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The rapid relief of depressive symptoms is a major medical requirement for effective treatments for major depressive disorder (MDD). A decrease in neuroactive steroids contributes to the pathophysiological mechanisms associated with the neurological symptoms of MDD. Zuranolone (SAGE-217), a neuroactive steroid that acts as a positive allosteric modulator of synaptic and extrasynaptic δ-subunit-containing GABAA receptors, has shown rapid-onset, clinically effective antidepressant action in patients with MDD or postpartum depression (PPD). Benzodiazepines, on the other hand, act as positive allosteric modulators of synaptic GABAA receptors but are not approved for the treatment of patients with MDD. It remains unclear how differences in molecular mechanisms contribute to the alleviation of depressive symptoms and the regulation of associated neuronal activity. Focusing on the antidepressant-like effects and neuronal activity of the basolateral amygdala (BLA) and medial prefrontal cortex (mPFC), we conducted a head-to-head comparison study of the neuroactive steroid allopregnanolone and the benzodiazepine diazepam using a mouse social defeat stress (SDS) model. Allopregnanolone but not diazepam exhibited antidepressant-like effects in a social interaction test in SDS mice. This antidepressant-like effect of allopregnanolone was abolished in extrasynaptic GABAA receptor δ-subunit knockout mice (δko mice) subjected to the same SDS protocol. Regarding the neurophysiological mechanism associated with these antidepressant-like effects, allopregnanolone but not diazepam increased theta oscillation in the BLA of SDS mice. This increase did not occur in δko mice. Consistent with this, allopregnanolone potentiated tonic inhibition in BLA interneurons via δ-subunit-containing extrasynaptic GABAA receptors. Theta oscillation in the mPFC of SDS mice was also increased by allopregnanolone but not by diazepam. Finally, allopregnanolone but not diazepam increased frontal theta activity in electroencephalography recordings in naïve and SDS mice. Neuronal network alterations associated with MDD showed decreased frontal theta and beta activity in depressed SDS mice. These results demonstrated that, unlike benzodiazepines, neuroactive steroids increased theta oscillation in the BLA and mPFC through the activation of δ-subunit-containing GABAA receptors, and this change was associated with antidepressant-like effects in the SDS model. Our findings support the notion that the distinctive mechanism of neuroactive steroids may contribute to the rapid antidepressant effects in MDD.
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Introduction

Major depressive disorder (MDD) is a psychiatric disorder characterized by an episode of core depressive symptoms lasting at least 2 weeks, including pervasive low mood or loss of interest or pleasure in normally enjoyable activities (American Psychiatric Association, 2013). Approved drugs for MDD take at least 4–8 weeks to show efficacy (Rush et al., 2006). A delayed onset of response has been associated with decreased treatment adherence, leading to incomplete remission and relapse (Habert et al., 2016). Rapid relief of depressive symptoms through effective treatment is therefore an important medical requirement for improving the quality of life of patients with MDD.

Brexanolone (allopregnanolone) and zuranolone (SAGE-217) are neuroactive steroids that are used clinically as fast-acting antidepressant agents; these compounds act on synaptic and extrasynaptic GABAA receptors (Edinoff et al., 2021; Ali et al., 2023; Kato et al., 2023). Previous studies have reported decreased plasma or brain concentrations of the endogenous neuroactive steroid allopregnanolone in patients with MDD, which correlates with the severity of depressive symptoms (Uzunova et al., 1998; Agis-Balboa et al., 2014). Increased plasma concentrations of allopregnanolone with antidepressant treatment are associated with the relief of depressive symptoms (Romeo et al., 1998). Therefore, the potentiation of GABAA receptors by increasing neuroactive steroids may contribute to fast-acting antidepressant effects in patients with MDD. In contrast, benzodiazepines also act as positive allosteric modulators of the GABAA receptor but are not approved for the treatment of patients with MDD (Lim et al., 2020). The differences in efficacies in patients with MDD may be caused by distinct molecular mechanisms. There are two subtypes of GABAA receptors, namely, synaptic and extrasynaptic GABAA receptors. Most δ-subunit-containing GABAA receptors seem to be purely extrasynaptic, although there are various subunit compositions (Brickley and Mody, 2012). In addition to the difference of the subunits, neuroactive steroids specifically enhance a tonic inhibitory conductance that is mediated by δ-subunit-containing GABAA receptors at lower concentrations, and then they also start to potentiate phasic inhibition at higher concentrations (Stell et al., 2003; Belelli and Lambert, 2005; Farrant and Nusser, 2005; Brickley and Mody, 2012; Martinez et al., 2017). It has also been reported that neuroactive steroids potentiate both synaptic and extrasynaptic (δ-subunit-containing) GABAA receptors by binding to α and β subunits, which are common to both types of receptors (Sigel, 2002; Hosie et al., 2006; Carver and Reddy, 2013; Nuss, 2015; Alvarez and Pecci, 2018). In contrast, benzodiazepines primarily activate synaptic GABAA receptors by binding to α and γ subunits (Carver and Reddy, 2013; Nuss, 2015). Therefore, based on differences in the binding and activation mode, δ-subunit-containing GABAA receptors could largely contribute to differences in efficacies in patients with MDD. However, it remains unclear how differences in molecular mechanisms contribute to alleviating depressive symptoms and modulating neuronal network activity.

The dysregulation of neural network activity in brain regions is associated with depressive symptoms in patients with MDD (Drevets, 2000; Phillips et al., 2003; Northoff et al., 2011). The amygdala is one of the regions with high concentrations of neuroactive steroids involved in the pathology of MDD (Bixo et al., 2018). Altered neuronal activity between the amygdala and its regulated brain regions, including the prefrontal cortex, in MDD patients has been implicated in stress vulnerability and negative emotions (Drevets, 2000; Phillips et al., 2003). Neuroactive steroids regulate emotional cognition by altering the functional connectivity of the amygdala and frontal cortex (Sripada et al., 2014). Recent preclinical studies have demonstrated that increased basolateral amygdala (BLA) theta activity via potentiation of δ-subunit-containing GABAA receptors on interneurons can contribute to the antidepressant effects of neuroactive steroids in chronic unpredictable stress model mice (Antonoudiou et al., 2022; Luscher et al., 2023; Walton et al., 2023). The benzodiazepine diazepam also acts on the amygdala but does not increase theta activity in naïve mice (Antonoudiou et al., 2022). BLA theta activity is therefore thought to be related to differential antidepressant effects between neuroactive steroids and benzodiazepines. However, there have been no reports of direct comparisons between neuroactive steroids and benzodiazepines under identical conditions using a preclinical model of depression.

In the present study, we used the social interaction test (SIT) in a mouse social defeat stress (SDS) model and collected in vivo recordings of oscillation in the BLA and medial prefrontal cortex (mPFC) to assess differences in the effect of allopregnanolone, a neuroactive steroid, and diazepam, a benzodiazepine drug, by direct comparison. Allopregnanolone, but not diazepam, potentiates δ-subunit-containing GABAA receptors in BLA interneurons and increases theta oscillation in the BLA and mPFC. This mechanism may contribute to the development of antidepressant-like effects in depressed SDS mice.



Materials and methods


Animals

Experiments were performed using C57BL/6 J Jcl mice, GABAA receptor δ-subunit knockout mice (δΚΟ mice, Gabrd−/− mice), and Crl:CD1 (ICR) retired mice. ICR mice (male) and Gabrd−/− mice (male) were purchased from Jackson Laboratory. Gabrd−/− mice are homozygous null for Gabrd (Mihalek et al., 1999). The breeding of Gabrd−/− mice was approved by the Animal Care and Use Committee of Shionogi Research Laboratories and was in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International guidelines. C57BL/6 J Jcl mice (male) were purchased from CLEA Japan Inc. and were used as wild-type controls. The body weights of C57BL/6 J Jcl mice were 20–30 g. Mice aged 2–4 months were used. The mice were housed under controlled temperature and humidity with a 12/12-h light/dark cycle (light from 8:00 to 20:00). Less than three mice were housed in a cage (W 235 mm, D 353 mm, H 160 mm) with a paper-chip bedding (SLC Japan, Inc.) and Nesting Sheets™ (Bio-Serv, United States) as environmental enrichment. Mice were allowed ad libitum access to food (CE-2, CLEA Japan, Inc.) and clean water (filtered at 5 mm from Toyonaka City, Japan) under SPF conditions. All procedures were approved by the Animal Care and Use Committee of Shionogi Research Laboratories, Osaka, Japan. Electrophysiological assessments were performed according to the AAALAC International guidelines.



Drugs

Allopregnanolone was purchased from Toronto Research Chemicals (Canada). Diazepam and methyl cellulose were purchased from Fujifilm (Japan). Escitalopram was purchased from MedChemExpress (United States). Hydroxypropyl-β-cyclodextrin was purchased from Tokyo Chemical Industry (Japan). Allopregnanolone and diazepam were dissolved in 15% hydroxypropyl-β-cyclodextrin in distilled water. Escitalopram was dissolved in methyl cellulose. Allopregnanolone and diazepam were administered intraperitoneally. Escitalopram was administered by oral gavage.



Preparation of the SDS model

A C57BL/6 J Jcl mouse was defeated by a larger stranger ICR mouse. Each individual defeat lasted 10 min. If the mice developed severe injuries or extreme weakness during the 10-day defeat procedure, they were euthanized at the veterinarian’s discretion (Figure 1A). After the 10-day defeat procedure, SIT was conducted to select the mice with depression-like behavior with a series of 3 sequential tests: (1) Each C57BL/6 J Jcl mouse was placed in an open-field chamber (40 × 30 × 20 cm) with an empty wire mesh box at one end, and the mouse was allowed to freely explore the chamber for 150 s while being recorded on video. This session was defined as test 1. (2) After that day, the C57BL/6 J Jcl mouse was placed in an open-field chamber where a novel male ICR mouse was enclosed in a wire mesh box at one end, and the mouse was allowed to freely explore the chamber for 150 s while being recorded on video. This session was defined as test 2. (3) After that day, the same test (test 2) was conducted. This session was defined as test 3. In each test, the time that each mouse spent in the interaction zone (around the wire mesh box with or without the ICR mouse) was calculated by tracking the mass of the mouse with the EthoVision XT video-tracking system (Noldus Information Technology, Wageningen, The Netherlands). The times in tests 1, 2, and 3 were defined as direct SIT time 1 (dSIT1), direct SIT time 2 (dSIT2), and direct SIT time 3 (dSIT3), respectively. A mouse whose dSIT2 and dSIT3 were both lower than dSIT1 was regarded as a depression-like mouse. Depression-like mice were used for further studies, including the SIT, the tail suspension test (TST), a patch-clamp assay in BLA slices, and in vivo electrophysiological studies with local field potential (LFP) and electroencephalogram (EEG) recordings.
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FIGURE 1
 Antidepressant-like effects of allopregnanolone, in contrast to diazepam. (A) Behavioral paradigm of antidepressant assessment in the social interaction test (SIT) of the social defeat stress (SDS) model. A C57BL/6 J Jcl mouse was defeated by a larger ICR mouse for 10 days. SIT was conducted for the purpose of identifying depression-like mice and assessing antidepressant effects following drug administration. Data are expressed as the interaction time that each mouse spent in the direct interaction zone (close to the box with the ICR mouse, depicted in the pale red zone). (B) Time course of the interaction time before and after the administration of vehicle (Veh, white column) and a selective serotonin reuptake inhibitor escitalopram (Escita, green column) in wild-type mice with the SDS model. Data are represented as the mean ± SEM. *p = 0.003, n = 9–10 mice, Sidak’s test. (C) Time course of the interaction time before and after administration of the vehicle (Veh, white column), the benzodiazepine diazepam (Dia, blue column), and the neuroactive steroid allopregnanolone (Allo, red column) in wild-type mice with the SDS model. Data are represented as the mean ± SEM. *p = 0.038 at day 1, *p = 0.011 at day 3, ***p = 0.0003 at day 7, n = 13 mice, Tukey’s test. (D) Time course of the interaction time before and after the administration of Veh (white column) and Allo (dark blue column) in GABAA receptor δ-subunit knockout mice (δko mice) with the SDS model. Data are represented as the mean ± SEM. p = 0.985 at day 1, p = 0.573 at day 3, p = 0.163 at day 7, n = 20 mice, Sidak’s test.




