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Editorial on the Research Topic 


Recent Progress and Perspectives in Neurosteroid Research


The term "Neurosteroids" designates pregnenolone-derived bioactive compounds that are synthesized or catalyzed by neural cells and act locally on the central or peripheral nervous systems. At the molecular level, the actions of neurosteroids are mainly mediated through membrane receptors i.e. via their cognate receptors and/or via allosteric modulation of other receptors. At the cellular level, neurosteroids act as neurohormones, neuromodulators, neurotransmitters and/or neurotrophic factors. At the organismal level, neurosteroids regulate several physiological processes including arousal, sleep, learning, social and sexual behaviors. Thus, neurosteroids are now considered an important class of intercellular/intracellular signaling molecules in the nervous system, in very much the same as neurotransmitters, neuropeptides and growth factors. Not surprisingly, neurosteroids appear to be implicated in a number of pathophysiological conditions such as pain, neurodegenerative diseases, autism, stress, anxiety, depression, etc. Therefore, drugs targeting neurosteroid biosynthetic enzymes or neurosteroid receptors have strong potential for the development of novel therapeutic approaches.

This Research Topic compiles a series of review and original articles that provide a broad view of the current knowledge on the biosynthesis, functional roles and pathophysiological implications of neurosteroids, and highlights new concepts in this field.

We want to dedicate this Research Topic to the memory of our colleague and dear friend Kazuyoshi Tsutsui, an undisputed leader in neurosteroid research who, very sadly, passed away on September 16, 2021.

Progesterone and allopregnanolone are two neuroactive steroids that act primarily through membrane receptors (1). Progesterone can activate five metabotropic membrane receptors belonging to the progestin and adipoQ receptor (PAQR) family that are distinct from the GPCR family (2). Allopregnanolone and its 3β-methylated synthetic analog ganaxolone act as positive allosteric modulators of GABAA receptors (Pinna). The review by Thomas and Pang summarizes the current knowledge on the neuroprotective actions of allopregnanolone and ganaxolone.

Concurrently, Pinna describes the long journey between the discovery of allopregnanolone in the adrenal cortex (3) and the characterization of its anxiolytic and antidepressant properties (4, 5). The recent validation of allopregnanolone-based treatment of postpartum depression (6) opens new avenues for the development of other neurosteroid-derived drugs in neuropsychiatry.

Apolipoprotein A1 regulatory protein-1 (ARP-1), a member of the steroid receptor superfamily whose ligand is unknown (orphan receptor), regulates transcriptional activity of numerous genes including apolipoprotein-encoding genes (7). Using a yeast one-hybrid screening approach, Honda and Harada identified ARP-1 as a transcription factor that binds to a cis-element, aro-AII, responsible for the brain-specific expression of the mouse aromatase gene.

The recent years have seen substantial progress in the understanding of the bidirectional interactions between the hypothalamo-pituitary-adrenal (HPA) and the hypothalamo-pituitary-gonadal (HPG) axes (8). Hamidovic et al. have conducted a meta-analysis of data spanning over half a century of research on plasma cortisol levels in healthy women during the follicular vs. luteal phases of the menstrual cycle. Their study reveals that circulating cortisol levels are higher in the follicular phase. One possible explanation relies on the changes of GABAA receptor-modulating neurosteroids, including allopregnanolone, during the menstrual cycle (9).

GABAergic anesthetic agents such as isoflurane can exert adverse neuroendocrine effects, notably during the neonatal period (10). Li et al. have investigated the effects of sevoflurane on testosterone (T) and its derivative 17β-estradiol (E2) levels in 5-day old rats. They found that sevoflurane causes an increase in T levels in male rats only and an increase in E2 levels in both male and female rats. These data indicate that the adverse effects of general anesthesia at the beginning of the lifespan might be ascribed, at least in part, to a GABAA receptor-mediated increase of plasma sex steroids.

Biosynthesis of estrogens is catalyzed by the enzyme cytochrome P450 aromatase, also called estrogen synthase, that converts T into E2 (11). A recent study has revealed that administration of aromatase inhibitors may impair cognitive functions (12). In this context, Alia-Klein et al. have taken advantage of the availability of positron emission tomography (PET) aromatase radiotracers to correlate cognitive performance with aromatase levels in the human amygdala and thalamus.

During the perinatal period, neuroestrogens play a pivotal role in the sexual differentiation of the brain (13, 14). The review by Tsukahara and Morishita discusses the role of neuroestrogens of testicular origin on two sexually dimorphic brain regions, the preoptic area (POA) and the bed nucleus of the stria terminalis (BNST). Surprisingly, during the peripubertal period, testicular androgens, without aromatization, also contribute to sexual differentiation of the POA and BNST.

There is now strong evidence that estrogens synthesized within the CNS exert a neuroprotective action (15). Reciprocally, traumatic brain injury (TBI) can affect both estrogen biosynthesis and estrogen inactivation in the central nervous system (CNS) (16). Indeed, TBI can modulate various estrogen metabolizing enzymes including aromatase, steroid sulfatase, estrogen sulfotransferase and 17β-hydroxysteroid dehydrogenases.

Neuroactive steroids, like steroid hormones, can act through intracellular receptors (genomic actions) and/or plasma membrane receptors (non-genomic actions) (17). Neurosteroids are not only synthesized in the CNS but also in the peripheral nervous system (PNS) (18). Colciago et al. provide a comprehensive review of the various aspects of neurosteroid actions in the PNS through intracellular receptors, metabotropic receptors (i.e. G protein-coupled receptors) and ionotropic receptors (mainly GABAA receptors).

Various neurosteroids can negatively or positively modulate GABAA receptor activity and can thus act as proconvulsant or anticonvulsant agents (19). In their systematic review, Miziak et al. summarize the diverse effects of endogenous and exogenous neurosteroids on seizure activity in animal models and epileptic patients.

Astrocytes express both cytochrome P450scc and 3β-hydroxysteroid dehydrogenase, the two enzymes that are required for the biosynthesis of progesterone (20). Although estradiol initiates the luteinizing hormone (LH) surge that triggers ovulation and reproduction, estrogens do not act directly on gonadotropin-releasing hormone (GnRH) neurons (21). Sinchak et al. review the evidence that neuroprogesterone synthesized in hypothalamic astrocytes is involved in the estradiol-induced LH surge.

Fish, which exhibit intense aromatase activity in their CNS (22), represent attractive models to investigate the effect of neuroactive steroids on behavior. Silva et al. reviews the contribution of a weakly electric teleost fish, Gymnotus omarorum, to the understanding of the neuroendocrine mechanisms underlying non-breeding aggressive behavior. The data strongly support the involvement of brain-born estrogens in year-long territorial behavior.

In birds, the biosynthesis of various neurosteroids is higher in the pineal gland than in any other brain region. In particular, 7α-hydroxypregnenolone (23) and allopregnanolone (24) are actively produced in the chicken pineal gland. Haraguchi and Tsutsui review the physiological roles played, respectively, by 7α-hydroxypregnenolone and allopregnanolone in the control of locomotor activity and in Purkinje cell survival during development.

In human as in other vertebrates, sex steroids affect multiple neural and behavioral functions (25). Since the menopause transition is associated with a drop in estrogen levels, He et al. have performed functional MRI scan on premenopausal and perimenopausal women to investigate spontaneous brain activity. The results reveal altered brain functions in brain regions implicated in cognition and working memory in perimenopausal women.

The post-menopausal syndrome includes various neuropsychological disorders including depression, anxiety and dementia (26). In order to investigate the role of estrogens in these disorders, Renczès et al. have compared the effects of surgical (ovariectomy) and pharmacological (aromatase inhibitor) treatment on anxiety-like behavior and memory.

Neuroactive estrogenic and androgenic neurosteroids enhance hippocampal memory tasks (27). In their mini-review, Tozzi et al. recapitulate the evidence supporting the involvement of E2 and T in the induction of long-term potentiation (LTP) and long-term depression (LTD), and on dendritic spine formation in different brain areas. The data indicate that, while estrogens induce LTP and androgens induce LTD, both neurosteroids enhance dendritic spine formation.

Do transient changes in hormonal state during the menstrual cycle affect human behaviors? To answer this question, two types of experimental designs can be set up: within-subject designs where the same women are tested during different phases of their cycle or between-subject designs where two groups of women are tested at different cycle phases. Here, Diekhof et al. have performed a between-subject study to explore the effect of hormonal changes during the late follicular phase and the mid luteal phase on avoidance learning capacity, and they have concurrently conducted a meta-analysis of previously reported within-subject studies. Both approaches concur to demonstrate a decline in avoidance learning during the follicular phase compared to the luteal phase.

In conclusion, the contributions gathered in this Research Topic give an overview on recent advances in our understanding of the physiological roles and potential therapeutic implications of neurosteroids. They also highlight the challenges that remain to be addressed for the next decade. It is our hope that the readers will enjoy reading these articles, and that this Research Topic will become a major set of references for all researchers involved in this rapidly expanding field.
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Hormonal transitions across the menstrual cycle may modulate human reward processing and reinforcement learning, but previous results were contradictory. Studies assessed relatively small samples (n < 30) and exclusively used within-subject designs to compare women in hormonally distinct menstrual cycle phases. This increased the risk of sporadic findings and results may have been disproportionally affected by expectancy effects. Also, replication studies are widely missing, which currently precludes any reliable inferences. The present study was intended as a conceptual replication of a previous study [(1), Neuropsychologia 84; n = 15]. There, we had observed a reduction in avoidance learning capacity when women were in the high estradiol state of the late follicular phase as compared to the mid luteal phase with enhanced progesterone influence. These results conformed to the idea that estradiol and progesterone may antagonistically modulate dopaminergic transmission as a dopamine agonist and antagonist, respectively. Heightened progesterone in the luteal phase thereby supported the ability to learn from the negative outcomes of one's actions, while the follicular rise in estradiol interfered with this capacity. Here, we re-examined the above described within-subject difference between the follicular and the luteal phase in a between-subjects design. Seventy-five women were tested once with a probabilistic feedback learning task, while being either in the follicular (36 women) or luteal phase (39 women), and were compared for phase-related differences in behavior. Secondly, we combined the new data with data from three previous studies from our laboratory that used the same task and menstrual cycle phases. This meta-analysis included only data from the first test day, free of any biasing expectancy effects. Both analyses demonstrated the consistency of the decline in avoidance learning in the follicular relative to the luteal phase. We also showed that this decline reliably occurred in all of the included samples. Altogether, these results provide evidence for the consistency of a behavioral difference and its apparent association with a transient change in hormonal state that occurs in the natural menstrual cycle. Our findings may also open new avenues for the development of reliable between-subjects test protocols in menstrual cycle research.

Keywords: estrogen (17β-estradiol), menstrual cycle, replication crisis in psychology, reinforcement learning (RL), meta-analysis, progesterone and estradiol, reward processing


INTRODUCTION

There is an ongoing debate about whether menstrual cycle phase related differences in the concentrations of estradiol and progesterone significantly affect human reinforcement learning and reward seeking behavior as well as the associated neural processes. Although previous studies demonstrated a relationship between these hormones and different aspects of human reward processing (2), results showed a high variability and were not always consistent (3). Moreover, most studies in this domain were largely underpowered [n < 30; average sample size = 17 women; (3)] and replication studies are currently lacking. It is therefore unclear whether previous observations in humans were a product of the prevailing publication bias in the cognitive sciences or whether they indeed reflected the relatively strong effects of estradiol and progesterone in the mesocorticolimbic dopamine system that are suggested by animal studies.

In female rodents estradiol acts as natural dopamine agonist, which promotes the sensitivity for reward and interferes with the ability to avoid actions that lead to an undesired outcome (4, 5). In contrast, progesterone may partly inhibit dopaminergic transmission, and there is evidence that it can antagonize estradiol's action in the dopamine system (6–8). Progesterone should thus in turn support the ability to avoid actions that lead to a negative outcome (9). In line with the rodent evidence, the neuroimaging study by Diekhof and Ratnayake (1) found that women showed a reduced ability to learn from negative feedback in the high estradiol state of the late follicular phase compared to the mid luteal phase, in which progesterone reached its cyclic maximum. However, their results were based on the data of 15 young women, who were repeatedly tested. A repeated test protocol is not unproblematic, as the task repetition can lead to expectancy or carry-over effects, which may contaminate the experimental effect, one is actually interested in (10–12). Further, such a small sample may preclude the generalizability of the results to a larger population or could even reflect a false positive, sporadic finding. The present study was therefore intended as a conceptual replication of results of Diekhof and Ratnayake (1). The term “conceptual replication,” as we use it here, refers to the repetition of a test of a hypothesis or a result of earlier research work with a different method. This means that the immaterial information focus (i.e., the experimental task performed by the participants) remained the same between studies. In contrast, the material realization of this information differed in line with the experimental idea (i.e., here we intended to replicate a within-subject effect related to changes in hormonal state with a between-subjects design). In contrast, the term “direct replication” refers to the exact repetition of the experimental procedure of a previous study. This can be accomplished by testing a larger repetition sample with the same experimental setup as used in the first study [in our example this would have been equivalent to a within-subject design simply applied to a bigger sample; see Schmidt (13) for discussion and overview].

Here, we assessed the above described difference in avoidance learning capacity between the late follicular and the mid luteal phase (1) in a larger sample and with a between-subjects design, a procedure through which we avoided contamination by repeated testing. For further confirmation of the observed effect, we combined the newly collected behavioral data with those collected in three previous studies from our laboratory that employed the same probabilistic feedback learning task and tested women in comparable menstrual cycle phases. All data for this meta-analysis came from independent observations collected during the first, naïve test day. The meta-analytic data were examined for between-subjects effects associated with menstrual cycle phase. In that way we wanted to evaluate the consistency of the behavioral findings across studies and also intended to compare the results derived from the between-subjects design with the outcome of the commonly used within-subject approach in menstrual cycle research.



MATERIALS AND METHODS


Participants

In total, 93 healthy young women [age [mean ± sem] = 25.2 ± 0.4 years] were tested for this study. They had no current or previous psychiatric or neurological diagnosis, reported to have no history of drug abuse, and did not have any chronic disorder related to the hormone system (e.g., Diabetes, Hashimoto-Thyroiditis, PCO). All reported to have regular menstrual cycles (cycle length between 21 and 35 days), were fluent in German, and had corrected-to-normal vision. Thirty-six women had never used hormonal contraception. The remaining 57 women had taken hormonal contraceptives in the past and reported the month of the last intake. None of them had used hormonal contraceptives within the month preceding the study [average distance between test and last intake [mean ± sem] = 27.7 ± 4.3 months; median distance = 15 months]. Three women had stopped oral contraction <3 months before the actual test, two of them were in the follicular phase on the test day. All subjects gave written informed consent and were paid for participation. The present study was approved by the local ethics committee (Ethikkommission der Ärztekammer Hamburg).



