

  receptors-03-00001




receptors-03-00001







Receptors 2024, 3(1), 1-12; doi:10.3390/receptors3010001




Article



Regulation of Hippocampal GABAergic Transmission by Fluoxetine and Its Metabolite Norfluoxetine



Elizabeth Vázquez-Gómez †, Andy Hernández-Abrego †, Jassiel Mejía-Piedras and Jesús García-Colunga *





Departamento de Neurobiología Celular y Molecular, Instituto de Neurobiología, Universidad Nacional Autónoma de México, Campus Juriquilla, Boulevard Juriquilla 3001, Juriquilla 76230, Querétaro, Mexico









*



Correspondence: garciacolunga@unam.mx






†



These authors contributed equally to this work.









Citation: Vázquez-Gómez, E.; Hernández-Abrego, A.; Mejía-Piedras, J.; García-Colunga, J. Regulation of Hippocampal GABAergic Transmission by Fluoxetine and Its Metabolite Norfluoxetine. Receptors 2024, 3, 1–12. https://doi.org/10.3390/receptors3010001



Academic Editors: Stephen H. Safe and Rafael Coveñas Rodríguez



Received: 7 October 2023 / Revised: 15 November 2023 / Accepted: 28 December 2023 / Published: 4 January 2024



Abstract

:

Major depression is related to dysfunction of the GABAergic pathway. Interestingly, the antidepressant fluoxetine modifies GABAergic neurotransmission in human and animal models of depression. However, the effects of norfluoxetine (the main metabolite of fluoxetine) on GABAergic neurotransmission have not yet been studied. Therefore, we explored whether fluoxetine and/or norfluoxetine may regulate GABAergic transmission and whether these substances interact with GABAA receptors in hippocampal CA1 stratum radiatum interneurons. For these purposes, we recorded the firing profile, GABAergic spontaneous inhibitory postsynaptic currents (sIPSCs), and currents induced by GABA puffs in stratum radiatum interneurons using both whole-cell current- and voltage-clamp techniques. Interneurons were selected according with their high firing profile. We found that both fluoxetine and norfluoxetine (at 20 µM) significantly decreased the frequency of sIPSCs without modifying their amplitude and decreased the amplitude of GABA-induced currents. These results indicate that fluoxetine and norfluoxetine decrease GABA release from neurons contacting stratum radiatum interneurons and negatively modulate GABAA receptors in these interneurons, resulting in their disinhibition, which in turn may contribute to increasing the inhibition of hippocampal CA1 pyramidal neurons.
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1. Introduction


Glutamate and γ-aminobutyric acid (GABA) are the primary neurotransmitters of the central nervous system, both of which are tightly regulated to ensure a balance between excitatory and inhibitory neurotransmission in the brain [1,2]. Interestingly, alterations in the balance of these neurotransmitters are relevant in the pathophysiology of mood disorders [2,3,4,5].



In the hippocampus, excitation/inhibition balance is mediated by a wide variety of interneurons, the main function of which is to inhibit the pyramidal neurons [6,7,8]. In this context, neurogenesis defects, altered excitation/inhibition balance, synaptic disinhibition of hippocampal CA1 neurons, and alterations of the GABA neurotransmitter system have been associated with depression [9,10,11,12]. Thus, the GABAergic hypothesis of depression is supported by dysregulation of GABA levels, a reduction in GABA receptor binding sites, and altered expression of GABA receptor subunit genes [13,14,15,16,17,18].



In turn, a deficit in GABA receptors alters monoaminergic activity, since GABAergic and monoaminergic neurons are interconnected [16,19,20]. In this context, the administration of antidepressants changes the functioning of the GABAergic system. For instance, chronic administration of fluoxetine (a selective serotonin reuptake inhibitor) prevented a reduction in parvalbumin cells in the hippocampus and prelimbic prefrontal cortex of socially isolated rats [21,22]. Furthermore, the administration of fluoxetine or norfluoxetine (its main metabolite) increased the levels of allopregnanolone (a potent positive allosteric modulator of the GABAA receptor) in a socially isolated mouse [23]. Fluoxetine also reduces the basal extracellular levels of GABA in the visual cortex [24], decreases the unitary IPSCs in the parvalbumin-positive fast-spiking interneurons in the hippocampus [25], and increases the firing rate of fast-spiking interneurons in the prefrontal cortex [26].