Social interaction test

In depression-like mice, the SIT was conducted to evaluate the efficacy of the test substance. Each depression-like C57BL/6 J Jcl mouse was placed in an open-field chamber where a novel male ICR mouse was enclosed in a wire mesh box at one end, and the mouse was allowed to freely explore the chamber for 150 s while being recorded on video. The time that each mouse spent in the direct interaction zone (close to the wire mesh box with the ICR mouse) was calculated by tracking the center of mass of the mouse with an EthoVision XT video-tracking system (Figure 1A). A different ICR mouse was used for each trial to reduce the influence of habituation on social behavior. Allopregnanolone, diazepam, or vehicle was intraperitoneally administered once daily for 7 days. The day when dSIT3 was measured was defined as “pre.” The day of the initial injection was defined as Day 1. In the direct comparison study between allopregnanolone and diazepam, SIT at days 1, 3, and 7 was conducted approximately 30 min after the injection of the drug. The data represent the time that each mouse spent in the direct interaction zone. Analysis was conducted using Tukey’s test for multiple groups and using Sidak’s test for two groups. A value of p < 0.05 was considered statistically significant.



Tail suspension test

In mice with depression-like behavior, the TST was conducted to evaluate the efficacy of the test substance. Each depression-like C57BL/6 J Jcl mouse was suspended in a chamber for 10 min. The time that each mouse spent immobile was calculated by tracking the center of mass of the mouse with an EthoVision XT video-tracking system. In the depression-like mice after SIT for 7 days and the following washout periods for 5–10 days, a tail suspension test was conducted. Allopregnanolone, diazepam, or vehicle was intraperitoneally administered approximately 30 min prior to the test. The data represent the immobility time for each mouse over 8 min. Analysis was conducted using Dunnett’s test. A value of p < 0.05 was considered statistically significant.



Open field test for the assessment of locomotor activity

To identify non-sedative doses of allopregnanolone and diazepam, locomotor activity was assessed in naïve mice. Immediately after the injection of allopregnanolone or diazepam, the C57BL/6 J Jcl mouse was placed in an open-field chamber (40 × 30 × 20 cm), and the mouse was allowed to freely explore the chamber for 40 min while being recorded on video. The distance that each mouse traveled in the chamber was calculated by tracking the mass of the mouse with an EthoVision XT video-tracking system. The data represent the distance that each mouse moved in the chamber for 40 min. Analysis was conducted using Dunnett’s test. A p-value of <0.05 was considered statistically significant.



Open field test for the assessment of the anxiolytic effects of diazepam

To evaluate the anxiolytic effects of diazepam, an open-field device (SCANET MV-40, MELQUEST, Japan) was used. Each mouse was placed in the device 30 min after the injection of diazepam. The time that each mouse stayed in a 30 cm square area in the center area of the device (45× 45 × 12 cm) and the movement in the chamber were measured by the number of squares crossed with the four paws for 10 min. The data represent the total time that each mouse stayed in the center area of the chamber for 10 min. Analysis was conducted using Dunnett’s test. A p-value of <0.05 was considered statistically significant.



Patch clamp assay in BLA slices


Preparation of BLA Slices

The mice were euthanized by cervical dislocation. The brains were then quickly removed and placed in ice-cold, low-sodium artificial CSF (cerebrospinal fluid) containing 100 mM choline-Cl, 13 mM NaCl, 3 mM KCl, 1 mM NaH2PO4, 25 mM NaHCO3, 11 mM D-glucose, 1 mM CaCl2, and 5 mM MgCl2 (pH 7.4 after bubbling with 95% O2 and 5% CO2). Coronal slices (300 μm thick) were prepared using a vibratome (VT1200S, Leica, Germany) and then maintained for at least 60 min in standard artificial CSF containing 113 mM NaCl, 3 mM KCl, 1 mM NaH2PO4, 25 mM NaHCO3, 11 mM d-glucose, 2 mM CaCl2, and 1 mM MgCl2 (pH 7.4, after bubbling with 95% O2 and 5% CO2 at 30–32°C). Slices were transferred to a recording chamber mounted on the stage of a microscope (BX51WI, Olympus, Japan) and superfused with standard artificial CSF (flow rate of 2.5 mL min−1 at 30–32°C).



Patch-clamp recording

Whole-cell voltage-clamp recordings were made from visually identified interneurons in the BLA area using an upright microscope with infrared differential interference contrast optics. The recorded neurons exhibited sustained fast spiking activity following the current injection (Figure 2A), consistent with a previous study (Park et al., 2007; Perumal and Sah, 2022). Patch electrodes (2.5–3.0 μm tip diameter) were pulled from borosilicate glass capillaries and had a resistance of 3–5 MΩ when filled with an internal solution consisting of 135 mM KCl, 10 mM HEPES, 1.1 mM EGTA, 2 mM MgCl2, 3 mM Mg-ATP, and 0.3 mM Li–GTP, pH 7.3, adjusted with KOH. Membrane voltage was recorded with a patch clamp system (EPC-10, HEKA, Darmstadt, Germany) and PowerLab (ADInstruments, Dunedin, New Zealand), low-pass filtered at 4 kHz, and digitized at 40 kHz for computer analysis using Pulse software (HEKA) and LabChart software (ADInstruments). All experiments were performed at 30–32°C. To block excitatory postsynaptic currents, 10 μM CNQX and 50 μM D-AP5 were added to standard artificial CSF. To unmask the contribution of tonic current, 10 μM bicuculline was perfused at the end of each recording.
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FIGURE 2
 Distinct potentiation of tonic currents by allopregnanolone in basolateral amygdala (BLA) interneurons, in contrast to diazepam. (A) Left panel. A representative image illustrating the mouse BLA slice and the recording interneuron with fast-spiking activity. Right panel. Representative traces indicated that allopregnanolone (Allo, 100 nM) potentiated tonic currents, as shown by inward currents (upper trace), while diazepam (Dia, 100 nM) had no effect on the BLA interneuron in wild-type mice with the SDS model (middle trace). In the GABAA receptor δ-subunit knockout mouse (δko mouse) with the SDS model, allopregnanolone (Allo, 100 nM) did not potentiate tonic currents in the BLA interneuron (bottom trace). Application of bicuculine (10 μM) abolished inhibitory postsynaptic currents. (B) Allo (depicted in red) significantly potentiated tonic currents. *p = 0.0028, n = 11 slices from wild-type mice with the SDS model, paired t-test. Dia (depicted in blue) did not significantly increase tonic currents. n = 11 slices from wild-type mice with the SDS model. Allo (depicted in dark blue) had no effect on tonic currents. n = 6 slices from δko mice with the SDS model. (C) Left panel. Summary of the significant increase in the decay of inhibitory postsynaptic currents (IPSCs) by allopregnanolone (100 nM) in BLA interneurons from wild-type mice with the SDS model. **p = 0.0067, n = 11, unpaired t-test. Right panel. Summary of the significant increase of the amplitude of IPSCs by allopregnanolone (100 nM) in BLA interneurons from wild-type mice with the SDS model. **p = 0.0347, n = 11, unpaired t-test. (D) The same as (C), but for diazepam (100 nM). *p = 0.0251 for the decay, *p = 0.0044 for the amplitude, n = 11, unpaired t-test.





Data analysis

The magnitude of the tonic current was calculated as previously described (Antonoudiou et al., 2022). The mean current was measured during 10 ms epochs collected every 100 ms throughout the recording. A histogram of the holding currents (30 s before the application of bicuculline) and in the presence of bicuculline (30 s after bicuculline blockade) were fit with a Gaussian, and the difference in the mean of the fitted curve was defined as posttonic currents. Pretonic currents were measured by calculating the bicuculline-induced shift in holding currents from baseline (prior to the application of allopregnanolone or diazepam). Regarding the analysis of spontaneous inhibitory postsynaptic currents (sIPSCs), the data of amplitude, frequency, and decay were analyzed using easy electrophysiology (Easy Electrophysiology Ltd., London, United Kingdom). The amplitude, frequency, and decay of sIPSCs for 30 s during pre- and post-treatment of allopregnanolone and diazepam were calculated by averaging the values of individual sIPSCs, which were detected based on criteria. Decay was measured as τ by fitting individual sIPSCs with exponential functions. Data are expressed as pre- and post-treatment parameters. Statistical analysis was conducted using a paired t-test for pre- and post-treatment comparisons. For statistical analysis for comparisons between naïve mice and SDS models, an unpaired t-test was performed using pre-treatment parameters for each group. Cells were excluded from the analysis if series resistance or whole-cell capacitance changed >30% during the course of the recording.



In vivo electrophysiological assessment


Surgery

Surgery was performed to implant electrodes for recording LFPs, EEGs, and electromyography (EMG) signals from mice. The detailed surgical procedures have been previously described in Okada et al., 2017; Sasaki et al., 2017; Shikano et al., 2018, and Yawata et al., 2023. Briefly, LFP electrode devices consisting of a core body and a custom-made electrical interface board accommodating 6–12 LFP channels, 2 EMG channels, and 1 ground/reference channel were assembled for LFP recordings before surgery. For the surgery, mice were anesthetized with 1–2.5% isoflurane gas. After anesthesia, a midline incision was made from the area between the eyes to the incised neck area, and two stainless-steel EMG electrodes with a tip diameter of 147 μm (AS633; Cooner Wire Company) in which the PTFE coating at the tip (~5.0 mm) was peeled off were sutured to the dorsal neck muscles. Circular craniotomies with a diameter of ~1 mm were made using a high-speed drill above the mPFC (1.9 mm anterior and 0.2 mm right to the bregma), BLA (1.6 mm posterior and 3.0 mm right to the bregma), and cerebellum (5.8 mm posterior ±1.0 mm lateral to the bregma) for the ground/reference. The dura was surgically removed. The tips of the BLA electrodes were inserted 3.85 mm from the brain surface. Stainless-steel screws were implanted on the surface of the cerebellum (5.8 mm posterior and 1.0 mm right/left to the bregma) as ground/reference electrodes. All the wires and the electrode assembly were secured to the skull using dental cement.