Power Analysis for Determination of Optimal Sample Size

Here, we opted for testing a group of sufficient size to reach an acceptable level of statistical power (≥80%). The sample size for the given project was determined based on the results of Diekhof and Ratnayake (1). There, women were better at avoiding the least rewarded option “B” in the mid luteal phase [mean avoidance frequency ± SD = 77.0 ± 21.1%] compared to the late follicular phase [mean avoidance frequency ± SD = 62.5 ± 16.1%; correlation between paired values = 0.136; Cohen's d = −0.52]. Assuming a power of at least 80%, this behavioral difference translated to an effect size of dz = 0.59 in G*Power [(14); please note that in G*Power dz = |μx−y| / σx−y, which is somewhat different from Cohen's d = [μ-c]/σ]. In order to achieve the same effect size and a power of 80% at p < 0.05 in a between-subjects design, G*Power indicated an optimal sample size of 37 women for each test group in the direct comparison of the two cycle phases. For the assessment of the interaction between “learning preference” in the reinforcement learning task and “cycle phase” a slightly higher number of participants per group was indicated (n = 42).



Post-test Exclusion Criteria

Menstrual cycles are highly variable and thus crucial events, like ovulation, are to a certain extent unpredictable. Cycle phase was therefore determined by a two-step procedure. The test appointment was made based on the onset of menstruation in the given cycle and the expected cycle length based on retrospective information on average cycle length provided by the participant. After the behavioral test took place and the given cycle ended with the onset of the next menstruation, we adjusted the test day to the actual cycle length (actual test day). The actual test day was then standardized to a 28-day cycle for all participants (see Experimental procedure below for standardization formula).

Further, to make our test procedure most similar to the procedures commonly used in within-subject designs, we also decided to exclude participants whose standardized cycle day indicated that they had been tested too late in the follicular phase, when hormone level could have been highly unstable (on the 3 days during and around ovulation). We also excluded participants who were tested when estradiol and progesterone were at their nadir (near the onset or offset the menstrual cycle). These post-test exclusion criteria applied to 16 of the already tested women. Eight of these women were sampled directly before, during or after ovulation, namely at standardized cycle days 13, 14, and 15 of the standard 28-day cycle. Another two women had a positive ovulation test at the time of testing. While the remaining 6 women were either tested at cycle onset (before standardized cycle day 2; n = 4) or near its offset (after standardized day 27; n = 2). Please note, that based on the pre-definition of time bin, not all of the subjects, who were actually tested on standardized cycle days 13–15 underwent an ovulation test, as this applied only for the predefined time bins 4–6 (see Supplementary Table 1). Another two women did not report the onset of the next cycle and did not reply to our further email inquiries, which also led to their exclusion. Thus, altogether 18 of the 93 women had to be excluded after the behavioral test was completed.



Experimental Procedure

We planned to test 100 women over the course of 6 months (November 2017–May 2018). Tests were performed under supervision of two female experimenters. Altogether, we tested 93 women during this period, of whom 75 were included in the final analysis after application of the post-test exclusion criteria (see above). Each subject was tested once within one of ten pre-determined time bins that comprised two to four cycle days (Supplementary Table 1). The pre-definition of time-bins was used to schedule the tests of a sufficient number of subjects in an equal distribution across the two cycle phases of interest and to balance testing between the two female experimenters in charge of data collection. The pre-defined test day of a given woman, i.e., the prospective test day, was based on the onset of her menstruation in the present menstrual cycle and the expected cycle length, which was determined from the average length of two previous menstrual cycles. Following the behavioral test and the onset of the next menstruation this information was then adjusted to the actual cycle length of the given test cycle and standardized to a cycle length of 28 days [standardized cycle day = actual test day/ actual cycle length * length of standard 28-day cycle]. Based on this calculation, we determined that 36 of the 75 women were in fact tested during the follicular phase (standardized cycle days 2–12), while 39 women performed the test in the luteal phase (standardized cycle days 16–26), approximating the optimal sample size as determined by G*Power. The result of this calculation was thereby comparable to other counting methods previously used to determine cycle phase, such as the “reverse counting method” [e.g., Puts (15)]. The reverse counting method uses the participant's date of the onset of menstruation of the next cycle and counts back from that date by 14–15 days to retrospectively approximate the date of ovulation. Relative to this ovulation date the current cycle position of the test day is then determined. We also applied this method to our data and found that 35 of the 36 women were classified by the reverse counting method as being in the follicular phase, while the reverse counting method assigned one of our follicular phase women (actual test day = 11; cycle length of given cycle = 25; standardized cycle day = 12) to the ovulation day (ovulation day according to reverse counting method = 11). Since this woman did not have a positive ovulation test before or at the test day and following our counting method was not tested between standardized days 13–15, we kept her original assignment to the follicular phase. Further, 38 luteal phase tests overlapped between our and the reverse counting method. One woman, who had a relatively long test cycle of 40 days, despite reporting regular cycles earlier, was placed in the luteal phase by our counting method (actual test day = 24; cycle length of given cycle = 40; standardized cycle day = 17), while the reverse counting method indicated that she might have performed the test during the late follicular phase (ovulation day according to reverse counting method = 25). Since she was tested in bin 7 (see Supplementary Table 1), she did not perform an ovulation test prior to the test. However, if we excluded her case from the subsequent analyses below, for example in the ANOVA the interaction between “learning outcome” and “cycle phase” remained significant nevertheless (p = 0.048) and the effect size remained identical (partial eta2 = 0.05). Since otherwise there was no indication that the reverse counting method was somehow superior to our standardization procedure, we kept the cycle phase determined by our method for all women.

Finally, in order to match the two groups of women for various characteristics, they completed a battery of neuropsychological questionnaires and behavioral tests to assess relevant personality characteristics, cognitive capacity as well as mood and premenstrual symptoms. Working memory capacity was measured with the Digit span test and the combined score of forward and backward span. Impulsiveness was measured with the Barratt Impulsiveness Scale (BIS) (16), and color vision discrimination—as an index of dopamine functioning—was measured with the Lanthony Desaturate Panel D−15 [see Colzato et al. (17)]. The Lanthony score was thereby determined according to Geller (18). Current mood was examined with the Multidimensional Mood Questionnaire [MDBF; (19)] and premenstrual symptoms were determined with the Premenstrual Symptoms Questionnaire by Ditzen et al. (20). Altogether, the women in the two cycle phase groups did not differ in age, education level, working memory capacity (Digit span), impulsiveness (BIS score), dopaminergic capacity (Lanthony score), mood (MDBF score), and premenstrual symptoms (PMS score) during the test day.



Task Description

We used the probabilistic feedback learning task already employed by Diekhof and Ratnayake (1). The task entailed a learning phase, in which participants learned to associate certain stimuli with probabilistic feedback that varied between the stimuli (Figure 1A). During the learning phase (session 1) participants were required to choose the better option from three fixed stimulus pairs (so called pairs “AB,” “CD,” and “EF”) to maximize the incidence of positive feedback (smiley face). The stimuli denoted here as A, B, C, D, E, and F were different hiragana and kanji symbols. Once participants selected one of the symbols from a given stimulus pair, they received direct probabilistic feedback to enforce the different stimulus-feedback contingencies. Pair AB had the highest discriminatory power. Selection of symbol A was “rewarded” with a positive feedback (smiley face) in 80% of selections, while a grumpy face was shown as negative feedback in 20% of selections. In contrast, selection of symbol B yielded a grumpy face in 80% of selections, while only 20% of selections were followed by the positive smiley feedback. The pairs CD and EF yielded a positive feedback in 70:30 and 60:40, respectively. This made symbol A the most often “rewarded” option (best option), while B was the least “rewarded” option (worst option) in the task. Within the other pairs, C and E were the relatively better choices to be made. Before starting the learning phase, participants were instructed to collect as many smiley faces as possible and to avoid the negative grumpy feedback. Unbeknownst to the participants, the combination of the two symbols in the three stimulus pairs was fixed during the 360 trials of session 1. The actual screen location of the two stimuli (left or right) from each pair was pseudorandomly varied as was the sequence of the three stimulus pairs. At the end of the learning phase participants were expected to choose the relatively better options of the three pairs more often than their worse counterparts.
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FIGURE 1. Experimental paradigm. Example trials of the probabilistic feedback task. (A) Session 1 represents the learning phase with the fixed stimulus pairs AB, CD, and EF. The probabilities of positive feedback are displayed next to the respective symbols. Example trial: a trial starts with a blank screen delay of variable length. Then the stimulus pair is shown until a response is made or until 1,500 ms have passed without responding. Following the response or the 1,500 ms the participant receives an informative feedback, which either indicates a positive or negative performance outcome (smiley vs. grumpy face) or informs the participant that no response has been made. (B) In the transfer phase (session 2) the participants are not only confronted with the original pairs, but also face novel pairs. Responses are no longer followed by informative feedback, but participants just receive a dot indicating that a response has been made.


The learning session was followed by a transfer phase (session 2) that also included novel stimulus pairings (e.g., AC, BD, CF). But this time participants did not receive informative performance feedback after their decision [Figure 1B; see also Diekhof and Ratnayake (1)]. Participants were informed about the absence of feedback before session 2 was started, and were instructed to continue with their choices like in session 1, nevertheless. They were not informed about the changes in stimulus pairs. Novel pairs that contained either the symbol A or B allowed us to examine whether subjects rather learned through a preference for the best option A or through avoidance of the worst option B. Preferentially choosing A, the option associated with the highest probability of positive feedback, above all other stimuli in novel pairs is considered as an indicator of the ability to learn from the positive outcome of one's actions. In contrast, an increased avoidance of option B, that was associated with the highest probability for negative feedback, in novel pairs is believed to reflect avoidance learning capacity (21). In all, old and novel pairs were shown 12 times each in a pseudorandomized sequence of pairs and individual screen locations within pairs. The timing of the task remained the same as in the neuroimaging study by Diekhof and Ratnayake (1) (see also Figure 1). The task included the emulation of an fMRI-trigger signal with the repetition time of 2,000 ms as well as a temporal jitter at trial onset.

The transfer phase allowed us to disentangle the ability to learn from the positive outcome of one's actions, here the positive feedback, from the capacity to successfully avoid a negative action outcome, here the negative feedback. It has been assumed that these two aspects of learning may rely on two anatomical routes in the basal ganglia that either promote or inhibit action selection depending on current dopaminergic state (9). These routes may also be subject to the modulation by estradiol vs. progesterone, which may act as a dopamine agonist vs. antagonist, respectively (3). Based on Diekhof and Ratnayake (1), we predicted to find a reduction in the ability to learn from the negative feedback in the high estradiol state of the follicular phase compared to the high progesterone state of the luteal phase. The ability to effectively learn from negative feedback was measured from the percentage of the correct avoidance of the worst option B (“Avoid B” performance) in the novel stimulus pairs of the transfer phase. This required the participant to choose the relatively better stimuli C, D, E, or F from the respective pairs with B, which had all led to a higher incidence of positive feedback than stimulus B in session 1. Conversely, the ability to identify A as the best option was measured by the percentage of selections of A from the novel pairs with A (i.e., AC, AD, AE, and AF) in the transfer phase (“Choose A” performance).



Collection and Analysis of Saliva Samples

Saliva sample collection followed the common procedure used by our laboratory (1). This included collection of five saliva samples in the morning of the test day. Participants started directly after waking up and provided saliva samples in regular intervals over the course of 2 h. For this they used five 2 ml polypropylene Eppendorf tubes. The samples were frozen at −20°C upon arrival at the laboratory. For the analysis, equal amounts from each of the five samples were combined in an aliquot that was refrozen and then evaluated with a 17beta-Estradiol Saliva ELISA und a Progesterone Saliva ELISA Kit from IBL International (Tecan Group) following the manual provided by the manufacturer. Optical densities were transferred to concentrations with the internet tool https://elisaanalysis.com. The lowest detection level of estradiol in saliva was 2.1 pg/ml, and 3.13 pg/ml for progesterone.



Description of the Comparison Samples for the Meta-Analysis

For the second analysis, we combined our new behavioral data with previous results from the first test day of Diekhof and Ratnayake (1). In addition, the data from two other unpublished within-subject studies from our laboratory were also included. In all studies women were tested in the late follicular or the mid luteal phase at the first, naïve test day. All studies used the same version of the probabilistic feedback learning task described above, which was always performed first, before any other cognitive tasks included in the different studies. Other study specificities (like daytime or season) were not further considered here. All studies had in common that they assessed healthy young women with a comparable degree of education (on average undergraduate or graduate university education) and age (mean age ± sem = 24.27 ± 0.35 years; age range = 20–30 years), and the pre-test exclusion criteria were identical. All data included here were from the first, naïve test day.

The fMRI study by Diekhof and Ratnayake (1) contributed 15 cases of whom nine were tested in the late follicular phase and six in the mid luteal phase on test day one. The data for this fMRI study were collected by three female experimenters from August 2012 to March 2013. Session 1 of the probabilistic feedback learning task was performed in the MR-scanner, while the subsequent transfer task (session 2) was completed in a secluded test room directly after the participant left the MR-scanner.

The first unpublished study included in the meta-analysis was an EEG study. Originally this study tested women in three hormonally distinct cycle phases (menstruation, late follicular, and mid luteal phase), using a counterbalanced within-subject design. Three female experimenters collected the data between November 2012 and April 2013. Here, we used the data of the first naïve test day. Eight women started the EEG study in the late follicular phase and six were in the mid luteal phase at test day one. Women who started the test protocol during menstruation were not considered for the meta-analysis. Both sessions of the probabilistic feedback learning task were performed in a secluded test room, while the EEG was recorded.

The second unpublished study was designed to assess the influence of menstrual cycle phase on the human transcriptome in peripheral blood and assessed its relation to reinforcement learning. Women completed three repeated tests during menstruation, late follicular, and mid luteal phase in a counterbalanced within-subject design. Data for this transcriptome study were collected by two female experimenters from March to June 2017. Ten women were in the late follicular phase on the first test appointment, while eight started the study in the mid luteal phase. The data of the menstruation test were not included here. In the transcriptome study women arrived with an empty stomach at the test facility between 8 a.m. and 9 a.m., where a blood sample for transcriptome analysis was drawn. After that women had a small breakfast and commenced to the secluded test room, where they completed the probabilistic feedback learning task.

The data from the first test day of the three previous studies were combined with the present data to perform a meta-analysis of all data. Since the three previous studies specifically focused on the late follicular and the mid luteal phase, we decided to include only the data points from the late follicular (n = 19) and the mid luteal (n = 22) phase of the present study. We also standardized the cycle days from previous studies to a 28-day cycle (see procedure above). This resulted in the following distribution of standardized cycle days in the late follicular phase (mean ± sd): fMRI study = 12.3 ± 2.4; EEG study = 11.4 ± 2.4; Transcriptome study = 13.3 ± 2.3; Present study = 10.2 ± 1.5; All studies combined (n = 45) = 11.4 ± 2.3. The standardized cycle days of the mid luteal phase were: fMRI study = 22.5 ± 2.5; EEG study = 21.3 ± 4.8; Transcriptome study = 22.7 ± 2.0; Present study = 22.3 ± 1.8; All studies combined (n = 40) = 22.2 ± 2.5.