The GABAA receptors are membrane proteins belonging to the superfamily of Cys-loop ligand-gated ion channels that include serotonin (5-HT3), GABAC, nicotinic acetylcholine, and glycine receptors [27,28]. They are pentameric structures composed by the combination of different subunits (α1–α6, β1–β3, γ1–γ3, δ, ρ1–ρ3, ε, θ, and π) conferring different physiological, pharmacological, and biophysical properties [28,29,30]. These GABA receptors are located at the synapse (containing α1–α3 and γ subunits) and extrasynaptic regions (containing α4–α6 and δ subunits), mediating phasic and tonic inhibition, respectively [27,28,29].



The functioning of GABAA receptors is modulated by a wide diversity of substances, including benzodiazepines, antipsychotics, antiepileptics, anesthetics, cations, anxiolytics, and antidepressants, among others [28,31,32,33,34]. Regarding the modulation of GABAA receptors by antidepressants, there are differential effects between tricyclic antidepressants (imipramine and nortriptyline) on the one hand and fluoxetine and norfluoxetine on the other hand concerning modulation of synaptic and/or extrasynaptic GABAA receptors. The former inhibit α5-containing GABAA receptors located extrasynaptically, thus decreasing tonic GABAergic inhibition [31,35,36]. In contrast, the latter positively modulate GABAA receptors containing α1–α4, α6, γ, and δ subunits located at the synapse (α1- and γ-containing receptors) and extrasynaptically (α4-, α5-, α6-, and δ-containing receptors), increasing in this way fast and tonic inhibition, respectively [34,35,36].



It is also known that both fluoxetine and norfluoxetine inhibit the functioning and decrease the expression of a variety of receptors and channels related to Ca2+ permeability. In this context, fluoxetine inhibits N-methyl-D-aspartate (NMDA) and Ca2+-permeable α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) glutamate receptors in the neurons of the hippocampal CA1 area [37] and decreases the expression of the GluA4 AMPA receptor subunit in the GABAergic parvalbumin-positive interneurons of the prefrontal cortex [38]. Furthermore, fluoxetine and norfluoxetine inhibit, in a non-competitive manner, nicotinic acetylcholine receptors, including α7 nicotinic receptors, which are highly permeable to Ca2+ [39,40,41]. Likewise, fluoxetine and norfluoxetine also inhibit T-type Ca2+ channels [42,43]. Thus, the inhibition by fluoxetine and norfluoxetine of all of these membrane proteins, when located presynaptically in GABAergic interneurons, results in a decrease in Ca2+ influx with the consequent reduction in GABA release.



Since the effects of fluoxetine on GABAergic synaptic transmission are not completely understood, and norfluoxetine has not been studied on this neurotransmitter system, the aim of the present work was to study how both fluoxetine and norfluoxetine modify GABAergic synaptic neurotransmission, particularly spontaneous inhibitory postsynaptic currents (sIPSCs) and GABAA receptors in the interneurons of the hippocampal CA1 stratum radiatum.




2. Materials and Methods


2.1. Hippocampal Brain Slices


All experimental procedures were carried out in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care Committee of the Universidad Nacional Autónoma de México, with effort made to minimize the number of animals used and their suffering.