Socket pins (ME-3-1, MAC8 Co., Ltd.) were used for the EEG electrodes. An EMG electrode to use in conjunction with EEG recordings was created by soldering the socket pin to a wire (0.26ETFE2X7, Junkosya, Ibaraki, Japan). Electrode implantation surgery was similar to EEG and LFP recording. However, electrodes implanted above the frontal cortex (1.5 mm anterior and ± 0.2 mm lateral to the bregma), parietal cortex (2.0 mm posterior and ± 2.5 mm lateral to the bregma), and cerebellum (5.8 mm posterior ±1.0 mm lateral to the bregma) were used for the ground/reference.



In vivo electrophysiological recording

Approximately 1 week after surgery, each mouse was connected to recording equipment to record in vivo LFP and EEG signals. Recordings were conducted within a copper-shielded room to remove 60-Hz hum noise. LFPs were sampled at 2 kHz using Cerebus (Blackrock Microsystems, Salt Lake City, Utah, United States), and EEG data were sampled at 400 Hz using the PowerLab system (ADInstruments, Dunedin, New Zealand). The LFP data were filtered between 0.1 and 500 Hz. Home-cage recordings were conducted for 60 min. After a baseline recording for 30 min, the mice were administered vehicle, diazepam (2 mg/kg), or allopregnanolone (20 mg/kg) intraperitoneally, and recording continued for an additional 30 min.



Histology

After all recordings and behavioral tests, mice implanted with LFP electrodes were euthanized with an overdose of isoflurane and perfused intracardially with PBS, followed by 4% paraformaldehyde in PBS. Brains were removed, postfixed overnight in 4% paraformaldehyde, and equilibrated in 30% sucrose in PBS overnight. Frozen coronal sections (50 μm) were cut using a cryostat (NX50, PHC Corporation) and mounted with a DAPI-containing mounting medium (VECTASHIELD Vibrance Antifade Mounting Medium, Funakoshi). Fluorescence images were captured using an all-in-one microscope (BZ-X710; Keyence, Osaka, Japan). LFP recordings were excluded from the data analysis unless the electrode was in the mPFC and BLA.



Data analysis

To analyze LFP and EEG signals within the physiological range, periods in which the LFPs for 1-s bins exceeded 2 mV were excluded from the analysis. In home-cage recordings, we included data from mice with excluded time periods comprising less than 10% of the total. Moreover, to identify periods containing noise from mouse movement, EMG was used as previously described (Konno et al., 2022). Briefly, a high-pass filter with a cutoff frequency of 100 Hz was applied to the EMG signal, and the root mean square was calculated for 1-s bins (rmsEMG). The mean plus one standard deviation of rmsEMG was used as a threshold, and periods in which the rmsEMG exceeded the threshold were excluded from the analysis. The missing values during the excluded periods were filled using linear interpolation. The Fourier transform was applied to LFP and EEG signals, and the intensity of each frequency was calculated for every 1-s bin. The definitions of each frequency band were based on previous studies (Antonoudiou et al., 2022) and set as follows: theta wave (6–12 Hz) and beta wave (15–30 Hz). LFP and EEG power were computed using the NeuroExplorer (Plexon Inc., Dallas, Texas, United States) and the LabChart Reader (ADInstruments), respectively. The power values were normalized for each time point across the total power. The average power from 0 to 15 min before drug administration was defined as the preadministration period, and the average power from 15 to 30 min after administration was defined as the postadministration period. Differences between groups were analyzed for statistical significance with the paired t-test for two groups in LFP recordings from wild-type mice with the SDS model. Regarding LFP recordings from Gabrd−/− mice with the SDS model and EEG recordings from naïve mice and SDS mice, unpaired t-tests were used for two groups. In the EEG analysis with naïve mice and SDS mice, Tukey’s test was used for multiple groups. A p-value of <0.05 was taken to indicate statistical significance. All data are expressed as the means ± SEMs.





Results


Rapid onset of the antidepressant-like effects of allopregnanolone, in contrast to diazepam

To investigate the differences in effects on depression-like behavior, we conducted a direct comparison study with the neuroactive steroid allopregnanolone and the benzodiazepine diazepam by using SIT in SDS model mice. This model features a variety of symptoms and pathologies of MDD and allows testing of the antidepressant-like effects of drugs (Petković and Chaudhury, 2022). Consistently, mice showed robust decreased social behavior time as a depressive symptom due to stress exposure compared to non-stress mice or before stress (Supplementary Figure 1). To conduct direct comparison studies, we utilized frontal beta oscillation with EEGs, a marker of GABAA receptor potentiation. The dose of diazepam at 2 mg/kg (i.p.) employed in this study was established based on a notable enhancement in frontal beta activity (Supplementary Figure 2) and the manifestation of the anxiolytic-like effects (Supplementary Figure 4) at a non-sedative dosage (Supplementary Figures 3, 4). These results indicate GABAA receptor potentiation subsequent to brain exposure (Friedman et al., 1992; Bhatt et al., 2013; Shahnouri et al., 2016; Antonoudiou et al., 2022). Similarly, the dose of allopregnanolone at 20 mg/kg (i.p.) in this study was non-sedating (Supplementary Figure 3) and determined by the observed increase in beta activity (Supplementary Figure 2). This setting dose of each drug is based on previous reports (Brot et al., 1997; Doukkali et al., 2016; Shahnouri et al., 2016; Holmberg et al., 2018; Dornellas et al., 2020; Antonoudiou et al., 2022; Choudhary et al., 2022). Before a direct comparison study between these agents, we first investigated whether the SIT was suitable for evaluating antidepressant-like effects by administering escitalopram, a selective serotonin reuptake inhibitor (SSRI) antidepressant, to mice to examine whether it improved their social interaction. Based on a previous study (Burstein et al., 2017), escitalopram at a dose of 10 mg/kg (p.o.) for 4 weeks increased social interaction, confirming that the SIT can be used to evaluate the antidepressant-like effects of SDS model mice (Figure 1B). This result also demonstrated the delayed onset of the antidepressant-like effects of escitalopram. With this behavioral test, we assessed the antidepressant-like effects of allopregnanolone and diazepam. Allopregnanolone at a dose of 20 mg/kg (i.p.) induced a rapid onset of antidepressant-like effects in the SIT of SDS mice (Figure 1C). In contrast, diazepam at a dose of 2 mg/kg (i.p.) had no effect at each time point from day 1 to day 7 (Figure 1C). Since escitalopram elicited a delayed onset of antidepressant-like effects in the SIT (Figure 1B), and diazepam, at a dose of anxiolytic-like effects, had no effects in the SIT test (Figure 1C), the effects in SIT could reflect efficacy on social interaction impairment or a lack of motivation to interact with novel conspecifics as dysregulated essential behaviors in rodents after social defeat stress (Petković and Chaudhury, 2022). With the TST, allopregnanolone (20 mg/kg, i.p.) but not diazepam (2 mg/kg, i.p.) elicited antidepressant-like effects (Supplementary Figure 5). The effects of the TST could reflect efficacy on behavioral despair and helplessness under unbearable environmental stressful conditions (Hao et al., 2019). These results demonstrated that allopregnanolone elicited antidepressant-like effects, while diazepam had no effect on depressive-like symptoms. Regarding the molecular mechanism underlying this different antidepressant-like effect, previous studies have reported that neuroactive steroids act on both extra and synaptic GABAA receptors, while benzodiazepines primarily act on synaptic GABAA receptors (Carver and Reddy, 2013; Althaus et al., 2020). Therefore, we investigated whether the potentiation of δ-subunit-containing GABAA receptors might contribute to the in vivo efficacy of allopregnanolone by using Gabrd−/− mice with SDS. The antidepressant-like effect of allopregnanolone was abolished in Gabrd−/− mice (Figure 1D). This result demonstrated that δ-subunit-containing GABAA receptors are involved in the rapid antidepressant-like effect of allopregnanolone.



Increase in tonic inhibition in BLA interneurons with allopregnanolone, in contrast to diazepam

Signaling through δ-subunit-containing GABAA receptors strongly influences network activity due to the role of tonic GABA currents in controlling the excitability of inhibitory interneurons (Vida et al., 2006; Lee and Maguire, 2014; Pavlov et al., 2014). A previous study demonstrated that allopregnanolone-induced potentiation of δ-subunit-containing GABAA receptors in BLA interneurons could be related to its antidepressant-like effect (Antonoudiou et al., 2022; Luscher et al., 2023; Walton et al., 2023). This potentiation of δ-subunit-containing GABAA receptors could be measured as tonic GABA currents in neurons (Vida et al., 2006; Lee and Maguire, 2014; Pavlov et al., 2014). Therefore, in the present study, we first performed whole-cell patch-clamp recording from BLA interneurons, which were visually identified and exhibited fast spiking activity by current injections, in slices prepared from SDS mice with depressive symptoms (Figure 2A). Allopregnanolone significantly potentiated tonic currents compared with diazepam in BLA slices from wild-type mice with the SDS model (Figure 2B, P = 0.0028, n = 11 slices, paired t-test). The augmentation of tonic currents induced by allopregnanolone was not observed in Gabrd−/− mice with the SDS model, thereby confirming the involvement of δ-subunit-containing GABAA receptors in the currents (Figure 2B, N = 6 slices). Regarding phasic currents, both allopregnanolone and diazepam exhibited an augmentation of the amplitude and decay of IPSCs in BLA slices from wild-type mice with the SDS model (Figures 2C,D). The result obtained from this experiment confirms our understanding of the compound concentrations required for the potentiation of synaptic GABAA receptors. Of greater significance, there was a notable reduction in the frequency of IPSCs in BLA interneurons from SDS mice during the pre-treatment period when compared to those from naïve mice (Supplementary Figure 6). This suggests that GABA release from presynaptic terminals might be diminished in a depressive state. Regarding the amplitude and decay of sIPSCs and tonic currents during the pre-treatment period, there were no significant changes between SDS and naïve mice (Supplementary Figure 6). Based on these findings, in conjunction with behavior outcomes, it can be inferred that the enhancement of extrasynaptic GABAA receptors in BLA interneurons plays a role in the antidepressant-like effects of allopregnanolone, which diverge from the effects of diazepam.



