ﬂ' ¢ HTpuny

Outward open (Oo) -
open (0Oo0) Occluded (Occ)

HEH *:::::w

Occ Occ open (Io)





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bile acid interactions with neurotransmitter transporters



		1. Introduction



		2. Materials and methods



		2.1. Solutions



		2.2. Oocytes collection and cRNA preparation



		2.3. Electrophysiology







		3. Results



		3.1. Dopamine and OCA interaction



		3.2. Norepinephrine and serotonin are substrates of mDAT



		3.3. Norepinephrine and serotonin are able to displace OCA



		3.4. Interaction of BAs with other two members of SLC6 neurotransmitter transporter family, GlyT1b and GAT1



		3.5. OCA acts similarly in mDAT and rGAT1







		4. Discussion and conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fncel-17-1161930-t001.jpg
Transporter

Organism

GenBank® accession
numbers

Restriction enzyme
for linearization

DAT SLC6A3 Mus musculus AAF85795.1 pGHJ Sall
GAT SLC6A1 Rattus norvegicus NP_077347.1 pAMV-PA Notl
GlyT1b SLC6A9 Rattus norvegicus M88595.1 pRC-CMV Clal






OPS/images/cover.jpg
' frontiers | Frontiers in Cellular Neuroscience













OPS/images/logo.jpg
’ frontiers | Frontiers in Cellular Neuroscience