Statistical Analysis

The statistical analyses were performed with IBM SPSS Statistics (Version 22). We were primarily interested in the results of the transfer phase (session 2) that reflects overall learning outcome and the difference in punishment sensitivity (Avoid B performance), which had been observed when comparing the two cycle phases in the within-subject design of Diekhof and Ratnayake (1). For this we used a repeated measures two-way ANOVA with the within-subject factor “learning outcome” (Choose A and Avoid B performance) and the between-subjects factor “cycle phase” (follicular and luteal phase). T-tests were used for direct post-hoc comparisons. Statistical significance was assumed at p < 0.05, two-tailed.




RESULTS

Group comparisons showed that the two test groups were well-matched for the various characteristics of working memory, personality and mood (Table 1). Salivary hormone concentrations were measured in 28 women of the follicular and in 35 of the luteal phase. Similar to Diekhof and Ratnayake (1) the mean estradiol level did not differ between the follicular and the luteal phase (p = 0.97), but there was a significant difference in progesterone (p < 0.001) and in the estradiol to progesterone ratio (p < 0.001) (Table 1), suggesting different relative contributions of estradiol and progesterone in the two cycle phases (see also Figure 2A for a descriptive overview of the hormonal transitions over time bins).


Table 1. Demographic characteristics of the participants.
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FIGURE 2. Hormonal changes across the menstrual cycle and their association with reinforcement learning. (A) Changes in salivary estradiol, progesterone and in the estradiol/progesterone ratio across the menstrual cycle (data are from independent subjects; cycle days were standardized to a 28-day cycle). Days 13–15, during which ovulation most likely occurred, are not shown here. (B) Significantly lower punishment sensitivity in the follicular phase as opposed to the luteal phase in the between-subjects study [t(73) = −2.27, p = 0.026, Cohen's d = 0.52, 95% CI [lower, upper] = −19.60, −1.27]. (C) Significantly lower punishment sensitivity in the late follicular phase compared to the mid luteal phase in the meta-analysis [t(86) = −2.62, p = 0.01, Cohen's d = 0.56, 95% CI [lower, upper] = −19.60, −2.70]. Significant differences between cycle phases (p < 0.05) are indicated with an asterisk.


Learning outcome of session 1 was comparable between the cycle phases. Accordingly, all participants learned to select the better option from the three pairs AB, CD, and EF with a higher frequency regardless of the cycle phase (all p > 0.331; see Table 2). This was similar to Diekhof and Ratnayake (1).


Table 2. Learning performance did not differ between the follicular and luteal phase.
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The data from the subsequent transfer phase were subjected to a repeated measures, two-way ANOVA with the within-subject factor “learning outcome” (Choose A and Avoid B performance) and the between-subjects factor “cycle phase” (follicular and luteal phase). Apart from a significant main effect of “learning outcome” [F(1, 73) = 17.3, p < 0.001, partial eta2 = 0.19], and the absence of a main effect of “cycle phase” [F(1, 73) = 1.6, p = 0.204, partial eta2 = 0.02], we observed a significant interaction between the between-subjects factor “cycle phase” and the within-subject factor “learning preference” [F(1, 73) = 4.0, p = 0.049, partial eta2 = 0.05]. This was the result of a significant decline of the ability to avoid the option that most often yielded negative feedback (Avoid B performance) in the follicular phase relative to the luteal phase [mean ± sem: follicular phase = 56.38 ± 3.48%; luteal phase = 66.81 ± 3.04%; t(73) = −2.27, p = 0.026, Cohen's d = 0.52, 95% CI [lower, upper] = −19.60, −1.27]. In contrast Choose A performance remained unaffected by cycle phase [mean ± sem: follicular phase = 73.62 ± 3.12%; luteal phase = 72.86 ± 3.60%; t(73) = 0.16, p = 0.875, 95% CI [lower, upper] = −8.81, 10.32] (Figure 2B).

A second two-way ANOVA with the same factors, which was however restricted to data points from the late follicular phase, near the pre-ovulatory estradiol peak (standardized cycle days 7–12, n = 19), and of the mid luteal phase when progesterone approached its maximum (cycle days 19–24, n = 22), confirmed the significant two-way interaction between “cycle phase” and “learning preference” [F(1, 39) = 4.50, p = 0.04, partial eta2 = 0.10]. The post-hoc test showed that avoidance learning was again significantly different between cycle phases [mean ± sem: follicular phase = 54.07 ± 4.65%; luteal phase = 68.48 ± 4.31%; t(39) = −2.28, p = 0.028, Cohen's d = 0.71, 95% CI [lower, upper] = −27.23, −1.61]. The augmented effect size d however suggests that despite a reduction in sample size the assessment of the late follicular and the mid luteal phase, which should be most distinct in terms of their relative estradiol and progesterone influence, may even enhance discriminatory power in the between-subjects approach. Again, Choose A performance did not differ between cycle phases [mean ± sem: follicular phase = 73.35 ± 4.46%; luteal phase = 70.93 ± 5.04%; t(39) = 0.35, p = 0.726, 95% CI [lower, upper] = −11.40, 16.23].

In a second step we performed the two-way ANOVA on the combined data of the transfer task from the three previous and the present study (n = 88; nlate follicular phase = 49). The associated data from session 1 can be found in Table 3, which shows the comparable learning outcome in both cycle phases. In the transfer phase, a significant interaction between “cycle phase” and “learning outcome” could be observed [F(1, 86) = 4.86, p = 0.030, partial eta2 = 0.05]. The main effect of “learning outcome” was also significant [F(1, 86) = 19.79, p < 0.001, partial eta2 = 0.19], while the main effect of “cycle phase” was not [F(1, 86) = 2.46, p = 0.120, partial eta2 = 0.03]. Women were better at avoiding the worst option B during the mid luteal compared to the late follicular phase [mean ± sem: follicular phase = 56.64 ± 2.79%; luteal phase = 67.79 ± 3.23%; t(86) = −2.62, p = 0.010, Cohen's d = 0.56, 95% CI [lower, upper] = −19.60, −2.70], but demonstrated no difference in choosing stimulus A from novel pairs [mean ± sem: follicular phase = 74.41 ± 2.73%; luteal phase = 73.78 ± 3.39%; t(86) = 0.147, p = 0.884, 95% CI [lower, upper] = −7.96, 9.23] (Figure 2C). As the sample size of the individual studies that contributed to the meta-data was very small, we only visually inspected the performance data of test day one from each of the four studies (Figures 3A,B). This showed that the difference in Avoid B performance when subtracting the percentage of the late follicular phase from that of the luteal phase (Δluteal-follicular phase) was always negative (meanΔluteal−follicular phase: EEG study = −5.15%; fMRI study = −6.71%; Transcriptome study = −13.25%; Present study = −14.42%). In contrast, the delta of Choose A performance varied considerably between studies (meanΔluteal−follicular phase: EEG study = −17.04%; fMRI study = 18.29%; Transcriptome study = −5.99%; Present study = 2.42%). This implied that only the ability to avoid a negative outcome appeared to be consistently reduced in the late follicular compared to the mid luteal phase across the four studies from our laboratory, even when comparing independent observations in the two critical menstrual cycle phases.


Table 3. Learning performance did not differ between the late follicular and mid luteal phase in the meta-analysis based on the combined data from four independent studies.
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FIGURE 3. Boxplots of the percentage of (A) correct choice of the best stimulus A, and of (B) correct avoidance of the worst stimulus B in novel stimulus pairs presented during the transfer phase. The ends of the whisker are set at 1.5*interquartile-range above the third quartile and 1.5*interquartile-range below the first quartile. Only the minimum (Min Outlier) and maximum (Max Outlier) outliers are shown here. We also added the arithmetic mean of the percentage of correct selection for each study and cycle phase to the box plot (see black dots; mean values from the same study are connected by a dashed line). The figure was created with the box plot template by Wittwer (22).




DISCUSSION

The present study collective was recruited as an independent replication sample, based on which we wanted to evaluate previous results from a study that used the common within-subject design (1). Our study thus constitutes the first attempt of a conceptual replication in the field of menstrual cycle research. Additionally, the present study was intended to demonstrate the feasibility of a between-subjects design in menstrual cycle research. For this purpose, 75 women were tested once with a probabilistic feedback learning task in one of the designated cycle phases. The data from the follicular and the luteal phase were then compared. In a second step, we combined the newly acquired behavioral data with data from three previous studies of our laboratory. Notably, we included only data points from the first, naïve test day of these studies and compared behavior in the late follicular and mid luteal phase. Both analyses demonstrated the consistency of the phase-related difference in avoidance learning and the observed medium effect sizes were in the range of the previously documented within-subject effect. We also showed that, although the actual extent of the reduction in the ability to avoid negative feedback in the high estradiol phase relative to the high progesterone state varied between studies, it occurred in all four studies. Altogether, these results provide evidence for the consistency of a behavioral effect across studies and further underscore the assumption that it may indeed reflect a hormone-related variation in female reinforcement learning ability.

Replications are still rare in the cognitive sciences. Yet, they are necessary to evaluate the implications of fundamental findings for societal and health-related considerations, and to create a solid basis for innovative research (23). Behavioral changes across the menstrual cycle have been assumed to reflect the degree to which estradiol and progesterone influence neural transmission in various cognitive networks, but previous findings were mixed (2, 3). Most results thereby came from within-subject designs that tested only small samples (n < 30) and replication studies are currently missing. Therefore, it is possible that many findings were in fact sporadic or might have been disproportionally inflated by involuntary data dredging (24). The present study was an attempt to account for previous shortcomings. We were able to replicate the cycle phase related differences in avoidance learning in a between-subjects design. In that way, our study represents the first conceptual replication of a behavioral within-subject variation (1), which suggests that the observed effect can probably be attributed to changes in hormonal state across the menstrual cycle.

Here, we observed the hypothesized alteration in avoidance learning in women, who were tested only once in a task-naïve state. The behavioral difference was thereby already visible when we compared data that covered the complete follicular and luteal phase (Figure 2B). Diekhof and Ratnayake (1) restricted the two tests to the hormonally more distinct phases of the late follicular and the mid luteal phase. If we did so in our sample, we found that the effect remained significant and the post-hoc comparison yielded a slightly higher effect size than the complete sample. This suggests that the finding of reduced avoidance learning in the state, in which the estradiol effect is unopposed by progesterone, i.e., the late follicular phase, compared to the state of increased progesterone influence, i.e., the mid luteal phased, is in fact reliable and can be replicated when comparing two groups of independent subjects in the respective phases of the menstrual cycle.

In addition to that, we combined the present data from the late follicular and the mid luteal phase with the data from the first test appointment of Diekhof and Ratnayake (1) and of two unpublished studies from our laboratory. This meta-analysis comprised 88 data points that were collected by nine different female experimenters between August 2012 and May 2018 and with different ramifications (e.g., in the early morning following a blood-draw for transcriptome analysis, while undergoing EEG-measurement, or in the fMRI scanner). Yet, all studies used the same probabilistic feedback learning task as the first experimental paradigm in the test procedure and assessed young healthy women of comparable age and education. Again, we found that the effect under research was reliable. First, the combined data confirmed the difference in the ability to avoid the least rewarded option between the luteal and follicular phases (Figure 2C), and second, in each of the included studies this difference was negative and thus conformed to the original direction of the within-subject finding (Figure 3B). This latter observation provides further evidence for the inferential reproducibility of the original finding. Amrhein et al. (24) argue that the faulty interpretation of a replication as being non-significant and therefore as representing a contradiction to the original results, only because the p-value exceeds 0.05, lets many researchers overlook the fact that p-values may rather reflect graded evidence against the null hypothesis. In that way, p-values cannot be considered as the main indicator for the reliability of research. This is because p-values and significance are hardly replicable, even if the alternative hypothesis is true. Amrhein et al. (24) provide several examples that show that even at a good statistical power of 80%, two studies can be “conflicting,” in that one of the results will be significant and the other will not fulfill the statistical criterion, in one third of the cases, if there is a true effect. A replication can therefore not be interpreted as having failed only because it is non-significant (24). It is often neglected that the replication findings in fact point in the same direction as the original ones, even if the statistical criterion of p < 0.05 is not fulfilled. Since the individual samples of our previous studies were too small to statistically compare the data separately, the combined results (Figure 2C) as well as the descriptive finding of a negative Δluteal-follicular phase in all studies (Figure 3A) further support the reliability of the reduction of avoidance learning in the high estradiol state of the follicular phase relative to the luteal phase that was dominated by the effect of progesterone.

What are the implications of the present findings for future research? First, they demonstrate a reliable behavioral effect that is reproducible across different studies, and in a between-subjects comparison, given a matched sample of sufficient size. In that way the present data are consistent with rodent evidence that demonstrated the partly antagonistic effects of estradiol and progesterone on dopaminergic transmission [e.g., (5–8)]. Estradiol may thereby act as a dopamine agonist that promotes reward seeking behaviors, but inhibits the ability to adequately adapt to a punishing outcome. Conversely, progesterone may suppress dopaminergic responses and down-regulates tonic dopamine thus acting in the opposite direction of estradiol (3). Second, the present results may open new avenues for research protocols that examine menstrual cycle effects. By showing that a between-subjects approach may produce comparable results as the common within-subject design, could help to overcome two problems that always accompany within-subject designs: To begin with, the repeated testing of a typical menstrual cycle study can lead to expectancy effects that may contaminate the already small behavioral effects related to changes in hormonal state. Wallen and Rupp (10) showed that the menstrual cycle phase during first exposure to sexual stimuli predicted subsequent interest in sexual stimuli. If women started their test protocol in the high estradiol state of the late follicular phase they showed not only increased interest in the sexually explicit photos there, but this effect was also transferred to the other cycle phases. In contrast, no increased sexual interest in the late follicular phase could be demonstrated, if the women started in any of the remaining cycle phases (10). Leeners et al. (11) noted that “[…] it is important to recognize that the specific timing of the first test application still introduces a major bias even in counterbalanced test-sequencing designs.” This is because in one group the practice effect will most likely parallel the actual effect under research (e.g., the influence of estradiol on sexual interest), which could then disproportionally contribute to the expected outcome, or bias processing in the other cycle phases. Therefore, counterbalancing cannot completely wipe out practice effects [see also Leeners et al. (11) for discussion]. Only two studies that assessed changes in stress responsivity across the menstrual cycle intentionally used a between-subjects design and compared the follicular and luteal phase (25) or the early follicular phase and the period around ovulation (26). Maki et al. (25) found that the cortisol stress response was significantly increased in women, who were tested during the follicular phase, and this was also related to the extent of emotional memory impairment women experienced during this phase. Albert et al. (26) reported a reduced distress experience during ovulation that was reflected in altered neural responses. Yet, while in stress-related research between-subjects designs are quite common and also mandatory, since expectations associated with the stress intervention could facilitate modulatory mechanisms like stress coping, to our knowledge the present study is the first between-subjects design employed in the context of reinforcement learning and reward processing.