Distinct effect of allopregnanolone on resting BLA theta activity, in contrast to diazepam

A previous study reported that orchestrating the neural network centered around the amygdala is important for the mechanism of action of the antidepressant effects of neuroactive steroids (Antonoudiou et al., 2022). In particular, theta oscillations (6–12 Hz) in the BLA are essential for them as optogenetically induced theta oscillations in the BLA reduce immobility time in the TST (Antonoudiou et al., 2022). Moreover, previous studies have reported that theta oscillation in the mPFC is also involved in the regulation of depression (Kuga et al., 2022). Thus, to compare the effect of the neuroactive steroid allopregnanolone and benzodiazepine diazepam on the oscillation of these brain regions in SDS mice, we simultaneously recorded LFPs from the BLA and mPFC (Figure 3A). We recorded LFPs of SDS mice in their home cages for 30 min as a baseline, followed by the administration of vehicle, diazepam, and allopregnanolone, and continued recording for another 30 min (Figure 3B). According to a previous study (Antonoudiou et al., 2022), we focused on theta oscillations as the activity related to antidepressant effects and beta oscillations (15–30 Hz) as a marker of functional activation of the GABAA receptor. The BLA theta power significantly increased after the administration of allopregnanolone (Figures 3C,D; P = 0.026, n = 7 mice, paired t-test) but was not changed after the administration of vehicle or diazepam. The BLA beta power increased after the administration of diazepam and allopregnanolone (Figures 3E,F; P = 0.011 and 0.0014, respectively, n = 7 mice, paired t-test) but was not changed in the vehicle condition. Similarly, we analyzed mPFC theta and beta oscillations. The mPFC theta power significantly increased after the administration of allopregnanolone (Figures 4A,B; P = 0.034, n = 8 mice, paired t-test), while theta power was not changed after the administration of vehicle or diazepam. The PFC beta power increased after the administration of diazepam and allopregnanolone (Figures 4C,D; P = 0.034 and 0.0004, respectively, n = 8 mice, paired t-test) but was not changed in the vehicle condition. These results demonstrate that allopregnanolone increases both theta and beta oscillations in the BLA and mPFC, while diazepam increases only beta activity. Moreover, when combined with our behavioral data in the SIT and TST, theta activity might be associated with the antidepressant effects of allopregnanolone.
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FIGURE 3
 A distinct effect of allopregnanolone, in contrast to diazepam, on resting theta activity in the BLA. (A) Local field potentials (LFPs) were recorded from the medial frontal cortex (mPFC) and BLA of SDS mice. The arrowhead in the macrographs indicates the location of the electrode tip. The nuclei were counterstained with DAPI. The bottom panel demonstrates a representative trace of LFPs in the mPFC and BLA. (B) Representative power spectrogram of BLA LFPs before and after allopregnanolone administration. The LFP power was normalized for each time point across the total power and plotted on a pseudocolor scale. (C) Time course of BLA theta oscillation (6–12 Hz) power before and after administration of vehicle (Veh, depicted in black), diazepam (Dia, 2 mg/kg, depicted in blue), and allopregnanolone (Allo, 20 mg/kg, depicted in red). The dashed line indicates the timing of drug administration. Power values were normalized by total power and shown as ratios. The average power from 0 to 15 min before drug administration was defined as the preadministration period, and the average from 15 to 30 min after administration was defined as the postadministration period. Data are represented as the mean ± SEM of seven mice. (D) BLA theta power during the preadministration and postadministration periods with Veh (black), Dia (blue), and Allo (red). *p = 0.026, n = 7 mice, paired t-test. Power values were normalized by total power and shown as ratios. (E,F) The same as (C,D) but for the beta oscillation (15–30 Hz) power. *p = 0.011, **p = 0.0014, n = 7 mice, paired t-test.
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FIGURE 4
 A distinct effect of allopregnanolone, in contrast to diazepam, on resting theta activity in the mPFC. (A) Time course of mPFC theta power before and after administration of vehicle (Veh, depicted in black), diazepam (Dia, depicted in blue), and allopregnanolone (Allo, depicted in red). The dashed line indicates the timing of drug administration. Data are represented as the mean ± SEM of eight mice. (B) mPFC theta power during the preadministration and postadministration periods for Veh (black), Dia (blue), and Allo (red). *p = 0.03, n = 8 mice, paired t-test. Power values were normalized by total power and are shown as ratios. (C,D) The same as (A,B) but for beta power. *p = 0.034, ***p = 0.0004, n = 8 mice, paired t-test.




Involvement of δ-subunit-containing GABAA receptors in the increase in resting theta activity in the BLA and mPFC due to allopregnanolone but not in beta activity

To evaluate whether δ-subunit-containing GABAA receptors are involved in oscillation due to allopregnanolone as well as its antidepressant effect, we assessed the effects of allopregnanolone on BLA and mPFC activity in Gabrd−/− mice with SDS. The increase in theta activity in the BLA and mPFC due to allopregnanolone was significantly attenuated in Gabrd−/− mice in the SDS model compared with wild-type mice in the SDS model (Figures 5A,B; P = 0.0097, nWT = 8 mice, nKO = 5 mice, unpaired t-test). Beta activity was also attenuated but not significantly (Figures 5A,C; P = 0.088, nWT = 8 mice, nKO = 5 mice, unpaired t-test). Similar results were obtained in mPFC theta (Figures 5D,E; P = 0.031, nWT = 9 mice, nKO = 6 mice, unpaired t-test) and beta activity (Figures 5D,F; P = 0.013, nWT = 9 mice, nKO = 6 mice, unpaired t-test). Thus, theta activity in the BLA and mPFC mediated by δ-subunit-containing GABAA receptors is essentially involved in the antidepressant effects of allopregnanolone.
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FIGURE 5
 Involvement of extrasynaptic GABAA receptors in the increase in resting theta activity in the BLA due to allopregnanolone. (A) Representative power spectrogram of BLA LFPs before and after allopregnanolone (Allo, 20 mg/kg) administration in a WT mouse (top) and a GABAA receptor δ-subunit KO mouse (bottom). The LFP power was normalized for each time point across the total power and plotted on a pseudocolor scale. (B) The ratio of BLA theta power after the administration of Allo to that after the administration of vehicle (Veh) in WT (red) and KO (dark blue) mice. **p = 0.0097, nWT = 8 mice, nKO = 5 mice, unpaired t-test. (C) The same as (B), but for the ratio of BLA beta power. p = 0.088, nWT = 8 mice, nKO = 5 mice, unpaired t-test. (D) The same as (A) but for the mPFC LFPs. (E) The same as (B) but for mPFC theta power. *p = 0.031, nWT = 9 mice, nKO = 6 mice, unpaired t-test. (F) The same as (C) but for mPFC beta power. p = 0.13, nWT = 9 mice, nKO = 6 mice, unpaired t-test.




Distinct effect of allopregnanolone on frontal theta and beta activity, in contrast to diazepam

A previous study reported that neuroactive steroids such as zuranolone increase the theta activity of the frontal cortex in healthy volunteers based on EEG recordings (Antonoudiou et al., 2022), while benzodiazepines such as diazepam do not (Friedman et al., 1992). Regarding the increase in frontal beta activity, reflecting the functional activation of GABAA receptors in the brain, both neuroactive steroids and benzodiazepine have effects in healthy volunteers (Friedman et al., 1992; van Broekhoven et al., 2007; Antonoudiou et al., 2022). However, no clinical evidence has been reported as direct comparison data between them in the same protocol. Therefore, in reference to these clinical studies, we evaluated the effects of allopregnanolone and diazepam on frontal theta and beta activity in EEG recordings from naïve mice and the SDS model (Figures 6A,B). In SDS model mice, allopregnanolone significantly increased frontal theta activity (Figures 6C,D; P = 0.0003, p < 0.0001 for vehicle versus allopregnanolone and diazepam versus allopregnanolone, respectively, n = 14 mice, Tukey’s test), while diazepam did not. Regarding frontal beta activity, both allopregnanolone and diazepam significantly increased it (Figures 6E,F; P = 0.040, p < 0.0001, 0.0001 for vehicle versus diazepam, diazepam versus allopregnanolone and vehicle versus allopregnanolone, respectively, n = 14 mice, Tukey’s test). A similar result was obtained in naïve mice (Supplementary Figure 2). Thus, we have demonstrated that there is a difference in theta and beta activity in the frontal cortex between allopregnanolone and diazepam in a direct comparison study with EEG recordings from naïve and SDS model mice.
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FIGURE 6
 Distinct effect of allopregnanolone compared with diazepam on resting frontal EEG theta activity in SDS model mice. (A) Electroencephalograms (EEGs) were recorded from the bilateral frontal cortex (FC) and parietal cortex (PC) of naïve and SDS model mice. The EEGs of the right FC (R-FC) were used for the analysis. GND, ground electrode. (B) Representative power spectrogram of R-FC EEGs before and after allopregnanolone administration. (C) Time course of R-FC theta power before and after the administration of vehicle (Veh, depicted in black), diazepam (Dia, depicted in blue), and allopregnanolone (Allo, depicted in red). The dashed line indicates the timing of drug administration. Data are represented as the mean ± SEM of 14 mice. (D) The ratio of R-FC theta power during the postadministration to the preadministration for Veh (black), Dia (blue), and Allo (red). ***p = 0.0003 and ****p < 0.0001 for vehicle versus allopregnanolone and diazepam versus allopregnanolone, respectively, n = 14 mice, Tukey’s test. (E,F) The same as (C,D), but for beta power. *p = 0.040, ****p < 0.0001, n = 14 mice, Tukey’s est.




Decrease in frontal beta and theta activities in the depressive state

Finally, we evaluated changes in theta and beta activity in the frontal cortex of SDS model mice. Several previous studies reported that dysfunction of GABAergic inhibition, such as the amount of GABA in the frontal cortex and the expression of GABAA receptors or their function, is reduced not only in animal models but also in depressed patients (Luscher et al., 2011). Furthermore, allopregnanolone increased frontal theta and beta activity in depressed SDS mice. Therefore, we hypothesized that theta activity and beta activity in the frontal cortex of SDS model mice were lower than those of naïve mice. We calculated the theta power and beta power during the preadministration period as baseline activity and compared them between naïve and SDS model mice (Figures 7A,C). As a result, both theta power and beta power in the frontal cortex of SDS mice were significantly lower than those of naïve mice (Figures 7B,D; P = 0.0004 and 0.0127 for theta power and beta power, respectively, n = 14 mice each, unpaired t-test). These results showed that baseline activity in the theta and beta bands decreases in the SDS model.
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FIGURE 7
 Decrease in frontal beta and theta activities in the depressive state. (A) Time course of the R-FC theta power of naïve (black) and SDS (purple) mice before administration of the drug. The average preadministration period of all drugs (vehicle, diazepam, and allopregnanolone) was used. The data are represented as the mean ± SEM of 14 mice each. (B) The R-FC theta power of naïve and SDS mice during the preadministration period of drugs. ***p = 0.0004, n = 14 mice each, unpaired t-test. (C,D) The same as (A, B), but for beta power. *p = 0.013, n naïve = 13 mice, n SDS = 14 mice, unpaired t-test.