The experiments were performed as previously described [44]. Sprague Dawley rats, on postnatal days 13–16, were deeply anesthetized with isoflurane, perfused with ice cold (4 °C) solution containing (in mM) 250 sucrose, 2.5 KCl, 1.2 NaH2PO4, 5 MgCl2, 0.5 CaCl2, 26 NaHCO3, and 10 glucose (pH 7.4), and then decapitated. Their brains were quickly removed (~3 min) and placed in the same cold solution. Coronal slices (350 µm thick) containing the hippocampal CA1 area were cut from individual rats, in ~5 min, using a Vibratome Leica VT 1000 and submerged in artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 1.23 NaH2PO4, 1 MgCl2, 2 CaCl2, 26 NaHCO3, and 10 glucose (pH 7.4). The slices were stabilized in this solution for at least 1 h before electrical recording while being continuously bubbled with 95% O2 and 5% CO2 at room temperature (20–23 °C).




2.2. Single-Cell Electrophysiological Recordings


One slice was transferred to the recording chamber and superfused during the entire experiment with ACSF at a rate of ~2 mL/min at room temperature. Cells were visualized using an infrared-differential interference contrast microscope (Olympus BX51W1) endowed with an 80× water immersion objective. During recording, an infrared-sensitive CCD camera (Hitachi, KP-M2R) displayed the slice images on a monitor. Whole-cell voltage- and current-clamp recordings [45] were performed with a PC-ONE Patch/Whole Cell Clamp (Dagan Corporation, MN, USA), using the Digidata 1440A acquisition system (Molecular Devices, CA, USA). Patch-clamp pipettes made with borosilicate glass (Sutter Instrument, CA, USA) had a resistance of 3–7 MΩ when filled with the internal solution (in mM): 140 KCl, 5 NaCl, 1 MgCl2, 10 HEPES, and 10 EGTA (pH 7.4). Recorded cells were located in the hippocampal CA1 striatum radiatum (Figure 1A) and were maintained at a membrane potential of −70 mV. The recorded cells often had fusiform-shaped soma with a size between 15 and 25 µm. They were interneurons as judged from the firing of action potentials in response to current pulses in current-clamp mode (Figure 1B, left trace), and/or inward and outward currents generated by a depolarized pulse from −70 to 20 mV in voltage-clamp mode (Figure 1B, right trace). Data were stored on a PC using a Digidata 1440A AD converter, at a sampling rate of 10 kHz.



2.2.1. Recording of sIPSCs


For recording spontaneous inhibitory postsynaptic currents (sIPSCs), 6-cyano-2,3-dihydroxy-7-nitroquinoxaline (CNQX; 10 µM) and/or DL-2-amino-5-phosponovaleric acid (APV; 50 µM) were added to the bath solution; they inhibited glutamatergic transmission mediated by AMPA and NMDA glutamate receptors, respectively. After recording control sIPSCs for at least 10 min, fluoxetine or norfluoxetine was added to the bath solution for ~10 min, and then it was washed out from the perfusing solution for an additional 10 min.




2.2.2. Recording of GABA-Induced Currents


Another way to explore the effects of both fluoxetine and norfluoxetine was previously described for other substances [44,46,47]. GABA puffs (10 µM, 2–5 psi, 500 ms) were applied to cells through a fine-tip glass micropipette placed ~10 µm from the recorded cell using a pneumatic picopump (PV830, WPI, FL, USA). Thus, GABA puffs were applied every 5 min before, during, and after fluoxetine or norfluoxetine was added to the bath solution for ~10 min. This was sufficient time to obtain the effect of a substance with a perfusion rate of ~2 mL/min because the perfusion solution was completely replaced in the recording chamber after ~2 min [44,46,47]. The amplitude of the GABA-induced current was measured as a function of the recording time.