Moreover, repeated tests at two or even three predetermined cycle phases constitute a logistic challenge. Menstrual cycles tend to show irregularities so that critical phases can be missed, and the daily obligations of a given subject often interfere with test schedules synchronized to individual cycles. Given the limited time frame of research grants this can also considerably limit the sample size. In fact, the average sample size of previous studies in the domain of reward processing is about 17 women [see Diekhof (3) for overview]. Apart from that, lengthy data collection periods may also incur the risk of contamination by other unwanted factors, like seasonal variations in the neuroendocrine response [e.g., Eisenberg et al. (27)]. With regard to the meta-data, we found the largest behavioral difference in the present study which also included the biggest sample. The second largest and numerically almost comparable difference between cycle phases was found in the Transcriptome study, for which the data were collected under the most controlled conditions (Figure 3B). In fact, to keep the blood transcriptome free from contaminating factors (e.g., food intake, circadian, or seasonal influences), women were always tested in the early morning and the study was completed within 3.5 months. In contrast, the two neurophysiological studies tested women whenever time slots were available on the desired test day. Also, data collection was not confined to a certain season. Still, even these latter studies identified the behavioral effect, although it was numerically smaller (Figure 3B). This suggests that a controlled test environment that also considers circadian and seasonal influences on the neuroendocrine response may further support data quality, which again underscores the fact that menstrual cycle research could benefit from test protocols that favor the collection of large samples over a short period of time. Nevertheless, it is also important to point out that between-subjects designs do not only offer advantages, but can produce a number of potential confounds caused by inter-subject variability. The present study tried to closely match participants with regard to education level, age, working memory capacity, impulsiveness, dopaminergic capacity, mood-state, and premenstrual symptoms. All subjects were healthy and did not report any previous or present psychiatric or neurological problems. Yet, it is still possible that the subjects from the two cycle phases differed in an aspect that was not matched here. For example, genetic variability in dopaminergic baseline capacity could represent a significant source of inter-subject variance (28), which was not controlled here. Since the results from the meta-analysis conformed to the present observation, and further replicated an already published within-subject finding, we think that it is very unlikely that an unknown inter-subject aspect determined the group-difference in avoidance learning.



CONCLUSION

Taken together, both the present study and the meta-analysis show that our previous within-subject finding can be replicated with a between-subjects design. This does not only support the reliability of the behavioral effect, but also opens new possibilities for future test protocols in menstrual cycle research. The present design circumvents the possible complications caused by repeated testing, since subjects are naïve to the test paradigm. Further, it also does not incur the logistic restrictions of within-subject designs and avoids lengthy periods of data collection. Given sufficient statistical power, i.e., a sufficient sample size that should be pre-determined by a power analysis, close matching of participants, and with careful control of the ramifications that accompany data collection (e.g., by restricting tests to a certain day time or season), future studies should achieve even more valuable contributions to menstrual cycle research by using comparable between-subjects approaches. Within this context, pre-registration of test protocols may further contribute to the reliability of future findings made by menstrual cycle research.
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INTRODUCTION

Allopregnanolone, today best known as brexanolone and marketed as Zulresso™ for the treatment of postpartum depression is part of only two recently Food and Drug Administration (FDA)-approved fast-acting antidepressants, with esketamine nasal spray, an NMDA receptor antagonist used in treatment-resistant depression being the other (1).

The trajectory, lasting 80 years, that brought allopregnanolone from its discovery (2) in 1938 in the adrenal glands, to understanding its fast non-genomic mechanism in potentiating membrane neurotransmitter receptors, including GABAA receptors (3, 4), underlying its role in acute and chronic stress (5–7), discovering its powerful non-sedative pharmacological effects as anxiolytic and antidepressant agent in animal models and humans (8–10), to the design of the first clinical trials for postpartum depression (11), and finally to the shelves of the clinics in 2019, is regarded as one of the best examples of translational drug development in neuropsychopharmacology (12, 13).

This article redraws the most significant milestones in allopregnanolone discoveries and evaluates future perspective for a new generation of neurosteroid-based treatments in neuropsychiatry. The role of allopregnanolone as a potential biomarker for mood disorders and its pharmacological mechanism in improving behavioral deficits will be discussed.



ALLOPREGNANOLONE: 80 YEARS OF SCIENTIFIC DISCOVERIES

Following its discovery in the adrenal glands (2), Baulieu's laboratory observed (1981) that allopregnanolone can be produced in brain in a manner unrelated to peripheral renovation rates (14). This finding led to coin the term “neurosteroid” to define a chemically identical steroid specifically produced by the brain as opposed to “neuroactive steroids,” coined by Paul and Purdy (15), which defines steroids produced peripherally that reach and act in the brain. However, it took 25 years to demonstrate that allopregnanolone and its biosynthetic enzymes, 5α-reductase type I (5α-RI) and 3α-hydroxysteroid dehydrogenase (3α-HSD), are expressed in glutamatergic neurons in cortex, hippocampus and basolateral amygdala, and in long-projecting GABAergic neurons in reticulus thalamic nucleus, striatum, central amygdala, and cerebellum but not in glial cells of rodent and human brain (16–20). In 1986, Paul's laboratory observed allopregnanolone is a potent positive allosteric modulator of GABA's action at synaptic and extrasynaptic GABAA receptors (3, 4, 21). Costa and Guidotti' laboratories later cloned and described the function of 18 kDa translocator (TSPO), involved in gating cholesterol entry into the inner mitochondrial membranes, where cholesterol is converted to pregnenolone, the precursors of all neurosteroids (22, 23). Acute stress in rodents fast induces allopregnanolone biosynthesis underlying its role in stress response and demonstrating allopregnanolone present in brain is synthesized independently from peripheral glands (24). However, prolonged stress in rodent models of behavioral dysfunction correlated with downregulated allopregnanolone biosynthesis in corticolimbic circuitry regulating fear responses, anxiety-like, and depression-like phenotypes (7, 25, 26). The first evidence suggesting that allopregnanolone is involved in the etiopathology of depression originated by studies in rodents and depressed patients (27–29). Evidence showed that treatment with the SSRI, fluoxetine normalized the stress—induced decrease of allopregnanolone in rodent brain as well as its lower levels observed in CSF/serum of patients with depression (25, 28, 30). This finding was corroborated by observing SSRIs act as selective brain steroidogenic stimulants (SBSSs), increasing selectively allopregnanolone in a manner independent from SSRI mechanisms, underlying a novel mechanism of classical antidepressants (7, 29, 31). Endogenously-produced allopregnanolone in corticolimbic neurons modulates the fine-tuning of GABAA receptors for GABAmimetic, GABAA receptor agonists and positive allosteric modulators. This function underlies allopregnanolone's neurophysiological role. This finding also suggested that allopregnanolone, by this mechanism, may regulate emotional behavior in corticolimbic circuitry (32). Indeed, decreased allopregnanolone biosynthesis in these neurons occurred in association with behavioral dysfunction that are reminiscent of deficits observed in the spectrum of mood disorders (17, 19, 20). Independent laboratories, meanwhile, discovered that allopregnanolone enhances tonic inhibition in δ-containing GABAA receptors, that pregnancy reduces GABAA γ and δ-containing subunits, and that two membrane binding sites on GABAA receptors mediate activation and potentiation of neurosteroid signaling (21, 33–35). Preclinical studies of stress-induced allopregnanolone biosynthesis downregulation contributed to the discovery of several neurosteroidogenic targets through which, agents that increase allopregnanolone biosynthesis, are beneficial in improving behavioral deficits (36–39).

Collectively, these and many more observations in the field by many talented neurosteroid scientists, led to clinical trials that demonstrated the efficacy of intravenous allopregnanolone in postpartum depression (40, 41). Given the remarkable pharmacological efficacy of this novel therapeutic, on March 19th, 2019, the FDA approved intravenous allopregnanolone (i.e., brexanolone) as the first specific treatment for postpartum depression (Figure 1). Clinical studies are currently evaluating the pharmacological efficacy of an orally-active allopregnanolone called SAGE 217 for the treatment of major depressive disorders (47). A new era of fast-acting, short-course, long-lasting, neurosteroid-based treatments is born.


[image: Figure 1]
FIGURE 1. Brexanolone is superior to traditional antidepressants in the treatment of mood disorders. (A) Patients with mood disorders, including major unipolar depression and PTSD, exhibit serum, plasma, CSF, and brain reduction of allopregnanolone levels and/or biosynthesis, which includes the enzymes, 5α-reductase type I (5α-RI), and 3α-hydroxysteroid dehydrogenase (3α-HSD) [(18, 28, 30); reviewed in (10, 42)]. In women with PTSD, progesterone, and the immediate allopregnanolone precursor, 5α-dihydroprogesterone (5α-DHP) levels fail to change and their ratios with allopregnanolone and pregnanolone (allopregnanolone's equipotent GABAergic isomer), concentration in the CSF and plasma points to a possible deficit at the 3α-HSD enzyme expression/function levels (43). Likewise, in PTSD male patients, the CSF allopregnanolone concentrations are decreased for an apparent deficit in 5α-RI expression/function, which negatively correlates with PTSD and depression symptoms (43–45). Thus, the concentration and the ratio of allopregnanolone with its parental neuroactive steroids can suggest deficits in their enzymatic pathway, which may unveil biomarkers of sex hormone-related mood disorders. Allopregnanolone's mechanism of action includes activation of mainly extrasynaptically-expressed GABAA receptors. GABAA receptor offers two residues for neurosteroid action; one is located between α and β subunits, and the second is a cavity on α subunits (34). The efficacy of neurosteroids at GABAA receptors is greatly enhanced by the αβδ-containing GABAA receptor subtype, which is characteristic of tonic inhibition mediated by extrasynaptic receptors (21). Allopregnanolone plays a pivotal neurophysiological role by modulating the fine-tuning and strength of GABAA receptors (32). By this mechanism, allopregnanolone appears to regulate emotional behavior and the pharmacological response of GABAA receptor. Altered GABAA receptor subunit composition has been observed in several pathophysiological conditions, including across the menstrual cycle, changes in hormonal shape during pregnancy, as well as during protracted stress (46). Stress, specifically, results in a GABAA receptor composition with increased sensitivity for neurosteroids and neurosteroid-like molecules (e.g., synthetic allopregnanolone analogs) [(29); reviewed in (42)]. These observations are in support of treatments that stimulate allopregnanolone biosynthesis for the therapeutic management of stress-induced psychiatric disorders, for which traditional anxiolytics or antidepressants are ineffective. (B) Brexanolone, a β-cyclodextrin-based parenterally administered soluble formulation of allopregnanolone is marketed as Zulresso™ and it is the first and only specific treatment for postpartum depression. Brexanolone is one of only two recently FDA-approved fast-acting antidepressants. In clinical trials, women with postpartum depression treated with brexanolone improved their symptoms compared with placebo in 2.5 days. Symptoms were measured before and after treatment. Follow-up studies showed that women receiving the treatment maintained the therapeutic gains for at least 30 days (41). Side effects include risk of sedation or loss of consciousness during treatment. For these reasons women who undergo treatment will be monitored by a healthcare professional in a healthcare setting. Other side effects may include sleepiness, dry mouth, flushing of the skin or face. A clinical trial using the orally-active allopregnanolone analog, SAGE 217 has recently failed for non-compliance issues that were noted with about 10% of patients presenting no blood drug levels. However, statistical significance was achieved at days 3, 8, 12, and 15 in patients with measurable drug concentration levels of SAGE-217. Hence, these allopregnanolone derivatives are highly promising in the treatment of mood disorders, from postpartum depression to major depression and, probably, in PTSD, which, as mentioned above, is characterized by low allopregnanolone levels (43, 45). Another approach is to use neurosteroidogenic drugs (38). These agents may selectively elevate allopregnanolone levels by stimulating enzyme activity/expression levels where a deficit emerges thereby improving mood symptoms avoiding a global expression of allopregnanolone levels.




MECHANISMS LINKING BIOSYNTHESIS OF ALLOPREGNANOLONE TO MOOD DISORDERS

Allopregnanolone, a positive allosteric modulator of GABA's action at GABAA receptors (3, 4, 15, 48), is deficient in mood disorders (28, 30, 43, 45). Allopregnanolone and progesterone change significantly in pregnancy and after parturition (33, 49). The increase in plasma progesterone throughout pregnancy triggers upregulation of allopregnanolone levels, which reaches the highest blood concentrations during the third trimester (49, 50). Following childbirth, these neurohormones abruptly decrease (51, 52). Among the hypotheses linking allopregnanolone decrease and post-partum depression, the suggestion that allopregnanolone drops quicker and to lower levels than in mothers who fail to develop post-partum depression is particularly intriguing. This effect may be resulting from abnormal neurosteroid enzyme expression. Mechanistically, GABAA receptor function may fail to adapt to the rapid allopregnanolone level decline during the weeks following parturition (53). Studies conducted in estrous cycle in rats demonstrated that the drastic decrease of progesterone concentrations during diestrus is associated with overexpression of extrasynaptic α4β1δ-containing GABAA receptors in periaqueductal gray, which mediates anxiolytic and mood regulating effects of allopregnanolone in this estrous phase (54, 55). The expression of specific subunits of the GABAA receptor is coordinated with fluctuations in neurosteroid concentrations during menstrual/estrous cycle, pregnancy, and perinatally function (21, 33, 56). Pharmacological treatments, including finasteride and oral contraceptives, that inhibit 5α-RI, which results in a blood and brain allopregnanolone decrease also affect subunit expression of GABAA receptor and are associated with mood symptoms and suicide and are part of postfinasteride syndrome (57, 58). Post-finasteride syndrome, in addition to depression, anxiety and cognitive deficits also induces sexually-related side effects, such as loss of libido, erectile dysfunction, decreased arousal and difficulty in achieving an orgasm that persist despite drug withdrawal (58). Evidence suggests during pregnancy and across the estrous cycle a switch of extrasynaptic δ with synaptic γ2 subunits may be operative (33, 56). Rapid and dynamic changes among synaptic and extrasynaptic GABAA receptor conformation in areas that regulate cognitive functions and emotions, including the hippocampus have been reported (59).

Altogether, stressful condition, hormonal changes, pharmacological treatment (e.g., finasteride, oral contraceptives) may coordinately change GABAA receptor expression resulting in alterations in receptor function underlying mood disorders. They may alter GABAA receptor pharmacology in response to anxiolytics (42). Conversely, allopregnanolone, its analogs, and neurosteroidogenic agents may offer a therapeutic advantage for disorders that arise by these deficits.