Discussion


Rapid onset of antidepressant-like effects of allopregnanolone, in contrast to diazepam

In the present study, allopregnanolone elicited antidepressant-like effects in the SIT and TST of the SDS model. In contrast, diazepam had no effect on depression-like behaviors. The dose of diazepam used in the present study was determined by its anxiolytic-like effects and increased beta activity of the frontal cortex without sedation, which is within a range of previous studies (Bhatt et al., 2013; Shahnouri et al., 2016; Antonoudiou et al., 2022). Similarly, the dosage of allopregnanolone was set to increase beta activity without sedation. The present result of the locomotor assessment and EEG confirms our understanding of the dose of compound required for the potentiation of GABAA receptors and antidepressant or anxiolytic effects without sedation. In the SIT of the SDS model, we demonstrated that allopregnanolone elicited rapid-onset antidepressant-like effects. Diazepam, at a dose eliciting anxiolytic-like effects, had no effect on the SIT of SDS mice. Escitalopram for 4 weeks elicited significant antidepressant-like effects. Based on these results, the present study demonstrated rapid onset effects of allopregnanolone on depression-like behavior in the SIT of the SDS model, in contrast to diazepam and escitalopram. This corresponds to clinical evidence of the efficacy profile of these drugs on depressive symptoms in MDD patients (Rush et al., 2006; Lim et al., 2020; Edinoff et al., 2021). More importantly, this antidepressant-like effect of allopregnanolone in SIT was abolished in δΚΟ mice. These data demonstrated that δ-subunit-containing GABAA receptors are critical for the antidepressant-like effects of allopregnanolone. Both diazepam and allopregnanolone are positive allosteric modulators of GABAA receptors, exhibiting relatively little α-subunit selectivity. Diazepam acts on the benzodiazepine site of α1, 2, 3, and α5-containing GABAA receptors (Carver and Reddy, 2013; Nuss, 2015). Allopregnanolone is a non-selective neuroactive steroid acting on α1, 2, 3, 4, 5, and α6-containing GABAA receptors (Sigel, 2002; Hosie et al., 2006; Carver and Reddy, 2013; Nuss, 2015; Alvarez and Pecci, 2018). In combination with genetically modified animals, the relationship between each α subunit and behavior has been shown, particularly regarding the effects of benzodiazepines; for example, the α1 subunit for sedation and the α2 subunit for anxiolysis (Engin et al., 2018). In the present study, the relief of depressive symptoms by allopregnanolone is associated with δ-subunit-containing GABAA receptors. Particularly, recent studies report that not only δ-subunit-containing GABAA receptors but also other subtypes of GABAA receptors such as the α5-subunit have been related to behaviors such as affective and cognitive function in the depression model (Piantadosi et al., 2016; Luscher et al., 2023). Thus, each subunit-selective behavioral profile and their associated neuronal activities remain to be clarified in future studies. Although potentiation of δ-subunit-containing GABAA receptors by allopregnanolone may be critical for mediating the rapid antidepressant effects, it could not be excluded that phasic inhibition via synaptic GABAA receptors by allopregnanolone could contribute to antidepressant effects. Future studies with the effects of DS2, which is a selective compound for δ-subunit-containing GABAA receptors, are needed in the SDS model. Moreover, previous studies have shown that SSRIs elicit moderate and slow increases in allopregnanolone, associated with the initiation of their antidepressant effects (Romeo et al., 1998). Further studies of the effects of SSRIs, combined with δKO mice in the SDS model, are needed to clarify the involvement of δ-subunit-containing GABAA receptors in the effects of SSRIs.



Distinct neurophysiological mechanism of allopregnanolone acting on BLA oscillation, in contrast to diazepam

The amygdala is one of the abundant regions with a high concentration of neuroactive steroids (Bixo et al., 2018) and is involved in vigilance attention and learning biologically relevant signals such as negative emotional stimuli (Tzovara et al., 2019). Altered amounts of neuroactive steroids have been implicated in amygdala reactivity to negative emotional stimuli and stress vulnerability (Pisu et al., 2022). Dysregulation of neural network activity involving the amygdala is associated with depressive symptoms in patients with MDD (Drevets, 2000, Phillips et al., 2003). Recent studies demonstrated that neuroactive steroid treatment increased BLA theta activity in stress model mice and elicited antidepressant-like effects (Antonoudiou et al., 2022; Luscher et al., 2023; Walton et al., 2023). In addition, optogenetic stimulation of BLA interneurons at a theta frequency of 8 Hz caused antidepressant effects in a chronic unpredictable stress mouse model (Antonoudiou et al., 2022). The antidepressant-like effects of allopregnanolone were abolished in δKO mice (Antonoudiou et al., 2022). Thus, the activation of δ-subunit-containing GABAA receptors in BLA interneurons is believed to contribute to the antidepressant-like effects of allopregnanolone by triggering an increase in BLA theta activity. In the present study, several differences between allopregnanolone and diazepam may contribute to antidepressant-like effects. Focusing on BLA interneurons, allopregnanolone potentiated tonic inhibition via potentiation of δ-subunit-containing GABAA receptors. In addition, allopregnanolone but not diazepam increased theta activity in the BLA during the resting state in SDS mice. Increased theta activity was attenuated in δΚΟ mice. Allopregnanolone has been reported to act on δ-subunit-containing GABAA receptors only in BLA interneurons but not in principal neurons (Antonoudiou et al., 2022). Thus, allopregnanolone-induced increases in the theta activity of the BLA through δ-subunit-containing GABAA receptors in BLA interneurons may lead to a shift from fear to a normal state and reduced depression-like behaviors in the SDS model. With regard to beta activity within BLA, both allopregnanolone and diazepam exhibited enhancements, indicating that the augmentation of beta power resulted from the activation of synaptic GABAA receptors in BLA interneurons. These results align with our observed potentiation of IPSC decay and amplitude in BLA interneurons by allopregnanolone and diazepam. In the present study, the allopregnanolone-induced increase in beta activity was slightly attenuated in δΚΟ mice but not significantly. This implies that δ-subunit-containing GABAA receptors are also involved in both beta and theta activities in the BLA increased by allopregnanolone, which is consistent with a previous study (Antonoudiou et al., 2022). Considering the significant correlation between increased BLA theta activity and antidepressant effects from neuroactive steroids (Antonoudiou et al., 2022) and the increase in beta activity alone by diazepam without antidepressant-like effects, an increase in BLA theta activity via δ-subunit-containing GABAA receptors may be important for the antidepressant-like effects of allopregnanolone. Of course, the possible involvement of beta activity in the antidepressant-like effects of allopregnanolone cannot be excluded. At the very least, the differences in the antidepressant-like effects of allopregnanolone and diazepam could be largely attributed to differences in the theta oscillation of the BLA. In addition to BLA activity, mPFC theta activity was increased by allopregnanolone but not by diazepam. This increase in theta activity in the mPFC was attenuated in δΚΟ mice. As for mPFC beta activity, both allopregnanolone and diazepam demonstrated an increase in activity. Consequently, not only theta activity in the BLA but also in the mPFC might be implicated in the antidepressant-like effects of allopregnanolone. Previous investigations have established that augmented theta activity in the mPFC and BLA plays a role in the regulation and discrimination of negative stimuli or emotions (Calhoon and Tye, 2015; Tovote et al., 2015). Specifically, it has been reported that BLA firing activity becomes synchronized with input from the mPFC, indicating that the BLA is selectively tuned to mPFC input, which potentially contributes to memory retrieval, fear responses, and extinction (Likhtik et al., 2014). It is worth noting that the function of the mPFC has also been associated with amygdala output (Senn et al., 2014). Indeed, allopregnanolone regulates the functional connectivity between the human frontal cortex and amygdala, which is involved in the relief of fear memory or cognition of negative stimuli (Sripada et al., 2014). In addition, an increase in theta activity in the mPFC and BLA in mice is also involved in approach behavior to communicate with other mice (Kuga et al., 2022). As an underlying neurological mechanism, modulation of interneuron activity not only in the BLA but also in the mPFC has been reported to contribute to antidepressant-like effects in preclinical models (Fogaça et al., 2021; Antonoudiou et al., 2022). This implies that allopregnanolone could affect not only emotional cognition but also motivational behavior. This is supported by previous reports that the amygdala and frontal cortex are involved in the regulation of motivational behavior via dopamine signaling pathways, which could be regulated by allopregnanolone (Rougé-Pont et al., 2002; Phillips et al., 2003; Holmberg et al., 2018). Thus, allopregnanolone, unlike diazepam, could ameliorate negative emotion and motivational affect, which is regulated by BLA-PFC theta activity.



Distinct modulation of frontal theta and beta EEG activity by allopregnanolone, in contrast to diazepam, as a translational biomarker

Previous studies with EEGs have shown that neuroactive steroids such as zuranolone, but not benzodiazepines such as diazepam, increase frontal cortex theta activity in healthy volunteers (Romano-Torres et al., 2002; Saletu et al., 2006; Antonoudiou et al., 2022). Regarding frontal beta activity, a marker of central GABAA receptor activation, both neuroactive steroids and benzodiazepines increased this activity (Friedman et al., 1992; Romano-Torres et al., 2002; Saletu et al., 2006; van Broekhoven et al., 2007; Antonoudiou et al., 2022). Interestingly, the increase in beta activity has been suggested to be more potent with allopregnanolone compared to diazepam, but no report has verified it in a head-to-head comparison under the same conditions. In the present study, we used an SDS model and naïve mice to demonstrate the difference in the effect of both agents in enhancing frontal theta activity by direct comparison verification. Furthermore, regarding beta activity, we observed that both allopregnanolone and diazepam increased this activity and that allopregnanolone exhibited a significant increase compared with diazepam. Thus, we have demonstrated distinct EEG profiles for allopregnanolone and diazepam, supported by previous studies (Visser et al., 2003; Antonoudiou et al., 2022; Hammond et al., 2022). This EEG result using the SDS model and naïve mice not only supports the results of the BLA and mPFC theta activity assessment in LFP recordings but also could be important as translational evidence forming a bridge from non-clinical evidence to human evidence. It is implied that frontal theta activity, similar to that in the BLA, is related to the mechanism of action of neuroactive steroids and may potentially contribute to the superior antidepressant-like effects of allopregnanolone. It has also been clinically reported that changes in frontal theta power could predict antidepressant efficacy in responders (Wade and Iosifescu, 2016; Wu et al., 2020). Since we did not investigate the causal relationship between theta activity and antidepressant effects, an additional study will be needed to examine the effects of theta activity on the downstream signals, such as stress responses, and its influence on antidepressant-like effects in depression model mice. Indeed, it has been reported that the optogenetically induced theta oscillations in the BLA have an antidepressant-like effect in the TST (Antonoudiou et al., 2022).