2.3. Data Analysis and Statistics


Mini Analysis software (Synaptosoft, Decatur, GA, USA) was used to detect and evaluate both the frequency and amplitude of sIPSCs, with a threshold set at 8 pA. These spontaneous synaptic events were detected and measured automatically and then visually confirmed. For a recorded interneuron, both the mean frequency and amplitude of sIPSCs were calculated for 2–4 min under each experimental condition. Changes in the frequency and amplitude of sIPSCs due to fluoxetine or norfluoxetine were expressed as relative values, that is, the ratio between the frequency or amplitude of sIPSCs in the presence of the applied substance and its corresponding control parameter. pClamp 10 software was used to measure the GABA-induced current amplitude in the absence or presence of the applied substance. Origin 7.0 software (Microcal Software, Piscataway, MA, USA) was used to analyze and graph the results. Data are presented as the mean ± standard error. Comparison of the two population means of the relative frequency and amplitude of the sIPSCs before and during fluoxetine or norfluoxetine application was performed by paired Student’s t-test. p < 0.05 was considered statistically significant.





3. Results


3.1. Spontaneous GABAergic Synaptic Activity in CA1 Interneurons


Hippocampal CA1 stratum radiatum interneurons are relevant for the integration of inhibitory circuits and excitation/inhibition balance in this brain region, which is associated with processing of memories, emotions, and affective behavior [7,48,49].



Therefore, for recording, we selected cells located in the hippocampal CA1 stratum radiatum, a region abundant in inhibitory interneurons (see Figure 1A). Under current-clamp conditions, we applied hyperpolarizing (−80 pA) and depolarizing (160 pA) current pulses to recording cells; in the first case, the cells responded with a passive hyperpolarizing membrane potential, while in the second case they responded with a high frequency action potential that showed overshoot (Figure 1B, left traces). On the other hand, under voltage-clamp conditions, the cells responded to a change in the depolarizing voltage pulse from the holding potential of −70 to 20 mV, with a fast inward current followed by a slowly decaying outward current (Figure 1B, right trace). The high firing profile was attributed to interneurons [7,25]. Cells that did not respond with this profile were discarded for the study.



First, the cells were superfused with ACSF as a control solution, and then we recorded the spontaneous postsynaptic currents (Figure 1C, upper trace). To avoid the contribution of spontaneous excitatory postsynaptic currents (sEPSCs), 10 µM CNQX plus 50 µM APV (AMPA and NMDA receptor antagonists, respectively) were added to the bath solution (Figure 1C, middle trace). The spontaneous synaptic activity was eliminated by adding 10 µM bicuculline (antagonist of GABAA receptors) to the bath solution for 15 min (Figure 1C, bottom trace), indicating that these synaptic events corresponded to sIPSCs due to the activation of GABAA receptors. Similar results were obtained when only 10 µM CNQX was added to the bath ACSF (Figure 1D).



Therefore, to obtain sIPSCs, all the following experiments were performed by superfusing brain slices with ACSF plus 10 µM CNQX.




3.2. Effects of Fluoxetine and Norfluoxetine on sIPSCs in Hippocampal Interneurons


Malfunctioning of the inhibitory networks alters the excitation/inhibition balance and, in consequence, the excitability of principal neurons. These alterations have been associated with mood disorders such anxiety and depression disorders [12,14,50]. In addition, the antidepressant fluoxetine has been shown to modulate GABAergic neurotransmission in the hippocampus and amygdala [25,51,52].



In this regard, and once spontaneous GABAergic synaptic activity was pharmacologically isolated, the effects of both fluoxetine and its principal metabolite norfluoxetine were explored on sIPSCs in hippocampal CA1 stratum radiatum interneurons.