ALLOPREGNANOLONE-BASED TREATMENTS

To contrast the rapid post-partum depletion of allopregnanolone and the rise of mood deficits, directly supplementing synthetic neuroactive steroids or their analogs, may offer a quick strategy in treating post-partum depression and other mood disorders linked with the drastic drop in endogenous allopregnanolone (53, 60). Following this concept, brexanolone, a β-cyclodextrin-based parenterally-administered soluble formulation of allopregnanolone, was developed and FDA-approved for treating post-partum depression. In an open-label study, a single brexanolone IV administration showed rapid and long-lasting antidepressant effects in severe post-partum depression (40). Safety and efficacy was further confirmed in two double-blind, randomized clinical trials (41). Brexanolone presumably acts by reinstating normal allopregnanolone levels, and thereby tuning GABAergic neurotransmission function, promptly improved symptom severity in with post-partum depression patients (Figure 1). However, it still remains to be clarified the precise treatment targets, including levels of endogenous allopregnanolone, verify altered biosynthetic enzyme expression/function, and GABAA receptor assembly modifications pre, during, and post-brexanolone treatment. The elevation of brain derived neurotropic factor (BDNF) is also conceivable among allopregnanolone's mechanisms (61). Each of these factors may be critical for understanding why—and for whom—brexanolone is best indicated to improve mood symptoms. First, deficient allopregnanolone levels may be critical for predicting who may benefit from varying doses of direct neurosteroid replacement (via brexanolone or other allopregnanolone analogs). Second, baseline allopregnanolone concentrations are crucial to select the most effective brexanolone dose and avoid unwanted side-effects, including excessive sedation (62). Third, by directly affecting both the HPA and HPG axes, allopregnanolone may alter expression of key biosynthetic enzymes (e.g., 5α-RI and 3α-HSD) involved in neurosteroid synthesis. Indeed, the HPA axis is modulated by GABAergic neuron activation within the hypothalamus (63). Allopregnanolone potently inhibits HPA axis activity and repress stress elevation of ACTH and corticosterone (64, 65). This finding suggests that allopregnanolone administration may alter HPA axis responsiveness by affecting gonadal steroid concentrations (e.g., estradiol) with documented roles in maintaining expression/function of neurosteroidogenic enzymes (e.g., 3α-HSD) and sustainably change endogenous neurosteroids production (66).

Collectively, these reports suggest that more studies are needed to verify the diverse mechanisms involved in brexanolone treatment.



WHAT'S NEXT? ALLOPREGNANOLONE AS A BIOMARKER FOR MOOD DISORDERS

While converging evidence suggests a neurosteroid biosynthesis deficit involvement in the underlying neurobiology of mood disorders, the yet unanswered question is whether allopregnanolone biosynthesis (allopregnanolone levels and expression of rate-limiting biosynthetic enzymes) provide a reliable biomarker to prevent mood disorder, predict occurrence, diagnose, and indicate treatment selection. Another valid option suggests analyzing neurosteroid biosynthesis relative to GABAA receptor subunit dynamic changes. GABAA receptor expression and neurosteroid biosynthesis in post-partum depression and in general in mood disorders remains underinvestigated. Furthermore, analysis of neurosteroids that positively modulate GABAA receptors (allopregnanolone and pregnanolone), and of their sulfates (e.g., pregnanolone sulfate), that inhibit NMDA-mediated tonic neurotransmission, which results in neuroprotection and cognitive improvement (67), has been poorly investigated. Establishing predictive biomarkers of treatment response will enable follow-up analysis of neuroactive steroid biosynthesis and GABAA receptor composition that will help predict whether brexanolone pharmacological effects are associated with permanent neurobiological improvements or, alternatively, whether GABAergic functional deficits may anticipate relapses following drug discontinuation. Assessing a biomarker axis, indicating the dynamic changes of several inter-related neurobiological deficits will facilitate a more thorough diagnosis of mood disorders as well as predict which patients will likely respond to treatment. This will increase efficacy and limit occurrence of side-effects.

In neuropsychopharmacology establishing reliable biomarkers and efficient treatments is urgently needed. Currently, patients show large non-response and relapse-rate to traditional antidepressants and significant side-effects.



CONCLUSIONS

Eighty years of neurosteroid research originated from many talented neuroscientists around the world guided investigations that from the discovery of allopregnanolone led to its approval as a fast-acting agent to treat post-partum depression. One of the most significant achievements still remaining to be accomplished in neuropsychopharmacology and, in general in psychiatry, is the assessment of valid biomarkers to predict, diagnose, select, and treat patients more efficiently, avoiding drug non–responders and side-effects. Neurosteroidogenic targets have been recently suggested that may result in new drug development (38, 68). The opportunity of increasing allopregnanolone levels and improving deficits with functional foods (69) is an emerging novel approach to treat mood disorders in a more natural way without exposing pregnant women to drugs.
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A Corrigendum on
 Allopregnanolone, the Neuromodulator Turned Therapeutic Agent: Thank You, Next?

by Pinna, G. (2020). Front. Endocrinol. 11:236. doi: 10.3389/fendo.2020.00236



In the original article, there was an error. “Allopregnanolone, today best known as brexanolone and marketed as Zulresso™ for the treatment of postpartum depression is part of only two recently Food and Drug Administration (FDA)-approved fast-acting antidepressants, with esketamine nasal spray, an NMDA receptor antagonist used in treatment-resistant depression with suicidality being the other.” However, SPRAVATO® (esketamine) CIII Nasal Spray was approved by the FDA last year to treat treatment-resistant depression in adults when used along with an oral antidepressant, and is not indicated for the treatment of suicidality.

A correction has been made to the Introduction section, First paragraph:

“Allopregnanolone, today best known as brexanolone and marketed as Zulresso™ for the treatment of postpartum depression is part of only two recently Food and Drug Administration (FDA)-approved fast-acting antidepressants, with esketamine nasal spray, an NMDA receptor antagonist used in treatment-resistant depression being the other (1).”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.

Copyright © 2020 Pinna. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
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Traumatic brain injury (TBI) is responsible for various neuronal and cognitive deficits as well as psychosocial dysfunction. Characterized by damage inducing neuroinflammation, this response can cause an acute secondary injury that leads to widespread neurodegeneration and loss of neurological function. Estrogens decrease injury induced neuroinflammation and increase cell survival and neuroprotection and thus are a potential target for use following TBI. While much is known about the role of estrogens as a neuroprotective agent following TBI, less is known regarding their formation and inactivation following damage to the brain. Specifically, very little is known surrounding the majority of enzymes responsible for the production of estrogens. These estrogen metabolizing enzymes (EME) include aromatase, steroid sulfatase (STS), estrogen sulfotransferase (EST/SULT1E1), and some forms of 17β-hydroxysteroid dehydrogenase (HSD17B) and are involved in both the initial conversion and interconversion of estrogens from precursors. This article will review and offer new prospective and ideas on the expression of EMEs following TBI.

Keywords: TBI, estrogen, aromatase, androgen, sulfatase, HSD17B


INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of human death and morbidity worldwide. TBI is a broad term to explain any injury or damage to the central nervous system, ranging from concussive, penetrating, to ischemic stroke. Over 70,000 cases are reported a year and it affects millions of people in the United States alone (1, 2). At-risk groups range from children, who frequently participate in contact sports to military personnel, and to an increasingly active elderly population (3, 4). Disturbingly high injury rates have made TBI not only an issue of social and economic concern, but also the target of nearly 50 years of dedicated clinical research (5–7). Despite research and improvements in effective patient care, there still remain very few recommended treatments which leads to poor patient outcomes (8).

Injury to the brain occurs in two phases, regardless of the cause. The irreversible primary phase is the injury itself. The majority of research around the primary phase focuses on decreasing the chance of injury (e.g., helmet design). The secondary and potentially reversible phase, which begins after the initial injury and continues for days to weeks afterword, is characterized by an induction of a neuroinflammatory response. This response is characterized by a permeation of inflammatory cells around the injury, followed by endothelial activation, and an accumulation of inflammatory cytokines (9–11). This secondary phase has some beneficial effects, but commonly results in an exacerbation of deleterious inflammatory effects, decreased cognitive ability, motor loss, and increased risk of neurodegenerative diseases, such as multiple sclerosis (12–17). This secondary response to injury is well-characterized across vertebrates (rodents, birds, fish) (18–20). The majority of research has focused on preventing this secondary response (21, 22). One pharmacotherapeutic strategy for treatment of secondary injury has revolved around the role of sex steroids, specifically estrogens on the attenuation of the immune response (22–25). Briefly, we will review the effects of estrogens on cell survival and neuroinflammation following TBI.

Following damage to the brain, estrogens can promote neurogenesis and neural recovery by attenuating neural outgrowth and glial activity (25–29). Estrogens are also indicated to serve as an antioxidant against intrinsic free radical production following TBI (30, 31). The majority of these effects are through estrogen receptor (ER) signaling pathways. The genomic signal transduction pathway of estrogens involves the dimerization of ERs and transcriptional regulation of estrogen mediated target genes which in turn can provide neuroprotective effects, evidenced by decreased inflammation, reactive gliosis, and edema (30, 32–34). Furthermore, activation of ER alpha, the primary mediator of steroid induced neuroprotection, can also alter neurovascular function and promote myelin repair (24, 35). However, rapid non-genomic signaling has been shown to upregulate estrogen mediated neuroprotection via the pro-survival signaling pathway, phosphoinositide 3-kinase/Akt. Activation of this pathway results in increased cell survival, differentiation, and growth (36). Estrogens can also mediate cell death and apoptosis by inhibiting subcellular trafficking of p38α. Jun N-terminal kinase (JNK) and p38 are necessary for the activation of pro-apoptotic signaling pathways (34, 36, 37). Moreover, when estrogens are given or produced immediately after injury, they can decrease pro-inflammatory and increase anti-inflammatory cytokines and thus have strong antioxidant and anti-inflammatory effects. In terms of behavior and cognitive ability following TBI, very little is known about the role of estrogens in ameliorating these symptoms. However, estrogens can also enhance memory function and neurological outcome in male rodents following TBI (38–47). In addition to these effects on cell/neuronal survival, estrogens can also regulate neuroinflammation following injury.

Estrogen synthesis following TBI reduces the concentration of pro-inflammatory cytokines and thus decreases the secondary wave of degeneration observed following damage to the brain (30, 48–50). Through regulation of pro-inflammatory cytokines, estrogens subsequently reduce leukocyte recruitment, cerebral edema, apoptosis, and reactive astrogliosis, thusly improving outcomes following injury (51). Thus, estrogens are neuroprotective on many fronts following TBI (52, 53). While, I've only touched on a few of the pre-clinical studies, the majority of these studies suggest that estrogens are neuroprotective following TBI. However, clinical trials in humans involving estrogen administration have not shown as robust of a beneficial result, thus identifying how the natural/systemic productions of estrogens differs from that of exogenous/synthetic production is key. Aside from the neuroprotective effects of estrogens, they exert many biological effects as well. Estrogens are mostly widely known for their sex-specific effects related to sexual determination and differentiation (54). Both genomic and non-genomic signal transduction pathways of estrogens alter the regulation of the cell cycle, this includes, but is not limited to proliferation and differentiation, but specifically cyclines and cycline-2dependent kinases (55–57). As a result of this effect on cell growth and cell progression, estrogens have direct cancerogenic effects and damage DNA and cellular proteins via highly reactive oxygen reactivity (55, 58). Thus, understanding and parsing out the hormonal effects from neuroprotective actions of estrogens are key to their use as therapeutics.



FORMATION OF ESTROGENS

Four estrogens are produced naturally: estrone (E1), 17β-estradiol (estradiol or E2), estriol (E3), and estetrol (E4; Figure 1) The weakest form estrone is primarily found following menopause while estriol and estetrol are the predominant estrogens produced during pregnancy (30). Weak estrogens can bind to estrogen receptors, but generally lack a dramatic effect within tissues or cells. However, some weak estrogens such as estriol exhibit greater protection than estradiol in autoimmune disorders, such as multiple sclerosis (59). Estradiol is the most common and strongest of the estrogens and is thought to mediate the neuroprotection following various damage to the nervous system (30). Estradiol is produced during the menstrual cycle and also de novo in the brain (60–62).


[image: Figure 1]
FIGURE 1. Schematic representation of the enzymatic conversion and synthesis of biologically active estrogens. Estrogens are produced from C19 steroid precursors through several enzymatic conversions. DHEA, dehydroepiandrosterone. DHEA-S, dehydroepiandrosterone-sulfate; Aromatase/CYP19A1, estrogen synthase; HSD3B1, hydroxysteroid 3 beta-1; HSD3B2, hydroxysteroid 3 beta-2; HSD17B1, hydroxysteroid 17-beta dehydrogenase; HSD17B2, hydroxysteroid 17-beta dehydrogenase 2; STS, steroid sulfatase; SULT2A1, Sulfotransferase Family 2A Member 1; SULT2B1, Sulfotransferase Family 2B Member 1; SULT1E1, estrogen sulfotransferase; AKR1C3, Aldo-Keto Reductase Family 1 Member C3; CYP3A4, Cytochrome P450 3A4.


Estrogens are formed following the enzymatic conversion and interconversion from cholesterol-based precursors via a subset of enzymes termed estrogen-metabolizing enzymes (EME). The most prevalent of these enzymes is aromatase or CYP19A1. The aromatase pathway forms estrone and estradiol from androgenic precursors androstenedione and testosterone, respectively (Figure 1) (63). In addition to this estrogen synthase activity, aromatase has been proposed to regulate estrogen-2-hydroxylase activity in placental tissue and in Japanese quail brains (64–66). This activity also paired with aromatase's interaction with TH and DA signaling suggest that aromatase plays a role in catecholaminergic transmission (67, 68). Thus, aromatase may be involved in both the production and inactivation of estrogens (68). Another EME, 17β-hydroxysteroid dehydrogenases 1 and 2 (HSD17B1, HSD17B2) is also necessary for the conversion of estrone to estradiol (61, 69, 70). Finally, estrogens can be made inactive by both degradation and sulfonation. In the sulfatase pathway, inactive estrogen sulfate is the source or precursor for the active estradiol and estrone. This is mediated via the enzymes steroid sulfatase (STS) and estrogen sulfotransferase (SULT1E1) (Figure 1)(71, 72). Below I will review what is known about these EMEs and their role following TBI.



EMES AND TBI


Aromatase

Among the EMEs, aromatase is the most prominent and widely studied. Across vertebrates aromatase expression is found in gonads, placenta, adipose tissue, bone, and other tissues including both male and female brains (73–75). Within the vertebrate brain, high concentrations of aromatase are expressed within the hypothalamus, amygdala, hippocampus, and cerebral cortex (76, 77). Aromatase is broadly expressed within neurons and not glial cells in the above listed brain areas of the uninjured brain (78–80). Aromatase is also present in pre-synaptic boutons, suggesting direct perisynaptic actions (81). Following injury or neuroinflammation, aromatase is also found in glial cells, specifically astrocytes (80, 82). In the songbird brain, females exhibit higher expression immediately after injury, but these differences disappear by 24 h post injury (83). This upregulated glial aromatase appears to affect neurodegenerative pathways by decreasing apoptosis (84, 85). In songbirds, as in the mammals (86), administration of fadrozole (aromatase inhibitor) dramatically increases the volume of damage induced by penetrating mechanical injury (84), sometimes in a sexually dimorphic manner (87). Replacing estradiol at the time of injury prevents this fadrozole-induced damage (88).