The decrease in beta and theta activities in a depressive state and their increase in response to allopregnanolone, related to extrasynaptic GABAA receptors

Decreased frontal beta and theta activities have been reported to correlate with the severity of depressive symptoms in patients with MDD (Saletu et al., 2010). Similarly, a decrease in frontal beta and theta activities was observed in SDS mice compared to non-stressed naïve mice, as evidenced by EEG recordings. Neuronal oscillation is potently regulated by GABAergic signaling through synaptic and extrasynaptic GABAA receptors (Luscher et al., 2011). In particular, signaling through δ-subunit-containing GABAA receptors strongly impacts network activity due to tonic inhibition regulating inhibitory interneuron excitability. Inhibitory interneurons are key regulators of rhythmic brain network activity (Vida et al., 2006; Mann and Paulsen, 2007). Recently, dysfunction of GABAergic inhibition has been reported in the pathology of MDD, such as a decrease in the concentration of GABA and/or allopregnanolone (Perlman et al., 2021), changes in the subunit expression of the GABAA receptor (Luscher et al., 2011), and the excitability of GABAergic interneurons (Jie et al., 2018) in several brain areas including mPFC and BLA. Our present findings further support these reports as we observed a decrease in presynaptic GABA release in BLA slices from SDS mice. While the specific alterations in neuronal oscillation within the BLA during a depressive state remain to be fully elucidated, it is plausible that these mechanisms contribute to the observed decrease in frontal beta and theta activities in SDS mice. Importantly, our results demonstrated that allopregnanolone potentiated PFC-BLA beta and theta activities in SDS mice, and δ-subunit-containing GABAA receptors are important mechanisms of action of allopregnanolone. In terms of molecular mechanisms, previous studies reported that δ-subunit-containing GABAA receptors enable neurons to sense the low ambient GABA concentrations present in the extracellular space, leading to tonic inhibition and both cell and network behavior (Carver and Reddy, 2013; Feng and Forman, 2018). Additionally, neuroactive steroids, including allopregnanolone and zuranolone, can enhance the surface expression of GABAA receptors, thereby amplifying GABA currents through multiple mechanisms (Abramian 2014; Modgil 2017). Thus, dysregulated neuronal network activity under a depressive state could be shifted to a normal state by treatment with neuroactive steroids. Additionally, several mood disorders, such as bipolar disorder, premenstrual dysphoric disorder, and postpartum depression, have dysregulated neuronal networks, along with changes in the concentration of allopregnanolone (Porcu et al., 2016; Karademir et al., 2023). Neuroactive steroids with the potentiation of synaptic and extrasynaptic GABAA receptors may therefore present a potential therapeutic target for the treatment of major depressive disorder.




Data Availability Statement

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



Ethics Statement

The animal study was approved by All procedures were approved by the Animal Care and Use Committee of Shionogi Research Laboratories, Osaka, Japan. Electrophysiological assessments were performed according to the AAALAC International guidelines. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

KT: Conceptualization, Data curation, Investigation, Writing – original draft, Writing – review & editing. YY: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. RT: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. HA: Data curation, Writing – review & editing. SS: Data curation, Writing – review & editing. TO: Project administration, Writing – review & editing. TT: Conceptualization, Project administration, Writing – review & editing. KO: Conceptualization, Investigation, Project administration, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

KT, YY, RT, TO, TT, and KO are employees belonging to Shionogi & Co., Ltd. HA and SS are employed by the company Shionogi TechnoAdvance Research.



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.



Supplementary material

The Supplementary material for this article can be found online at:
 
https://www.frontiersin.org/articles/10.3389/fncel.2023.1274459/full#supplementary-material



References

 Abramian, A. M., Comenencia-Ortiz, E., Modgil, A., Vien, T. N., Nakamura, Y., Moore, Y. E., et al. (2014). Neurosteroids promote phosphorylation and membrane insertion of extrasynaptic GABAA receptors. Proc Natl Acad Sci U S A. 111, 7132–7137. doi: 10.1073/pnas.1403285111


 Agis-Balboa, R. C., Guidotti, A., and Pinna, G. (2014). 5α-reductase type I expression is downregulated in the prefrontal cortex/Brodmann's area 9 (BA9) of depressed patients. Psychopharmacology 231, 3569–3580. doi: 10.1007/s00213-014-3567-5


 Ali, M., Ullah, I., Diwan, M. N., Aamir, A., Awan, H. A., Waris Durrani, A., et al. (2023). Zuranolone and its role in treating major depressive disorder: a narrative review. Horm. Mol. Biol. Clin. Invest. 44, 229–236. doi: 10.1515/hmbci-2022-0042


 Althaus, A. L., Ackley, M. A., Belfort, G. M., Gee, S. M., Dai, J., Nguyen, D. P., et al. (2020). Preclinical characterization of zuranolone (SAGE-217), a selective neuroactive steroid GABAA receptor positive allosteric modulator. Neuropharmacology 181:108333. doi: 10.1016/j.neuropharm.2020.108333


 Alvarez, L. D., and Pecci, A. (2018). Structure and dynamics of neurosteroid binding to the α1β2γ2 GABAA receptor. J. Steroid Biochem. Mol. Biol. 182, 72–80. doi: 10.1016/j.jsbmb.2018.04.012


 American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders (Fifth edition), US: American Psychiatric Association (2013).


 Antonoudiou, P., Colmers, P. L. W., Walton, N. L., Weiss, G. L., Smith, A. C., Nguyen, D. P., et al. (2022). Allopregnanolone Mediates Affective Switching Through Modulation of Oscillatory States in the Basolateral Amygdala. Biol. Psychiatry 91, 283–293. doi: 10.1016/j.biopsych.2021.07.017


 Belelli, D., and Lambert, J. J. (2005). Neurosteroids: endogenous regulators of the GABAA receptor. Nat. Rev. Neurosci. 6, 565–575. doi: 10.1038/nrn1703


 Bhatt, S., Mahesh, R., Devadoss, T., and Jindal, A. K. (2013). Anxiolytic-like effect of (4-benzylpiperazin-1-yl)(3-methoxyquinoxalin-2-yl)methanone (6g) in experimental mouse models of anxiety. Indian J. Pharm. 45, 248–251. doi: 10.4103/0253-7613.111923


 Bixo, M., Johansson, M., Timby, E., Michalski, L., and Bäckström, T. (2018). Effects of GABA active steroids in the female brain with a focus on the premenstrual dysphoric disorder. J. Neuroendocrinol. 30. doi: 10.1111/jne.12553


 Brickley, S. G., and Mody, I. (2012). Extrasynaptic GABAA receptors: Their function in the CNS and implications for disease. Neuron 73, 23–34. doi: 10.1016/j.neuron.2011.12.012


 Brot, M. D., Akwa, Y., Purdy, R. H., Koob, G. F., and Britton, K. T. (1997). The anxiolytic-like effects of the neurosteroid allopregnanolone: interactions with GABAA receptors. Eur. J. Pharmacol. 325, 1–7. doi: 10.1016/S0014-2999(97)00096-4


 Burstein, O., Franko, M., Gale, E., Handelsman, A., Barak, S., Motsan, S., et al. (2017). Escitalopram and NHT normalized stress-induced anhedonia and molecular neuroadaptations in a mouse model of depression. PLoS One 12:e0188043. doi: 10.1371/journal.pone.0188043


 Calhoon, G. G., and Tye, K. M. (2015). Resolving the neural circuits of anxiety. Nat. Neurosci. 18, 1394–1404. doi: 10.1038/nn.4101


 Carver, C. M., and Reddy, D. S. (2013). Neurosteroid interactions with synaptic and extrasynaptic GABAA receptors: regulation of subunit plasticity, phasic and tonic inhibition, and neuronal network excitability. Psychopharmacology 230, 151–188. doi: 10.1007/s00213-013-3276-5


 Choudhary, D., Sasibhushana, R. B., Shankaranarayana Rao, B. S., and Srikumar, B. N. (2022). Mifepristone blocks the anxiolytic- and antidepressant-like effects of allopregnanolone in male rats. Int. J. Neurosci. 1-10. doi: 10.1080/00207454.2022.2153047


 Dornellas, A. P. S., Macedo, G. C., McFarland, M. H., Gómez-A, A., O'Buckley, T. K., da Cunha, C., et al. (2020). Allopregnanolone decreases evoked dopamine release differently in rats by sex and estrous stage. Front. Pharmacol. 11:608887. doi: 10.3389/fphar.2020.608887 

 Doukkali, Z., Taghzouti, K., Bouidida, E. L. H., Kamal, R., Jemli, M., Belatar, B., et al. (2016). Evaluation of its anxiolytic effect in the elevated plus-maze and open field. Ann Clin Lab Res. 2016:1. doi: 10.1016/j.jep.2004.06.022


 Drevets, W. C. (2000). Functional anatomical abnormalities in limbic and prefrontal cortical structures in major depression. Prog. Brain Res. 126, 413–431. doi: 10.1016/S0079-6123(00)26027-5 

 Edinoff, A. N., Odisho, A. S., Lewis, K., Kaskas, A., Hunt, G., Cornett, E. M., et al. (2021). Brexanolone, a GABAA Modulator, in the Treatment of Postpartum Depression in Adults: A Comprehensive Review. Front. Psychol. 12:699740. doi: 10.3389/fpsyt.2021.699740


 Engin, E., Benham, R. S., and Rudolph, U. (2018). An Emerging Circuit Pharmacology of GABAA Receptors. Trends Pharmacol. Sci. 39, 710–732. doi: 10.1016/j.tips.2018.04.003


 Farrant, M., and Nusser, Z. (2005). Variations on an inhibitory theme: phasic and tonic activation of GABAA receptors. Nat. Rev. Neurosci. 6, 215–229. doi: 10.1038/nrn1625 

 Feng, H. J., and Forman, S. (2018). Comparison of αβδ and αβγ GABAA receptors: Allosteric modulation and identification of subunit arrangement by site-selective general anesthetics. Pharmacol Res. 133, 289–300. doi: 10.1016/j.phrs.2017.12.031


 Fogaça, M. V., Wu, M., Li, C., Li, X. Y., Picciotto, M. R., and Duman, R. S. (2021). Inhibition of GABA interneurons in the mPFC is sufficient and necessary for rapid antidepressant responses. Mol. Psychiatry 26, 3277–3291. doi: 10.1038/s41380-020-00916-y


 Friedman, H., Greenblatt, D. J., Peters, G. R., Metzler, C. M., Charlton, M. D., Harmatz, J. S., et al. (1992). Pharmacokinetics and pharmacodynamics of oral diazepam: effect of dose, plasma concentration, and time. Clin. Pharmacol. Ther. 52, 139–150. doi: 10.1038/clpt.1992.123


 Habert, J., Katzman, M. A., Oluboka, O. J., McIntyre, R., McIntosh, D., MacQueen, G., et al. (2016). Functional Recovery in Major Depressive Disorder: Focus on Early Optimized Treatment. Prim Care Companion CNS Disord. 18. doi: 10.4088/PCC.15r01926 

 Hammond, R. S., Althaus, A. L., Farley, B. J., Smith, A. C., Lotarski, S. M., Koralek, A. C., et al. (2022). Differential network activity of benzodiazepines and neuroactive steroids observed with cortical EEG in rat. Neuroscience 

 Hao, Y., Ge, H., Sun, M., and Gao, Y. (2019). Selecting an Appropriate Animal Model of Depression. Int. J. Mol. Sci. 20:4827. doi: 10.3390/ijms20194827