Initially, control sIPSCs were recorded for at least 10 min (Figure 2A, upper traces). Then, fluoxetine at 10, 20, and 50 µM or norfluoxetine at 20 µM was added to the bath ACSF for 10 min while sIPSCs were continuously recorded (Figure 2A, bottom traces are sample records at 20 µM of each substance). The effects of fluoxetine and norfluoxetine on the frequency and amplitude of sIPSCs were evaluated and normalized with respect to their own control values. The frequency of sIPSCs decreased with the application of fluoxetine or norfluoxetine (Figure 2B). At 10 µM fluoxetine, the relative frequency of sIPSCs was 0.6 ± 0.05 compared to its control; at 20 µM, this relative frequency was 0.54 ± 0.06, and at 50 µM, it was 0.64 ± 0.07 (Figure 2B). On the other hand, the relative sIPSC amplitude had no statistical significance at any fluoxetine concentration, ranging between 0.95 and 1.07. Finally, 20 µM norfluoxetine also resulted in a decrease in the relative frequency of sIPSCs to 0.65 ± 0.05, without affecting the amplitude of sIPSCs (Figure 2B, right columns, open circles). The actions of both fluoxetine and norfluoxetine on sIPSCs were compared at 20 µM, a concentration reached in the rat brain after acute administration of fluoxetine [53], and because the extent of the decrease in the frequency of sIPSCs was similar with 10, 20 and 50 µM fluoxetine.




3.3. Effects of Fluoxetine and Norfluoxetine on GABA-Induced Currents


Since the functioning and expression of the GABAA receptors are affected during depression [17,54], and these receptors are modulated by a wide variety of substances, including different classes of antidepressants [31,34], the next step was to determine whether fluoxetine and norfluoxetine interacted directly with GABAA receptors, potentiating or inhibiting their function [34,55,56].



Firstly, activation of native GABAA receptors in stratum radiatum interneurons was achieved by applying local puffs of 10 µM GABA ~10 µm near the recorded interneuron. The holding potential was changed from −100 to 80 mV. As expected, the amplitude and direction of the GABA-induced current depended on the potential: GABA puffs resulted in transient inward GABA-induced currents for negative holding potentials and outward GABA-induced currents for positive potentials (Figure 3A, left traces). The relationship between the amplitude of GABA-induced currents as a function of holding potential showed that the reversal potential was near 0 mV, according to the equilibrium potential calculated using the Nernst equation for ion solutions: ECl = 2.4 mV (Figure 3A, right plot; sample of n = 3).



Then, we explored the actions of both fluoxetine and norfluoxetine on the GABA-induced currents in hippocampal CA1 stratum radiatum interneurons. As control responses, GABA puffs were applied at 5 min intervals; the amplitude of the GABA-induced currents remained constant for up to 60 min (n = 3, data not shown), indicating no rundown of the response. Subsequently, 20 µM fluoxetine or norfluoxetine was added to the bath solution for ~10 min. The GABA-induced current amplitude was measured as a function of the recording time before, during, and after application of the substance (Figure 3B). Under these conditions, both fluoxetine and norfluoxetine decreased the GABA-induced currents (Figure 3B filled circles, records A, B; open circles, records a, b, respectively). Thus, the ratio between the GABA-induced currents in the presence of fluoxetine or norfluoxetine and the corresponding control GABA-induced currents was 0.56 ± 0.07 (n = 7) or 0.67 ± 0.037 (n = 5), respectively (Figure 3B, right inset). Note that after fluoxetine was removed from the bath solution, ~10 min later 20 µM bicuculline was added to the bath for ~10 min, resulting in strong inhibition of the GABA-induced currents to ~0.13 of the control currents (Figure 3B filled circles, records C). Then, bicuculline was washed out from the bath and the GABA-induced currents were partially recovered (Figure 3B filled circles, records D, n = 3).





4. Discussion


It is known that the antidepressant fluoxetine modifies GABAergic neurotransmission [24,25,57]; however, its mechanisms of action are not completely understood and the effects of norfluoxetine have not yet been explored. Therefore, in the present study, we showed that different concentrations of fluoxetine and norfluoxetine decrease the frequency of sIPSCs in hippocampal CA1 stratum radiatum interneurons, without changing their amplitude. In addition, 20 µM of these substances decreases the GABA-induced currents.