Cytokines increase aromatase expression without concurrent cell death or damage to neuronal tissues (25, 26, 89). Using TNF-α and IL-1β KO mice, we were able to determine that TNF-α, but not IL-1β signaling is necessary for the induction of aromatase following brain injury (25). Interestingly, while inflammation appears to regulate aromatase expression, increasing aromatase decreases expression of TNF-α and IL-1β following injury furthermore aromatase inhibition results in prolonged elevation of TNF-α and IL-1β (29, 89). Another mechanism by which estrogens may become inactive following TBI is through aromatase's estrogen-2-hydroxylase activity, that converts estrogens to catechol-estrogens (64–66). The role of this method of estrogen inactivation following TBI remains unknown. This cycle of both upregulation and inhibition of neuronal aromatase and cytokine expression may suggest a broadly conserved mechanism for protecting the CNS following detection of a threat (25).



Steroid Sulfatase

In addition to the aromatase pathway described previously, estrogens can also be formed from inactive precursors by the removal of sulfate groups (90–93). When sulfated, estrogens are unable to bind and dimerize to estrogen receptors. This protects cells and tissues from excess estrogen activity (55). Thus, sulfonation can potentially regulate active estrogen signaling and serve as a hormone “reservoir” for future use (91, 94, 95). Steroid sulfatase (STS) hydrolyzes the removal of sulfate groups from estrone sulfate (E1-S) to E1 and dehydroepiandrosterone sulfate (DHEA-S) to dehydroepiandrosterone (DHEA), also known as androstenolone (Figure 1) (96). STS is expressed broadly across vertebrates in both males and females with highest levels being found in the placenta, but low levels found across the majority of steroid sensitive tissues. STS expression and the mechanism that control its expression remain poorly understood (97). However, estrogen signaling pathways regulate expression of STS, and thus potentially create a positive feedback loop to increase estrogen production and signaling (71).

The majority of studies examining STS expression and TBI have focused more on the beneficial effects DHEA vs. E2. As STS alters both estrogens and DHEA at this time we are unable to separate out the neuroprotective effects of estrogens vs. those of DHEA. Both DHEA and DHEA-S are neuroprotective following damage to the CNS in rodents and birds. Specifically, DHEA and DHEA-S protect rodent neurons against various forms of toxicity including overactivation of N-methyl-D-aspartate (NMDA) glutamate receptors (98, 99), amyloid beta expression (100), and oxygen-glucose deprivation (101). Importantly, DHEA-S prevents against rodent hippocampal neuronal cell loss and damage observed following ischemia and stroke (102). Additionally, the progesterone precursor pregnenolone and pregnenolone-sulfate also exhibit neuroprotective benefits (103–105). More work is necessary to discern estrogen mediated STS effects vs. DHEA mediated ones following TBI.

Like aromatase, we see a connection between STS expression and inflammatory signals. Interleukin (IL)-1β suppresses STS expression in endometrial stromal cells (106). However, in breast cancer cells, various other cytokines IL-1α, IL-6, TNFα, and enhanced or increased activity of STS (107). For both IL-6 and TNFα, STS mRNA expression was unchanged and the difference in activity was due to posttranslational modifications via STS glycosylation (72). Our studies examining the effects of a single penetrating injury in the adult zebra finch (Taeniopygia guttata) brain showed that STS expression was unchanged following TBI (Figures 2A,B). The zebra finch serves as a model organism for the study of steroid induced neuroprotection, because they rapidly and robustly respond to injury and express the full suite of steroidogenic enzymes (53, 82, 108). Furthermore, increased expression of pro-inflammatory cytokines is observed anywhere from 2 to 4 h following injury (83). Thus, the lack of a change in STS mRNA expression was surprising. As STS mRNA levels are unaffected in zebra finches, more research is necessary to determine if STS glycosylation or estrone bioavailability is increased following injury.


[image: Figure 2]
FIGURE 2. Levels of EMEs mRNA relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH; delta CT value and fold change) in both male and female zebra finches 24 h post-surgery. Adult male and female zebra finches were subjected to an unilateral penetrating injury directed toward the entopallium and collected 24 h later. Finches were sacrificed and total RNA was extracted from microdissections immediately adjacent to the cortical needle and the corresponding location on uninjured hemisphere. Expression of STS (A), SULT1E1 (C), HSD17B1 (E), and HSD17B2 (G) relative to GAPDH was measured using quantitative PCR using primers specific for the ZF mRNA sequence. Mean ΔCT values were compared with a two-way ANOVA. Fold change in gene expression was also calculated STS (B), SULT1E1 (D), HSD17B1 (F), and HSD17B2 (H). Neither expression of STS, SULT1E1, or HSD17B1 were significantly changed following injury. However, HSD17B2 was significantly downregulated following injury. *denotes a significant difference at P < 0.05. All protocols were approved by the Vassar College Institutional Animal Care and Use Committee following National Institutes of Health Guidelines.




Estrogen Steroid Sulfotransferases (SULT1E1)

SULT1E1 (Figure 1) when compared to other members of the steroid sulfotransferase (SULT) family has greater affinity for estrogens than other steroids, and thus readily inactivates estrone and estradiol. SULT1E1 is expressed in various tissues in both sexes (109) including the brain (110) and its expression is regulated by steroid hormones, specifically progesterone (96). Estrone-sulfate and its naturally occurring counterpart estradiol-sulfate (E2-SO4) are biologically important as they regulate neuronal network formation, activity, and synaptogenesis (111–114) in vertebrates.

Very little is known about the expression of SULT1E1 following TBI, however there is some data on the role of estradiol-sulfate (E2-SO4) in rodent models. In terms of expression, like STS, we did not see a significant increase or decrease in expression of SULT1E1 following TBI (Figures 2C,D), however the expression was far more variable than that of STS. Studies are on-going to determine if protein expression matched the mRNA expression. Sulfated estrogens reduce neurodegeneration by altering cell and tissue damage and oxidative stress in rodents (115, 116). This is accomplished by improving blood and water flow to damaged tissue and thus increasing cerebral perfusion pressure and decreasing cell loss (22). Furthermore, the solubility of E2-SO4 as opposed to estradiol enables intravenous delivery of supraphysiological quantities and thus one could give much higher doses and have it be eliminated from the body much more quickly (117, 118). Sulfated estrogens provide a noteworthy avenue for both future research and future treatment options following TBI (118).

With respect to SULT1E1 and TBI induced inflammation, very little is known, but there appear to be a strong connection between SULT1E1 expression and release of cytokines. Knockdown of SULT1E1 increases pro-inflammatory cytokines and decreases anti-inflammatory signals (119). Furthermore, both edema and intercranial pressure are altered by SULT1E1 expression (115, 118). Understanding SULT1E1 expression and its role following TBI is key to understanding how sulfate estrogens can be used as a treatment. The time of SULT1E1 expression may also change the results. In the finch brain, we examined expression at 24 h, however the knockdown expression studies were 72 h. It would be interesting to extend the timepoints at which expression was examined.



HSD17B1 and HSD17B2

17β-hydroxysteroid dehydrogenases (HSD17B) are enzymes responsible for the synthesis and deactivation of estrogens and androgens, specifically the formation of testosterone and estradiol from precursors (61, 76, 108, 120, 121) (Figure 1). HSD17B1 primarily catalyzes the conversion of estrone to estradiol in various tissues including the brain. In addition to its role in estrogen synthesis, HSD17B1 facilitates the formation of various androgens as well (76, 122–124). Conversely, the enzyme HSD17B2 mediates the oxidation of estradiol back to estrone, and testosterone and androstendiol back to androstenedione dehydroepiandrosterone. Furthermore, HSD17B2, is responsible for the production of the active progestin, progesterone (76, 125). The expression of HSD17B2 has previously only been identified in non-neuronal tissues, however a few reports have identified transcript and protein in the brain (126).

Surprisingly, there remains a dearth of information and studies on the role or expression of either HSD17B1 or HSD17B2 following TBI. The majority of past studies have examined the role of HSD17Bs in steroid sensitive cancers (69). Specifically, in terms of brain damage, there has been some work showing a connection between HSD17B1 and risk of Alzheimer's disease in Down Syndrome patients (127). In our work, we did not find a significant change in expression of HSD17B1 following TBI, suggesting that conversion to estrone is not a probable path to increasing estrogen signaling following injury (Figures 2E,F). While estradiol is the predominate estrogen mediating neuroprotection, estrone, has been shown to be neuroprotective following various damage or insults to the brain (128–130). Estrone increases the signaling of neuroprotective pathways (ERK1/2 and BDNF) and decreases cell death and thus ischemic injury size (38). These results suggest that despite the lack of change in HSD17B1, vertebrates may still be getting the protection from higher levels of estrone (38). As estrone is the most abundant estrogen in menopausal women (131, 132), it is hypothesized to be extremely important in mediating neuroprotection in this population (38). Much more work is necessary to understand the levels of estrone relative to estradiol following TBI.

While HSD17B1 expression was not altered by TBI, HSD17B2 expression was downregulated in a sex specific manner following TBI in the finch brain (Figures 2G,H). Females decreased expression of HSD17B2 following injury while males did not. Again, much remains unknown surrounding the function of HSD17B2 in the brain, specifically because it is noticeably absent from human and rodent brains (133). Notably other HSDs are found throughout the avian brain and regulate conversion from cholesterol to the sex steroids (108, 120, 134). Further research is needed in order to conclude if the expression of HSD17B2 following injury is unique to songbird brains, or if this represents a more evolutionarily conserved pathway. Despite the abundant questions remaining, the results are promising. One could hypothesize that females are decreasing expression of HSD17B2 in order to keep more estradiol available for neuroprotection and repair, while not having to produce more estrogens. As males use estrogen to undergo sexual differentiation, having a local upregulation of estrogens in the female brain may not be beneficial long term. Furthermore, while HSD17B2 is the key HSD17B isozyme in androgen and estrogen inactivation, it also activates 20α-hydroxyprogesterone into progesterone (70, 135). Females may be using progesterone in combination with estradiol as neuroprotective steroids following injury. These results are compelling as we have previously found a role for progesterone in cell survival following TBI in the brain (105) and this supports a large body of research examining progesterone treatment following TBI (136, 137). Interestingly, like with estradiol despite positive pre-clinical studies, larger clinical, and human trials of progesterone use following TBI have been unsuccessful (138). Together, these data suggest that much more research is needed in order to understand the very complex steroidal milieu following TBI.




CONCLUSIONS

As has been discussed in the preceding sections, there is ample evidence to support that estrogens are neuroprotective following injury. Yet, when estrogen use has been used in clinical trials of TBI, the majority of evidence has not been positive and has led many to question its use as a treatment option (139, 140). Thus, more research on the formation of these estrogens and how they are inactivated is necessary in order to better develop treatment plans and options for mirroring estrogen's endogenous neuroprotective effects found preclinically without the undesirable hormonal ones observed.
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Although results of animal research show that interactions between stress and sex hormones are implicated in the development of affective disorders in women, translation of these findings to patients has been scarce. As a basic step toward advancing this field of research, we analyzed findings of studies which reported circulating cortisol levels in healthy women in the follicular vs. luteal phase of the menstrual cycle. We deemed this analysis critical not only to advance our understanding of basic physiology, but also as an important contrast to the findings of future studies evaluating stress and sex hormones in women with affective disorders. We hypothesized that cortisol levels would be lower in the follicular phase based on the proposition that changes in levels of potent GABAergic neurosteroids, including allopregnanolone, during the menstrual cycle dynamically change in the opposite direction relative to cortisol levels. Implementing strict inclusion criteria, we compiled results of high-quality studies involving 778 study participants to derive a standardized mean difference between circulating cortisol levels in the follicular vs. luteal phase of the menstrual cycle. In line with our hypothesis, our meta-analysis found that women in the follicular phase had higher cortisol levels than women in the luteal phase, with an overall Hedges' g of 0.13 (p < 0.01) for the random effects model. No significant between-study difference was detected, with the level of heterogeneity in the small range. Furthermore, there was no evidence of publication bias. As cortisol regulation is a delicate process, we review some of the basic mechanisms by which progesterone, its potent metabolites, and estradiol regulate cortisol output and circulation to contribute to the net effect of higher cortisol in the follicular phase.

Keywords: cortisol, hypothalamic-pituitary-gonadal (HPG) axis, hypothalamic-pituitary-adrenal (HPA) axis, menstrual cycle, follicular, luteal


INTRODUCTION

Women exhibit high prevalence of stress-related disorders, such as major depressive disorder (MDD) and anxiety spectrum disorder (1–9). Importantly, the increase in prevalence of these disorders is observed during periods of drastic hormonal changes, such as puberty, the pre-menstrual period, pregnancy, postpartum and menopause (10–12). These observations suggest that interactions between sex hormones, regulated by the hypothalamic-pituitary-gonadal (HPG) axis, and cortisol, a stress hormone under the control of the hypothalamic-pituitary-adrenal (HPA) axis, may be critical determinants of stress-related disorder development and progression.

Research evaluating stress effects in MDD and anxiety disorders demonstrates a blunted cortisol response to psychosocial stress in female patients compared to their respective controls [for a meta-analysis, see (13)]. However, although these research studies provide valuable information, they only examine function of the HPA axis, without evaluating how sex hormones influence it.

The number of studies evaluating interactions between the provoked HPA and the HPG axes is limited in both diseased as well as healthy participants. Results of studies comparing reactivity to psychosocial stress in healthy women suggest that cortisol output is higher in the luteal vs. follicular phase of the menstrual cycle (14, 15). However, their small sample size and opposite findings from other studies (16–19) indicate that more research needs to be completed before a conclusion can be drawn. Additional studies, implementing strict verification of menstrual cycle phase, stress manipulation and participants' healthy status, are needed.

An even more fundamental question, though, is related to the physiological relationship between the HPA and HPG axes under unprovoked, tonic conditions. However, results from human laboratory and observational studies in healthy volunteers evaluating basal cortisol levels across the menstrual cycle range broadly. Thus, we focused on the function of the HPA axis with the hypothesis that there would be a higher physiological output of cortisol during the follicular compared to the luteal phase of the menstrual cycle. Our hypothesis was based on the finding that the progesterone metabolite allopregnanolone positively modulates gamma-aminobutyric acid (GABA)A receptors via an allosteric binding site to potentiate inhibitory signaling (20) and enhance the negative feedback on the HPA axis (21, 22). Therefore, during the luteal phase, when allopregnanolone levels are high, cortisol levels would be expected to decrease relative to the follicular phase, when allopregnanolone levels are low.