 Holmberg, E., Sjöstedt, J., Malinina, E., Johansson, M., Turkmen, S., Ragagnin, G., et al. (2018). Allopregnanolone involvement in feeding regulation, overeating and obesity. Front. Neuroendocrinol. 48, 70–77. doi: 10.1016/j.yfrne.2017.07.002


 Hosie, A. M., Wilkins, M. E., da Silva, H. M., and Smart, T. G. (2006). Endogenous neurosteroids regulate GABAA receptors through two discrete transmembrane sites. Nature 444, 486–489. doi: 10.1038/nature05324


 Jie, F., Yin, G., Yang, W., Yang, M., Gao, S., Lv, J., et al. (2018). Stress in Regulation of GABA Amygdala System and Relevance to Neuropsychiatric Diseases. Front. Neurosci. 12:562. doi: 10.3389/fnins.2018.00562


 Karademir, M., Beyazyüz, E., Beyazyüz, M., Yılmaz, A., and Albayrak, Y. (2023). Decreased serum allopregnanolone and progesterone levels in male patients with bipolar disorder and their effects on cognitive functions. Eur. Arch. Psychiatry Clin. Neurosci. doi: 10.1007/s00406-023-01607-9


 Kato, M., Nakagome, K., Baba, T., Sonoyama, T., Okutsu, D., Yamanaka, H., et al. (2023). Efficacy and safety of zuranolone in Japanese adults with major depressive disorder: A double-blind, randomized, placebo-controlled, phase 2 clinical trial. Psychiatry Clin. Neurosci. 77, 497–509. doi: 10.1111/pcn.13569


 Konno, D., Ikegaya, Y., and Sasaki, T. (2022). Weak representation of awake/sleep states by local field potentials in aged mice. Sci. Rep. 12:7766. doi: 10.1038/s41598-022-11888-0


 Kuga, N., Abe, R., Takano, K., Ikegaya, Y., and Sasaki, T. (2022). Prefrontal-amygdalar oscillations related to social behavior in mice. elife 11:e78428. doi: 10.7554/eLife.78428


 Lee, V., and Maguire, J. (2014). The impact of tonic GABAA receptor-mediated inhibition on neuronal excitability varies across brain region and cell type. Front Neural Circuits. 8:3. doi: 10.3389/fncir.2014.00003


 Likhtik, E., Stujenske, J. M., Topiwala, M. A., Harris, A. Z., and Gordon, J. A. (2014). Prefrontal entrainment of amygdala activity signals safety in learned fear and innate anxiety. Nat. Neurosci. 17, 106–113. doi: 10.1038/nn.3582


 Lim, B., Sproule, B. A., Zahra, Z., Sunderji, N., Kennedy, S. H., and Rizvi, S. J. (2020). Understanding the effects of chronic benzodiazepine use in depression: a focus on neuropharmacology. Int. Clin. Psychopharmacol. 35, 243–253. doi: 10.1097/YIC.0000000000000316


 Luscher, B., Maguire, J. L., Rudolph, U., and Sibille, E. (2023). GABAA receptors as targets for treating affective and cognitive symptoms of depression. Trends Pharmacol. 44, 586–600. doi: 10.1016/j.tips.2023.06.009


 Luscher, B., Shen, Q., and Sahir, N. (2011). The GABAergic deficit hypothesis of major depressive disorder. Mol. Psychiatry 16, 383–406. doi: 10.1038/mp.2010.120


 Mann, E. O., and Paulsen, O. (2007). Role of GABAergic inhibition in hippocampal network oscillations. Trends Neurosci. 30, 343–349. doi: 10.1016/j.tins.2007.05.003


 Martinez, B. G., Salituro, F. G., Harrison, B. L., Beresis, R. T., Bai, Z., Blanco, M. J., et al. (2017). Neuroactive Steroids. 2. 3α-Hydroxy-3β-methyl-21-(4-cyano-1H-pyrazol-1′-yl)-19-nor-5β-pregnan-20-one (SAGE-217): A Clinical Next Generation Neuroactive Steroid Positive Allosteric Modulator of the (γ-Aminobutyric Acid)A Receptor. J. Med. Chem. 60, 7810–7819. doi: 10.1021/acs.jmedchem.7b00846


 Mihalek, R. M., Banerjee, P. K., Korpi, E. R., Quinlan, J. J., Firestone, L. L., Mi, Z. P., et al. (1999). Attenuated sensitivity to neuroactive steroids in gamma-aminobutyrate type A receptor delta subunit knockout mice. Proc. Natl. Acad. Sci. U. S. A. 96, 12905–12910. doi: 10.1073/pnas.96.22.12905


 Modgil, A., Parakala, M. L., Ackley, M. A., Doherty, J. J., Moss, S. J., and Davies, P. A. (2017). Endogenous and synthetic neuroactive steroids evoke sustained increases in the efficacy of GABAergic inhibition via a protein kinase C-dependent mechanism. Neuropharmacology. 113, 314–322. doi: 10.1016/j.neuropharm.2016.10.010


 Northoff, G., Wiebking, C., Feinberg, T., and Panksepp, J. (2011). The 'resting-state hypothesis' of major depressive disorder-a translational subcortical-cortical framework for a system disorder. Neurosci. Biobehav. Rev. 35, 1929–1945. doi: 10.1016/j.neubiorev.2010.12.007 

 Nuss, P. (2015). Anxiety disorders and GABA neurotransmission: a disturbance of modulation. Neuropsychiatr. Dis. Treat. 11, 165–175. doi: 10.2147/NDT.S58841


 Okada, S., Igata, H., Sasaki, T., and Ikegaya, Y. (2017). Spatial Representation of Hippocampal Place Cells in a T-Maze with an Aversive Stimulation. Front Neural Circuits. 11:101. doi: 10.3389/fncir.2017.00101


 Park, K., Lee, S., Kang, S. J., Choi, S., and Shin, K. S. (2007). Hyperpolarization-activated currents control the excitability of principal neurons in the basolateral amygdala. Biochem. Biophys. Res. Commun. 361, 718–724. doi: 10.1016/j.bbrc.2007.07.064


 Pavlov, I., Savtchenko, L. P., Song, I., Koo, J., Pimashkin, A., Rusakov, D. A., et al. (2014). Tonic GABAA conductance bidirectionally controls interneuron firing pattern and synchronization in the CA3 hippocampal network. Proc. Natl. Acad. Sci. U. S. A. 111, 504–509. doi: 10.1073/pnas.1308388110


 Perlman, G., Tanti, A., and Mechawar, N. (2021). Parvalbumin interneuron alterations in stress-related mood disorders: A systematic review. Neurobiol Stress. 15:100380. doi: 10.1016/j.ynstr.2021.100380


 Perumal, M. B., and Sah, P. (2022). A protocol to investigate cellular and circuit mechanisms generating sharp wave ripple oscillations in rodent basolateral amygdala using ex vivo slices. STAR Protoc. 3:101085. doi: 10.1016/j.xpro.2021.101085


 Petković, A., and Chaudhury, D. (2022). Encore: Behavioural animal models of stress, depression and mood disorders. Front. Behav. Neurosci. 16:931964. doi: 10.3389/fnbeh.2022.931964


 Phillips, M. L., Drevets, W. C., Rauch, S. L., and Lane, R. (2003). Neurobiology of emotion perception II: Implications for major psychiatric disorders. Biol. Psychiatry 54, 515–528. doi: 10.1016/S0006-3223(03)00171-9 

 Piantadosi, S. C., French, B. J., Poe, M. M., Timić, T., Marković, B. D., Pabba, M., et al. (2016). Sex-Dependent Anti-Stress Effect of an α5 Subunit Containing GABAA Receptor Positive Allosteric Modulator. Front. Pharmacol. 7:446. doi: 10.3389/fphar.2016.00446


 Pisu, M. G., Concas, L., Siddi, C., Serra, M., and Porcu, P. (2022). The Allopregnanolone Response to Acute Stress in Females: Preclinical and Clinical Studies. Biomol. Ther. 12:1262. doi: 10.3390/biom12091262


 Porcu, P., Barron, A. M., Frye, C. A., Walf, A. A., Yang, S. Y., He, X. Y., et al. (2016). Neurosteroidogenesis Today: Novel Targets for Neuroactive Steroid Synthesis and Action and Their Relevance for Translational Research. J. Neuroendocrinol. 28:12351. doi: 10.1111/jne.12351


 Romano-Torres, M., Borja-Lascurain, E., Chao-Rebolledo, C., del-Rı́o-Portilla, Y., and Corsi-Cabrera, M. (2002). Effect of diazepam on EEG power and coherent activity: sex differences. Psychoneuroendocrinology 27, 821–833. doi: 10.1016/s0306-4530(01)00082-8 

 Romeo, E., Ströhle, A., Spalletta, G., di Michele, F., Hermann, B., Holsboer, F., et al. (1998). Effects of antidepressant treatment on neuroactive steroids in major depression. Am. J. Psychiatry 155, 910–913. doi: 10.1176/ajp.155.7.910


 Rougé-Pont, F., Mayo, W., Marinelli, M., Gingras, M., Le Moal, M., and Piazza, P. V. (2002). The neurosteroid allopregnanolone increases dopamine release and dopaminergic response to morphine in the rat nucleus accumbens. Eur. J. Neurosci. 16, 169–173. doi: 10.1046/j.1460-9568.2002.02084.x


 Rush, A. J., Trivedi, M. H., Wisniewski, S. R., Nierenberg, A. A., Stewart, J. W., Warden, D., et al. (2006). Acute and longer-term outcomes in depressed outpatients requiring one or several treatment steps: a STAR*D report. Am. J. Psychiatry 163, 1905–1917. doi: 10.1176/ajp.2006.163.11.1905


 Saletu, B., Anderer, P., and Saletu-Zyhlarz, G. M. (2006). EEG topography and tomography (LORETA) in the classification and evaluation of the pharmacodynamics of psychotropic drugs. Clin. EEG Neurosci. 37, 66–80. doi: 10.1177/155005940603700205


 Saletu, B., Anderer, P., and Saletu-Zyhlarz, G. M. (2010). EEG topography and tomography (LORETA) in diagnosis and pharmacotherapy of depression. Clin. EEG Neurosci. 41, 203–210. doi: 10.1177/155005941004100407


 Sasaki, T., Nishimura, Y., and Ikegaya, Y. (2017). Simultaneous Recordings of Central and Peripheral Bioelectrical Signals in a Freely Moving Rodent. Biol. Pharm. Bull. 40, 711–715. doi: 10.1248/bpb.b17-00070


 Senn, V., Wolff, S. B., Herry, C., Grenier, F., Ehrlich, I., Gründemann, J., et al. (2014). Long-range connectivity defines behavioral specificity of amygdala neurons. Neuron 81, 428–437. doi: 10.1016/j.neuron.2013.11.006


 Shahnouri, M., Abouhosseini, T. M., and Araghi, A. (2016). Neuropharmacological properties of farnesol in Murine model. Iran J Vet Res. 17, 259–264.