In the hippocampal CA1 stratum radiatum area, the most abundant type of cells are interneurons, the main function of which is to inhibit the dendrites of pyramidal neurons [7,8]. In this area, the inhibition of inhibitory circuits results in disinhibition of CA1 neurons and consequently despair-like behaviors [12]. In this context, fluoxetine increases sIPSCs in the pyramidal neurons of the hippocampus, resulting in inhibition of these cells [25,58,59]. The decrease in the frequency of sIPSCs of interneurons due to fluoxetine or norfluoxetine together with a reduction in the GABA-induced currents by these substances disinhibit these interneurons, resulting in increased inhibition of CA1 pyramidal neurons. In this regard, the disinhibition of GABA interneurons by fluoxetine and norfluoxetine could be necessary for the antidepressant response [60].



Assuming that both fluoxetine and norfluoxetine modulate different targets in addition to serotonin transport, another feasible way to explain the decrease in the frequency of sIPSCs in hippocampal stratum radiatum interneurons may be through their interaction with nicotinic acetylcholine receptors, Ca2+-permeable AMPA receptors, and/or T-type calcium channels [37,38,42,43]. It is known that both fluoxetine and norfluoxetine inhibit nicotinic acetylcholine receptors in a non-competitive manner [39,40,41]; in this context, interneurons of the hippocampal CA1 stratum radiatum selectively express the α7 nicotinic receptor, which is highly permeable to Ca2+ [61,62]. Therefore, the possible inhibition of all of these membrane proteins by fluoxetine and norfluoxetine in cells that establish synapses with stratum radiatum interneurons would lead to a decrease in GABA release, with the consequent disinhibition of stratum radiatum interneurons.



Another way to explain the actions of fluoxetine and norfluoxetine may be related to the inhibition of potassium channels. In this regard, it has been shown that these two substances inhibit TREK-1 and TREK-2 potassium channels [63,64], which are expressed in both GABAergic neurons and hippocampal cells [65,66]. The activation of these channels decreases neuron excitability by increasing potassium efflux [67,68]. Therefore, another way by which norfluoxetine decreases sIPSCs may be mediated by TREK inhibition, accordingly increasing the excitability of GABAergic recorded cells.



Furthermore, we found that both fluoxetine and norfluoxetine inhibited the GABA-induced currents, similar to imipramine and nortriptyline [31], possibly due to the interaction of these antidepressants with extrasynaptic α5-containing GABAA receptors, contributing to tonic inhibition [35,36]. Interestingly, the α5 subunit is abundantly expressed in hippocampal CA1 interneurons of the stratum radiatum, oriens, and lacunosum molecular [69,70,71]. The same substances, fluoxetine and norfluoxetine, positively modulate GABAA receptors containing the α1–α4 and α6, β1–β3, γ1–γ3, and δ subunits [34], interacting with synaptic and extrasynaptic GABAA receptors and participating in fast and tonic inhibition [35,36]. Thus, interestingly, antidepressant substances may impact the regulation of hippocampal cellular excitability, which depends on the phasic and tonic inhibition mediated by synaptic and extrasynaptic GABAA receptors, respectively [27,28,29]. All of this together indicates different targets and mechanisms of fluoxetine and norfluoxetine that may be associated with their therapeutic actions.



In particular, mice subjected to social defeat or social isolation were susceptible to stress, and α5 subunit-containing GABAA receptors and their mRNA levels were increased in the hippocampus and prefrontal cortex, respectively [72,73]. In this regard, the overfunctioning and/or overexpression of this receptor could be counteracted by inhibition of the α5-containing GABAA receptor due to its interaction with fluoxetine and norfluoxetine, as we assumed above.



Moreover, following a single oral dose of fluoxetine and norfluoxetine, the half-life times were approximately 2–4 and 7–9 days, respectively [74,75,76], whereas the therapeutic effects of several antidepressants, including fluoxetine, were detectable after at least 4 to 8 weeks, improving cognition and other symptoms of depression [76,77,78]. However, the acute application (in the range of minutes) of fluoxetine or norfluoxetine modified sIPSCs and the GABA-induced currents, as reported in the present work, consistent with the GABAergic hypothesis of depression [13,14,15,16,17,18].