Tonic levels of cortisol across the menstrual cycle have been reported as higher for example, (23, 24) or unchanged (25, 26) in the follicular vs. luteal phase. These discrepancies are rooted in marked methodological differences across studies. Hence, our analysis only included high-quality research studies implementing strict criteria and phase identification. Based on mechanistic considerations of basic research studies (reviewed in the Discussion section) that have reported the effects of neuroactive steroids on the HPA axis function, we predicted a surge in cortisol during the early/mid-follicular phase. Our meta-analysis, indeed, shows that circulating cortisol levels change dynamically as a function of menstrual cycle phase, suggesting cortisol is specifically required during the early/mid follicular phase to mediate adaptive physiological processes in response to environmental stimuli, when both estradiol and progesterone are low.



METHODS


Search Strategy

We conducted a literature search in PubMed, Web of Knowledge and PsychInfo, and included eligible studies published through December 5th, 2019. Two authors (AH and KK) completed their search independently according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (27). Any discrepancies were reconciled by reviewing the literature jointly for specific points of difference. We used the following search string: [(“Cortisol”) AND (“Menstrual” OR “Luteal” OR “Follicular”) for (DOCUMENT TYPE: (Article); LANGUAGE: English; SUBJECTS: Human)]. We compiled the results in EndNote X8.



Inclusion/Exclusion Criteria

This meta-analysis evaluated tonic peripheral cortisol levels of healthy menstruating female study participants across follicular vs. luteal phases of the menstrual cycle. Studies were considered eligible if a baseline value was provided prior to a laboratory intervention (for example, psychosocial stress procedure or exercise), if samples were collected longitudinally in a naturalistic (or a laboratory) setting across the menstrual cycle, if an experimental design evaluating a disease state included a healthy control or if an intervention included a placebo control. The exclusionary criteria implementation was carried out in a two-step approach.

In the first step, study abstracts (N = 2,225) were excluded if they were: (1) abstracts, review papers or case studies, (2) animal studies, or evaluation of cell lines, (3) male-only evaluations, (4) abstracts which only mentioned one menstrual phase (luteal or follicular) as a means of controlling for menstrual cycle phase (i.e., not as a comparison of the two phases), (5) studies evaluating a diseased population (including smokers or other substance use disorder population) or implementing a menstrual phase-specific intervention (without a placebo control). This category also included abstracts describing pregnant as well as women in the peri- or post-menstrual phases, as well as women who were on oral contraceptives. Finally, abstracts describing athletes or women who experienced early life trauma were also coded in this category. The remaining abstracts were excluded if they: (6) did not mention cortisol (blood, salivary or urinary), (7) were overlapping study participants with an already published study, and (8) if they described a procedure (such as IV fertilization, for example) which could cause changes in circulating cortisol due to anticipation.

In the second round of exclusion criteria implementation, we evaluated full articles. We excluded papers which did not evaluate groups according to menstrual cycle phases, measure cortisol, have a healthy, non-athletic control group, or report mean and/or variance and were published more than 25 years ago. Furthermore, we excluded papers which re-administered stress (as this can distort baseline cortisol levels), performed non-linear cortisol modeling, were non-original, written in languages other than English, or had overlapping participants. Given the rapid decline of cortisol in the morning, studies which collected cortisol during morning times that varied ≥2 h or did not mention what time of the day cortisol sample collection -took place were excluded, as well as studies which determined cycle phase using self-report.



Data Extraction

Information on the following variables was collected: (1) age, (2) BMI, (3) day of follicular and luteal phase of cortisol collection, (4) phase estimation method, (5) time of day of cortisol collection, and (6) physiological source of cortisol level. Regarding the length of phase variable, whereas some studies reported a range of days, others reported multiple, exact days of the cycle on which cortisol was reported. In the event that a study reported cortisol values across multiple days of the menstrual cycle, data from the day closest to the beginning of the cycle (day 1) for follicular phase, and day 21 of the luteal phase were extracted to reflect the greatest contrast of estradiol and progesterone levels across the cycle. In the event that cortisol was reported on multiple “sub-phases” (for example, early-follicular, mid-follicular), again, data from the day closest to the beginning of the cycle (day 1) for follicular phase, and day 21 of the luteal phase were extracted. If cortisol was collected across multiple menstrual cycles (for example, two menstrual cycles), values from the last cycle were reported. In the event that studies reported cortisol values at multiple times of the day (for example, morning and evening), or multiple sources (for example, salivary and plasma), the most frequently reported time (morning) and source (blood) in the remaining studies were used to extract cortisol values.



Data Analysis

Analyses of were carried out by first calculating the Cohen's d effect size (28). In the event mean and variance values were provided for sub-groups of women in follicular and luteal phases, those were combined using the following formulas:
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where, N1 = sample size group 1, N2 = sample size group 2, M1 = mean group 1, M2 = mean group 2, SD1 = standard deviation group 1, SD2 = standard deviation group 2.

We divided the mean difference between the two groups by the pooled standard deviation. Next, we used the J-correction factor to obtain the Hedges' g effect size, which corrects for small samples (29) and is considered small, medium, and large for values 0.2, 0.5, and 0.8, respectively. Within- and between-subject study designs were combined as described in Morris et al. (30). We used a random effects model to calculate the pooled effect size with an associated 95% CI and a p-value (31). We assessed source-study heterogeneity using the χ2-based Q test with its associated p-value. A statistically significant Q statistic suggests different effect sizes across studies, implying that methodological or population sample differences may be introducing variance across individual studies. We quantified heterogeneity using I2 with values 25, 50, and 75% suggestive of small, medium and large heterogeneity and calculated potential publication bias using the Classical Tests (32). We completed sub-analyses according to source (saliva vs. plasma) and time of day (morning vs. afternoon). The meta-analysis was performed using the “escalc” function, and publication bias was assessed using the “ranktest” function in “metafor” package (33) in R.




RESULTS


Characteristics of Individual Studies

After removal of duplicate studies, literature search identified 2, 226 individual abstracts as shown in the PRISMA figure (Figure 1). Those abstracts were screened for relevance and coded for exclusion reasons. The greatest number of abstracts excluded was based on absence of menstrual cycle groups, followed by cell line/animal research studies. A total of 256 full-text articles were reviewed for relevance, of which 221 were excluded. Of the 221 studies, 44 were excluded based on the self-report nature of menstrual cycle phase determination, and 40 were excluded because they either didn't mention cortisol collection time, or the morning sample was collected at times which varied by two or more hours. The analysis included data from 35 final studies.


[image: Figure 1]
FIGURE 1. PRISMA flow diagram.


As shown in Table 1, most of the studies included participants in their 20s, with a BMI below 25. Whereas, some studies incorporated fine-grained sub-phases of follicular and luteal phases (see Table 2), others defined the phases as day 1–14 and 15–28. Phase estimation was determined via progesterone level acquisition, LH surge measurement, basal body temperature measurement, or pelvic ultrasound. Times of cortisol collection were in the morning, afternoon/evening or over several hours, and the source was saliva, plasma or urine. Whereas, Supplementary Table 1 shows all the days/phases of menstrual cycle, time of collection and sources of cortisol across all the studies, Table 2 only shows the actual day (or range of days), time and source of cortisol which were included in the analysis. These two tables are provided in order to increase transparency of reporting, as several studies reported several values, for which we implemented the rules as specified in the Methods Section Data Extraction.


Table 1. Participant information from individual studies.
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Table 2. Menstrual cycle and outcome measure information from individual studies.
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Evaluation of Standardized Mean Difference in Cortisol Levels Across Menstrual Cycle

Women in the follicular phase had higher cortisol levels than women in the luteal phase, with an overall Hedges' g of 0.13 (p < 0.01) for the random effects model (Figure 2). The confidence interval range was between 0.05 and 0.20. No significant between-study difference was detected (tau2 =0; H = 1.0), with the level of heterogeneity in the small range (I2 = 0%, Q = 30.69; p = 0.63). The Rank Correlation Test for Funnel Plot Asymmetry resulted in Kendall's tau = 0.14 (p = 0.23), indicating absence of small study effects.


[image: Figure 2]
FIGURE 2. Forest plot of cortisol levels across the menstrual cycle. Positive standardized mean difference (SMD) means that cortisol levels were higher in the follicular vs. luteal phase.




Sub-analysis of Cortisol Levels According to Source and Time of Day

Sub-analysis according to the biospecimen source showed a significant effect of plasma (p = 0.036) and marginally significant effect of saliva (p = 0.055). The time of day sub-analysis showed a significant effect of morning (p = 0.005), but not afternoon (p = 0.177). Table 3 displays all relevant sub-analyses statistics, including standardized mean difference, standard error, z and p-values, confidence intervals, degrees of freedom, Q statistic and its associated p-value.


Table 3. Results of sub-analyses according to the biospecimen source and time of day.
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DISCUSSION

For decades, literature on cortisol has yielded mixed results with respect to its concentration in the follicular vs. luteal phase of the menstrual cycle. Implementing a comprehensive search of high-quality studies spanning a period of almost 50 years of research, we show that circulating cortisol levels are higher in the follicular vs. luteal phase. Cortisol regulation is a delicate process of extensive physiological processes working in concert to adjust responses to environmental stimuli. Below, we review mechanisms driving circulating cortisol levels to both increase and decrease across various menstrual cycle time-points, while noting that the net effect of these, or other, still unidentified processes, is a higher circulating cortisol during the follicular compared to the luteal phase, as reported in our analysis (Figure 2).

The paraventricular nucleus (PVN) of the hypothalamus integrates numerous circadian and environmental inputs to funnel information through neurons expressing corticotropin-releasing hormone (CRH). The release of CRH into the hypophyseal portal vasostructure enhances the synthesis and release of adrenocorticotropic hormone (ACTH) from the anterior pituitary, which, in turn, stimulates adrenal glands to synthesize and release cortisol to adapt metabolic processes and behavioral responses.

Intriguingly, PVN neurons express high levels of estrogen receptor beta (ER-β) and low levels of estrogen receptor alpha (ER-α) (64–66). Several research studies have demonstrated that estradiol, through its near equivalent affinity for the two estrogen receptor subtypes, can selectively decrease or increase HPA axis function. A high number of ER-β-expressing cells in the PVN are oxytocin and vasopressin immunoreactive (67–69), which complement the CRH neurons that also express ER-β (64). Stimulation of ER-β in the PVN results in a reduction of cortisol levels. In accord, both centrally- and peripherally-delivered ER-β selective agonists inhibit the HPA function (70). ER-α occupancy, on the other hand, has an indirect, trans-synaptic activation in the PVN. The peri-PVN region contains ER-α neurons, and their activation can impair glucocorticoid-mediated negative feedback regulation of the HPA axis (71). These opposing actions of estradiol—with ER-α amplifying, and ER-β reducing HPA function—are in agreement with laboratory observations that estradiol both enhances (72, 73) and inhibits (74, 75) HPA function. Hence, in the luteal phase, when estradiol levels are higher compared to the early/mid follicular phase, theoretically, depending on the extent of ER-β or ER-α expression and activation in or near the PVN, estradiol can either decrease or increase circulating cortisol levels.

The activity of CRH neurons in the PVN is tightly regulated by inhibitory GABAergic interneuron populations (76). Allopregnanolone, a progesterone derivative resulting from conversion by 5α-reductase type I and 3α-hydroxysteroid dehydrogenase, is an endogenous neurosteroid and a potent, positive, allosteric modulator of the action of the inhibitory neurotransmitter GABA at GABAA receptor. Studies in rodents show an inhibitory effect of allopregnanolone on the function of the HPA axis (77–79). This effect of allopregnanolone seems to be exerted through its action at GABAA receptors, and subsequent inhibition on PVN neurons (80) under both basal and stressful conditions (81). In support of these findings, in addition to allopregnanolone, another potent GABAA receptor modulator and deoxycorticosterone-derived steroid, tetrahydrodeoxycorticosterone (TH-DOC), also attenuates the HPA axis function (77, 82, 83). Therefore, in the luteal phase, under the physiological milieu of higher circulating progesterone levels and, most importantly, of its potent GABAA receptor-modulating metabolite, allopregnanolone, lower circulating cortisol levels can be expected relative to the follicular phase. Not surprisingly, our meta-analysis has confirmed this expectation (Figure 3).
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FIGURE 3. Hypothetical cortisol levels across the menstrual cycle based on values reported in the analyzed studies.


Once released in the blood flow, ~80% of circulatory cortisol is bound to corticosteroid-binding globulin (CBG), leaving ~5% of cortisol in the free form (84). CBG is primarily synthesized by the liver and secreted into the bloodstream, where it binds and provides a pool of circulating cortisol. It enhances the availability of cortisol to be released on demand both systemically and at a tissue level. Whereas plasma cortisol reflects total cortisol (i.e., bound and unbound), the salivary levels only reflect unbound/free cortisol. Changes in circulating CBG have a significant impact on total, but not free, cortisol concentrations (85, 86). The CBG is under a tight regulation by estradiol, with women expressing greater CBG basal concentrations than men (87). Interestingly, ethinyl estradiol, found in oral contraceptives (OC), dose-dependently increases CBG serum levels (88). Ethynyl estradiol is also a potent ER modulator, with 194 and 151% of the affinity of estradiol for the ER-α and ER-β, respectively (89). It is, however, unclear whether changes in estradiol across the menstrual cycles can alter CBG. Nenke et al. (90) report that total CBG concentration reaches ~1,000 nmol/L in pregnancy as well as during the active phase of pill cycle containing ethinyl estradiol. These expression levels are substantially higher than the CBG levels of ~500 nmol/L determined in non-pregnant, non-OC taking individuals (90). Unfortunately, this study did not account for menstrual cycle phase, which would have provided valuable information regarding CBG changes, if any, across the menstrual cycle. The question of potential CBG changes across the menstrual cycle due to changes in estradiol concentrations should be evaluated in future studies by carefully examining the potential anti-estrogenic and blunting effect of luteal progesterone on estradiol-induced increase in CBG (91).

There are several limitations to consider in the present meta-analysis. First, our sub-analyses may have been underpowered to detect effects of time variations. For example, the “time of day” sub-analysis showed a significant effect of morning, but not afternoon menstrual phase cortisol (Table 3). However, degrees of freedom for morning vs. afternoon sub-analyses were 21 and 7, respectively, with the afternoon sample possibly underpowered to detect a significant effect. Importantly, our sub-analysis of “source” (plasma vs. serum) was consistent with our main study results, showing higher follicular cortisol in both the free and total form. Furthermore, given that the overall sample was fairly homogenous, with most women in the same age range (20–29 years old) and a normal BMI (Table 1), we were unable to perform a meta-regression, which would have provided meaningful information related to the direction of future mechanistic studies.