 Shikano, Y., Sasaki, T., and Ikegaya, Y. (2018). Simultaneous Recordings of Cortical Local Field Potentials, Electrocardiogram, Electromyogram, and Breathing Rhythm from a Freely Moving Rat. J. Vis. Exp. 134:56980. doi: 10.3791/56980


 Sigel, E. (2002). Mapping of the benzodiazepine recognition site on GABAA receptors. Curr. Top. Med. Chem. 2, 833–839. doi: 10.2174/1568026023393444


 Sripada, R. K., Welsh, R. C., Marx, C. E., and Liberzon, I. (2014). The neurosteroids allopregnanolone and dehydroepiandrosterone modulate resting-state amygdala connectivity. Hum. Brain Mapp. 35, 3249–3261. doi: 10.1002/hbm.22399


 Stell, B., Brickley, S., Tang, C. Y., Farrant, M., and Mody, I. (2003). Neuroactive steroids reduce neuronal excitability by selectively enhancing tonic inhibition mediated by δ subunit-containing GABAAreceptors. Proc. Natl. Acad. Sci. U. S. A. 100, 14439–14444. doi: 10.1073/pnas.2435457100


 Tovote, P., Fadok, J. P., and Lüthi, A. (2015). Neuronal circuits for fear and anxiety. Nat. Rev. Neurosci. 16, 317–331. doi: 10.1038/nrn3945


 Tzovara, A., Meyer, S. S., Bonaiuto, J. J., Abivardi, A., Dolan, R. J., Barnes, G. R., et al. (2019). High-precision magnetoencephalography for reconstructing amygdalar and hippocampal oscillations during prediction of safety and threat. Hum. Brain Mapp. 40, 4114–4129. doi: 10.1002/hbm.24689


 Uzunova, V., Sheline, Y., Davis, J. M., Rasmusson, A., Uzunov, D. P., Costa, E., et al. (1998). Increase in the cerebrospinal fluid content of neurosteroids in patients with unipolar major depression who are receiving fluoxetine or fluvoxamine. Proc. Natl. Acad. Sci. U. S. A. 95, 3239–3244. doi: 10.1073/pnas.95.6.3239


 van Broekhoven, F., Bäckström, T., van Luijtelaar, G., Buitelaar, J. K., Smits, P., and Verkes, R. J. (2007). Effects of allopregnanolone on sedation in men, and in women on oral contraceptives. Psychoneuroendocrinology 32, 555–564. doi: 10.1016/j.psyneuen.2007.03.009


 Vida, I., Bartos, M., and Jonas, P. (2006). Shunting inhibition improves robustness of gamma oscillations in hippocampal interneuron networks by homogenizing firing rates. Neuron 49, 107–117. doi: 10.1016/j.neuron.2005.11.036


 Visser, S. A., Wolters, F. L. C., Gubbens-Stibbe, J. M., Tukker, E., van der Graaf, P. H., Peletier, L. A., et al. (2003). Mechanism-based pharmacokinetic/pharmacodynamic modeling of the electroencephalogram effects of GABAA receptor modulators: in vitro-in vivo correlations. J. Pharmacol. Exp. Ther. 304, 88–101. doi: 10.1124/jpet.102.042341 

 Wade, E. C., and Iosifescu, D. V. (2016). Using electroencephalography for treatment guidance in major depressive disorder. Biol Psychiatry Cogn Neurosci Neuroimag. 1, 411–422. doi: 10.1016/j.bpsc.2016.06.002


 Walton, N. L., Antonoudiou, P., Barros, L., Dargan, T., DiLeo, A., Evans-Strong, A., et al. (2023). Impaired Endogenous Neurosteroid Signaling Contributes to Behavioral Deficits Associated With Chronic Stress. Biol. Psychiatry S0006-3223, 00050–00051. doi: 10.1016/j.biopsych.2023.01.022


 Wu, W., Zhang, Y., Jiang, J., Lucas, M. V., Fonzo, G. A., Rolle, C. E., et al. (2020). An electroencephalographic signature predicts antidepressant response in major depression. Nat. Biotechnol. 38, 439–447. doi: 10.1038/s41587-019-0397-3


 Yawata, Y., Shikano, Y., Ogasawara, J., Makino, K., Kashima, T., Ihara, K., et al. (2023). Mesolimbic dopamine release precedes actively sought aversive stimuli in mice. Nat. Commun. 14:2433. doi: 10.1038/s41467-023-38130-3




OPS/images/fncel-17-1274459-g005.jpg
{

ﬂﬁ
%

T T
© <+

(uap/olly) 1emod ejay L

@hm

T T
© <

(yap/olly) Jemod ejeg

o
S Power (ftotal) o S Power (ftotal) o
— — e —

3 3
8 8
g
E
£

€ E ¢

E B E

B o2 By o

2 -

a MD

o

E

E
2 O
< <

3 3
2 ] o7 2 < o7
(zH) Aouanbaiy4 (zH) Aouanbaiy4

° 2

: g
— 1
M

Time from drug admin. (min)

T T
© <

(yap/olly) 1emod ejay L

o Power (ftotal) o

=

T T
© <

(yap/olly) Jemod ejeg

oo 2

o ) M
—
AT

o Power (/total) o

—— O —

30

Drug admin
v
0

<

(zH) Aouanbai4

Time from drug admin. (min)

2
3

Drug admin
v
Time from drug admin. (min)

S
&
(zH) Aouanbai4

o

°
<





OPS/images/fncel-17-1274459-g006.jpg
Theta power (V2)

Beta power (V2

1.0x10%4

5.0x10"°

4.0x10"°

2.0x10°]

30

20

Drug admin

Pre Post

-10 o 10 20 30
Time (min)

Drug admin.

0 0 10 20 30
Time (min)

Frequency (Hz)

Theta ratio (Post/Pre)

Beta ratio (Post/Pre)

3
L

Veh

Drug admin.
v

30

0
Time from drug admin. (min)

Dia  Allo

Hkrk

* Ak
—

(x1072)

s g0

(2H/zN) Jamod

°





OPS/images/fncel-17-1274459-g003.jpg
A B

mPFC Drug admin.
prc/t Py v
LFP recording ™"/ 4% 0.18
o
/ L/ s 40

N bl
- i
z .
g =
= 20 §
z

o L

0 0
mPFC -30 0 30

W“WWMWWV Time from drug admin. (min)
BLA
1 J200 pv

200 ms.
€ Drug admin. D
pre " Post
— 04 *
=034 =04+ B 044 ——
] 3
= 5 I3
< £
5 024 5
3 3 0.2+ P 0.2
a a ~
0.1 ©
2 s d|
[ =
00— 00y ool
30 20 -0 0 10 20 30 Pre Post Pre Post
“Time (min)
E Drug admin. F

Pre * Post % o
— —_— — _ S 2E
T 0.2 Veh 5024 0.2+ 0.24
k] 3
< S 4
g B
o %014 0.1 o1d /f
= o
4 E]
8 3

0.0 0.0 0.0 T
30 20 10 0 10 20 30 Pre Post Pre Post

Time (min)





OPS/images/fncel-17-1274459-g004.jpg
Drug admin.

Pre . Post
=03 —
)

5
s
5 0.2
]
S
]
2
© 0.1
]
2
=
00—
80 20 -0 0 10 20 30

Time (min)

Drug admin.

Pre Post

0.24 = —

Beta power (/total)

0.0

- Veh

T 7 ——
30 20 10 0 10 20 30
Time (min)

B
*

~04- 0.4 04 —
2

]

g

g 0.2

g

i

3

2

£

0.0
D

0.2 02 = o2 %
=

)

£ 0.1 0.1

H

g

=

3

o

0.0

Pre Post

Pre Post





OPS/images/fncel-17-1274459-g007.jpg
B
*kk

0.15 015 M
K] < Oon
g S o
<0.10 So.10 °
2 2 °
2|
G005 5005
2 — Naive 2
= — sps  F

0.00 0.00

T T T 1
-15 -10 -5 0
Time from
drug admin. (min)

Nalve SDS

c

~.0.06

E]

2

5004 I/l_‘l

g |+

(=8

0.02

@ —— Naive

o — SDS
0.00

-15 -10 -5 0
Time from
drug admin. (min)

o

°o o o
o > o
Iy = &

Beta power (/total)

o
o
S

Naive SDS





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Distinct mechanisms of allopregnanolone and diazepam underlie neuronal oscillations and differential antidepressant effect



		Introduction



		Materials and methods



		Animals



		Drugs



		Preparation of the SDS model



		Social interaction test



		Tail suspension test



		Open field test for the assessment of locomotor activity



		Open field test for the assessment of the anxiolytic effects of diazepam



		Patch clamp assay in BLA slices



		Preparation of BLA Slices



		Patch-clamp recording









		Data analysis



		In vivo electrophysiological assessment



		Surgery



		In vivo electrophysiological recording



		Histology



		Data analysis















		Results



		Rapid onset of the antidepressant-like effects of allopregnanolone, in contrast to diazepam



		Increase in tonic inhibition in BLA interneurons with allopregnanolone, in contrast to diazepam



		Distinct effect of allopregnanolone on resting BLA theta activity, in contrast to diazepam



		Involvement of δ-subunit-containing GABAA receptors in the increase in resting theta activity in the BLA and mPFC due to allopregnanolone but not in beta activity



		Distinct effect of allopregnanolone on frontal theta and beta activity, in contrast to diazepam



		Decrease in frontal beta and theta activities in the depressive state









		Discussion



		Rapid onset of antidepressant-like effects of allopregnanolone, in contrast to diazepam



		Distinct neurophysiological mechanism of allopregnanolone acting on BLA oscillation, in contrast to diazepam



		Distinct modulation of frontal theta and beta EEG activity by allopregnanolone, in contrast to diazepam, as a translational biomarker



		The decrease in beta and theta activities in a depressive state and their increase in response to allopregnanolone, related to extrasynaptic GABAA receptors









		Data Availability Statement



		Ethics Statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fncel-17-1274459-g001.jpg
interaction time (sec)

Socil et stress

{once-dait SocilInteracton Test (st pre + day 137 or 1,7, 14,28)
T T

Administration (once-daiy)

20

el 3 7

T
1

Interaction zone

IcR[]
-

BL6

3 Veh
=1 Dia 2 mglkg
B Alo 20 mghg

sl

pre

day7

©
3

8

3

interaction time (sec)

O Veh
B Escita 10 mg/kg

ﬁi Al rﬁi '

*x

]
2
3

2
3

N
S

interaction time (sec)

dayl  day7 dayl4 day2s

3 KO_Veh
I KO_Allo 20mglkg

o

pre dayt day3  day?





OPS/images/fncel-17-1274459-g002.jpg
50 mv

200 ms

100 nM Allo
_ | 100pa
30sec

100 nM Allo Bicuculline

150 -
=
g
2 100
€
e
::; ns. ns.
o 50 —
5 i
. 1
pre post pre post pre post
D
15 15
Ew 210
> >
8 3
8§ 5 g5

pre

post





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

Distinct mechanisms of
allopregnanolone and diazepam
underlie neuronal oscillations
and differential antidepressant
effect












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
& frontiers Frontiers in Cellular Neuroscience