In this regard, when fluoxetine was administered to rats, the brain concentration of fluoxetine and its principal metabolite norfluoxetine ranged between 1.5 and 25 µM [53,79]. Interestingly, the lowest concentration of fluoxetine tested here (10 µM), which is very likely reached during the treatment of depressive patients, affected the sIPSCs. Moreover, the antidepressant effects of both substances could be attributable to their interaction with different targets: serotonin transporters [80], nicotinic receptors [39,40,41], potassium channels [63], Ca2+-permeable AMPA receptors and/or T-type calcium channels [37,38,42,43], and GABAA receptors ([34], this work), among others.




5. Conclusions


The results presented here allow us to conclude that fluoxetine and norfluoxetine, at the presynaptic level, mainly decrease GABA release from cells impinging stratum radiatum interneurons, possibly by inhibiting presynaptic Ca2+-permeable membrane proteins, and that both substances probably interact with extrasynaptic α5-containing GABAA receptors, increasing tonic inhibition. These results may help to better understand how antidepressants and their metabolites could be relevant in the regulation of hippocampal inhibitory circuits, as well as for the treatment of depressive patients.
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Figure 1. Electrical activity of CA1 stratum radiatum interneurons. (A) Light micrograph of the hippocampal CA1 region at two magnifications. The recording pipette is located on a stratum radiatum (sr) cell. DG, dentate gyrus; sp, stratum pyramidale. (B) Action potentials in response to current pulses of −80 and 160 pA (left), dashed line corresponds to 0 mV. Inward and outward current in response to a voltage pulse from −70 to 20 mV (right). (C) Spontaneous postsynaptic currents were recorded in a stratum radiatum cell with ACSF in the bath perfusion (upper trace), after applying CNQX and APV (middle trace), and after adding bicuculline (BIC, bottom trace; n = 5). (D) Similar to (C), in which only CNQX was added to the bath perfusion; n = 4. Unless otherwise stated, cells were at a holding potential of −70 mV. 
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Figure 2. Effects of fluoxetine and norfluoxetine on hippocampal CA1 stratum radiatum cells. (A) Samples of sIPSCs in the presence of 10 µM CNQX, before (upper records) and during application of fluoxetine (lower left record) or norfluoxetine (lower right record). (B) The heights of the columns correspond to the relative frequency (indicated as fr) and amplitude (indicated as Am) for 10, 20, and 50 µM fluoxetine (F), and dots correspond to individual relative values (n = 15, 6, and 8, respectively) or 20 µM norfluoxetine (Nf) (n = 7). Data correspond to the mean ± standard error of at least six interneurons. Comparison of experimental data means to their own control (dashed line) was performed by paired Student’s t-test, * p < 0.05 was considered statistically significant. 
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Figure 3. Effects of fluoxetine and norfluoxetine on postsynaptic GABA receptors. (A) GABA-induced currents at the indicated holding potentials, and the current-to-voltage relationship (representative of n = 3 experiments). (B) GABA-induced currents (IGABA) inhibited by bath application of fluoxetine (upper left records and filled circles, n = 7) or norfluoxetine (upper right records and open circles, n = 5) as a function of time. Data labeled as A–D for fluoxetine or a–c for norfluoxetine correspond to upper records; A, a: control IGABA; B, b: maximal inhibition; C: inhibition by bicuculline; D, c: recovered IGABA. Ion currents were elicited by 10 µM GABA puff (500 ms, 5 psi, lines above records A and a). The timing of fluoxetine, bicuculine, and norfluoxetine application is indicated by filled, gray, and open bars, respectively. Inset: The heights of the columns correspond to the ratio between IGABA in the presence of the substance (IGABA + substance) and control IGABA. Comparison of experimental data means with their own control (dashed line) was performed by paired Student´s t-test, * p < 0.05 was considered statistically significant. 
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