As the research evaluating interacting effects between HPA and HPG axes unfolds, there are several issues to consider. Perhaps the greatest pitfall of menstrual cycle research is the inadequate assessment of the menstrual cycle phase. In the full-article evaluation step of our meta-analysis, we excluded findings from 44 studies because menstrual cycle phase was estimated based on self-report. Retrospective reports of menstrual cycle “start” and “duration” are plagued by profound phase misinformation (92) and prospective measures confirming both ovulation and luteal phase status are essential. Menstrual cycle phase determination was also based on self-report in approximately half of the studies evaluating the HPA reactivity in the follicular vs. luteal phase (16, 18, 19), contributing to the inability to make meaningful conclusions regarding the direction of effect.

HPA axis dysfunction is strongly implicated in the etiopathology of affective disorders (93–95) with women at an increased risk (96, 97). Yet, basic questions related to the function of the HPA axis throughout stages of the menstrual cycle under acute or prolonged stress conditions remain largely unanswered. Whereas, our meta-analysis reflects a single time point in the cortisol diurnal cycle, it is still unknown whether there are phase-specific effects on the shape of the diurnal curve. This assessment could be easily implemented given the availability of the salivary (unbound) cortisol assay, and would provide a comprehensive picture of daily cortisol trajectory and its potential mean, amplitude and/or phase shift as the hormonal milieu changes across the menstrual cycle. In this case, the awakening and morning cortisol should be taken more frequently than the late afternoon/evening samples.

It is strongly recommended that future studies employ a fine-grained approach (i.e., evaluating early/mid follicular, ovulatory, early, mid and late luteal phases) to advance women's mental health research, rather than broadly defining phases as “follicular” vs. “luteal.”

In summary, the aim of our meta-analysis was to summarize findings of a period spanning over 50 years of research and test whether circulating cortisol levels change as a function of menstrual phase. With respect to this objective, we showed higher cortisol levels in the follicular vs. luteal phase of the menstrual cycle. By completing this aim, our hope is to simultaneously increase awareness of the poor state of women's neuroendocrine science research. Experimental protocols designed to study effects that influence the HPA and HGA axis function need to be specifically designed to account for women's physiological requirements. The joint protocols previously designed for both sexes rarely apply to studies involving women. Whereas, participant recruitment, evaluation and analysis are more rapid in many research scenarios involving men, given the dynamic nature of the menstrual cycle and the need for prospective data collection, the same parameters should not be applied to research involving women. Resources and completion expectations need to be adjusted as such. Once implemented, these changes will contribute meaningful information to progress our understanding of rhythmic hormonal changes, which are crucial for understanding the now well-established sex difference in affective disorder development and progression.
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An important function of aromatase in the brain is conversion of testosterone secreted from the testis into estradiol. Estradiol produced in the brain is thought to be deeply involved in the formation of sexually dimorphic nuclei and sexual behavior as a neurosteroid. We analyzed the brain-specific promoter to elucidate the control mechanisms of brain aromatase expression that may be highly involved in sexual differentiation of the brain. The 202-bp upstream region of the brain-specific exon 1 has three types of cis-acting elements, aro-AI, AII, and B. We isolated ARP-1 as an aro-AII-binding protein by yeast one-hybrid screening from a cDNA library of mouse fetal brains. ARP-1 is a member of the nuclear receptor superfamily and functions as an orphan-type transcription factor. ARP-1 protein synthesized in vitro showed the same binding property to the aro-AII site as nuclear extract from fetal brains. To determine how the promoter is involved in brain-specific transcription of the aromatase gene, we first detected the in vivo occupancy of the aro-AII site by ARP-1 using chromatin immunoprecipitation assays. Diencephalic regions of fetal brains at embryonic day 16 were analyzed, which revealed ARP-1 recruitment to the aro-AII site. To analyze the effects of ARP-1 on transcriptional regulation of the brain-specific aromatase promoter, a luciferase reporter plasmid driven by the brain-specific promoter was transfected into CV-1 cells together with a plasmid expressing ARP-1 protein. These analyses revealed that ARP-1 induced promoter activity in a dose-dependent manner. Furthermore, to determine whether ARP-1 is required for aromatase expression in neurons, ARP-1 knockdown was conducted in neuronal cell primary culture. Knockdown of ARP-1 significantly suppressed the increase in aromatase mRNA observed in cultured neurons. These results indicate that ARP-1 is involved in the transcriptional regulation of the brain-specific promoter of the aromatase gene.

Keywords: aromatase, steroid hormone, sexual differentiation, estrogen, chicken ovalbumin upstream promoter transcription factor, nuclear receptor


INTRODUCTION

The physiological functions of neurosteroids have been investigated in many laboratories (1–3). Neurosteroids facilitate a wide variety of biological activities in the brain either through the action of a canonical nuclear receptor or through interaction with membrane-bound receptors (4–6). The neurosteroid estrogen has been proposed to play critical roles in a variety of reproductive behaviors. Aromatase, also called estrogen synthase, is mainly expressed in the gonads (7–9) and brain (10–13) in rodents. We have shown that aromatase plays an important role in the formation of morphological, neuroendocrinological, and behavioral sex differences. In fact, an experimental animal model of estrogen deficiency was generated in mice by targeted disruption of the aromatase gene (14–16), and the roles of estrogen in reproductive behaviors were extensively investigated (17–19). In our previous study, transgenic mice specifically expressing human aromatase in the brain were generated and crossed with aromatase knock-out (ArKO) mice, resulting in the creation of mice with brain-specific recovery of estrogen production (ArKO/bsArTG) (20). The ArKO/bsArTG mice exhibited significant restoration of impaired behaviors, suggesting that brain-restricted expression of aromatase is sufficient for the display of reproductive behavior. Thus, expression of aromatase in the brain is suggested to be essential for reproductive behavior in mice.

Transcription of the aromatase gene is governed by multiple tissue-specific promoter regions. In the brain, expression of the aromatase gene varies depending on the developmental stage, with a transient peak during the perinatal period, which is consistent with the critical period known as neonatal imprinting of sexual differentiation. We have identified a brain-specific exon 1 in human and mouse aromatase genes, and its use was restricted to neurons by alternative splicing of the multiple exons 1 (21–26). The promoter analyses revealed that the 202-bp upstream region of the mouse brain–specific exon 1 has strong promoter activity in primary culture of diencephalic neurons from fetal mouse brains. We have shown the functions of cis-acting elements responsible for the brain-specific spatiotemporal expression of the mouse aromatase gene. The 202-bp upstream region has three cis-elements: aro-AI (Arom-Aα), aro-AII (Arom-Aβ), and aro-B (Arom-B) (27, 28). Our previous study indicated the homeodomain-containing transcription factor Lhx2 as a binding protein to the aro-B site and a potential transcriptional regulator of brain-specific expression of the aromatase gene (28). Lhx2 can mediate transcriptional activity of the brain-specific aromatase gene and exhibits a transient peak during the perinatal period. In concordance with previous findings, it is highly likely that unidentified transcription factors, which bind to other cis-acting elements, including aro-AI and aro-AII, are also involved in the transcriptional regulation of aromatase in the brain.

In the present study, we provide evidence that a member of the nuclear receptor super family, ARP-1, can bind to the aro-AII site of the brain-specific promoter 1f and positively regulate aromatase expression.



MATERIALS AND METHODS


Yeast One-Hybrid Screening

The Matchmaker One-Hybrid System was used to isolate the cDNA encoding a protein that binds to the aro-AII element of the brain-specific promoter of the mouse aromatase gene. The procedures were performed according to the manufacturer's protocols (Clontech, Mountain View, CA, USA). Four tandem repeats of double stranded aro-AII (5′-TTATGTTGGCCCCTGACATATATATT-3′) nucleotides were subcloned into the upstream regions of the minimal promoters of pHISi-1 and pLacZ reporter plasmids. These plasmids were then linearized and transformed for integration into a YM4271 yeast genome to generate reporter yeast strains that were designated as YM4271/aro-AII-His and YM4271/aro-AII-LacZ. YM4271/aro-AII-His was further checked for growth on medium lacking histidine (His− medium) in the presence of 45 mM 3-amino-1,2,4-triazol (3-AT). The YM4271/aro-AII-His yeast strain was transformed with a MATCHMAKER cDNA library constructed from embryonic day 17 (E17) mice and subsequently cloned into the vector pACT2 (Clontech). The transformed yeast colonies (~1.5 × 106) were screened, and three positive transformants, which were grown on SD medium plates lacking histidine and leucine with 45 mM 3-AT, were isolated. To exclude pseudo-positive clones, plasmids were recovered from selected clones and rescreened by transforming them into YM4271/aro-AII-LacZ cultures on SD medium plates lacking uracil and leucine. The filter replica method—using 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (40 μg/ml)—was used to measure β-galactosidase activity according to the manufacturer's protocols. DNA sequences of plasmids from three individual positive blue colonies were sequenced and subsequently analyzed for homology using a BLAST DNA search.



Gel Shift Assay

Gel shift assays were carried out as described previously (29). For the gel shift assay, the 5′-protruding ends of the double-stranded aro-AII probe (5′-gTTATGTTGGCCCCTGACATATATATT-3′/5′-gAATATATATGTCAGGGGCCAACATAA-3′) were labeled with [α-32P] dCTP using a Klenow fragment of DNA polymerase. Five micrograms of nuclear protein or aliquots of proteins synthesized in vitro were mixed with the DNA probes and incubated for 20 min on ice. The reaction mixtures were analyzed using a 5% polyacrylamide gel. The synthetic mutant oligonucleotides, AIIM1 and AIIM3, were also described in a previous paper (29). For competition experiments, a 200-fold molar excess of unlabeled nucleotides was added to the reaction mixture. For supershift experiments, an anti-ARP-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-COUP-TFI (Chicken Ovalbumin Upstream Promoter-Transcription Factor I) antibody (Santa Cruz Biotechnology) was used to specifically recognize corresponding isoforms.

Plasmid constructs bearing ARP-1 that were suitable for in vitro translation were prepared as follows. ARP-1 cDNA obtained was subcloned into a pCI-neo vector (Promega, Madison, WI, USA), resulting in pCI-neoARP-1. The plasmid was linearized at the 3′ end of the coding region and transcribed by T7 RNA polymerase (Takara, Kyoto, Japan). The resulting ARP-1 mRNA was verified by 1% agarose gel electrophoresis. ARP-1 mRNA was translated using an in vitro protein synthesis kit (Promega) with rabbit reticulocyte lysate.



Animals

All experimental procedures using animals were approved by the Committee for Animal Experiments of Fukuoka University (reference no. 1705049).



Chromatin Immunoprecipitation (ChIP) Assay

The chromatin immunoprecipitation assay was carried out using a ChIP assay kit (Upstate Cell Signaling Solutions, Charlottesville, VA, USA) as described previously. The diencephalic regions of E16 mouse fetal brains were treated with 1% formaldehyde to cross-link proteins to DNA. Then, the samples were homogenized in lysis buffer and sonicated to yield an average DNA size of 500 bp. Sonicated extracts were precleared with protein G-agarose/salmon sperm DNA (Upstate Cell Signaling Solutions) and divided into two fractions. Then, 5 μg of non-immunized goat immunoglobulin G (preimmune IgG) or anti-ARP-1 antibody (Santa Cruz Biotechnology) was applied. The immunoprecipitated products were eluted, and DNA–protein complexes were dissociated by heating at 65°C. The resulting DNA fraction was purified by phenol/chloroform extraction and ethanol precipitation and subsequently subjected to PCR amplification using the following aromatase gene-specific primers: MB-AR-N1, 5′-TCACTGTTCACAGAGAGTAC-3′; MB-AR-0R, 5′-ATAGCTTTTCTGGCAAGCAC-3′ (Figure 1).


[image: Figure 1]
FIGURE 1. Brain-specific exon 1 and its promoter region in the mouse aromatase gene. The number +1 corresponds to a potential transcription start site. A TATA box is shown in the shadowed box. The open boxes indicate the aro-AII and aro-B sites found in previous studies (27). The two primers used in the chromatin immunoprecipitation assay are also indicated in the figure by the arrows.




Aromatase Gene Promoter Assay Using a Luciferase Reporter

CV-1 and HepG-2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/ml of penicillin, and 100 μg/ml of streptomycin. Luciferase reporter plasmids were constructed by cloning the fragments of brain-specific promoters into the pGL3-Basic luciferase vector (Promega, Madison, WI). To obtain fragments of the promoter region, we amplified the fragments by polymerase chain reaction (PCR) using mouse genomic DNA as a template and oligonucleotide pairs; the brain-specific promoter region of the mouse aromatase gene was amplified with the following primer pair: MB-AR-N1 (5′-TCACTGTTCACAGAGAGTAC-3′) and MB-AR-1R (5′-GGACTCTTGAAGATGGTGAG-3′), and the mouse apolipoprotein AI promoter region was amplified with the following primer pair: mo-apoA1-2 (5′-TGGGACCCCTGGAGTCTGC-3′) and mo-apoA1-R1 (5′-GGACGCTCTCCGACAGTCT-3′). The PCR products were subcloned into the SmaI site of the pGL3-Basic plasmid (Promega), resulting in the pGL3aroBr and pGL3apoAI plasmids. The cDNA clone of mouse ARP-1 was subcloned into the Bam HI and Not I sites of the p3XFLAG-myc-CMV-26 expression vector (Sigma-Aldrich, St. Louis, MO, USA), resulting in the pFLAG-ARP-1 expression plasmid.

The pFLAG-ARP-1 expression plasmid (50, 100, 250, or 500 ng), 500 ng of reporter plasmid, and 50 ng of phRluc-TK control vector (Promega) were mixed with 50 μl of antibiotic-free DMEM containing 8 μl of Plus Reagent (Invitrogen) and incubated for 15 min at room temperature. Next, 50 μl of antibiotic-free DMEM containing 2 μl of Lipofectamine Reagent (Invitrogen) was added to the mixture and incubated for 15 min at room temperature. The mixture was added onto CV-1 cell monolayers preincubated under serum-free conditions. After 5 h of incubation, the DNA–liposome complex was replaced with the complete medium and cultured for 48 h. For the reporter assay with HepG2 cells, 100, 250, or 500 ng of pFLAG-ARP-1 expression plasmid, 500 ng of pGL3aroBr or pGL3apoAI plasmid, and 50 ng of phRluc-TK control vector (Promega) were mixed and transfected in cells according to the procedure described above. The cells were solubilized with 150 μl of Passive Lysis Buffer (Promega). Promoter activity was measured using a Dual-Luciferase Reporter Assay system (Promega) according to the manufacturer's protocol. Each experiment was performed in duplicate and repeated at least three times.



ARP-1 Knockdown of Fetal Neuronal Cells

Diencephalic neurons were prepared from E13 mouse fetal brains according to Abe-Dohmae et al. (30), and the cells were used to analyze the effects of ARP-1 knockdown on diencephalic aromatase expression. The neuronal cells were cultured in DF medium (50% DMEM and 50% Ham's F12 medium, supplemented with 5 μg/ml of insulin, 5 μg/ml of human transferrin, 5 ng/ml of sodium selenite, 20 nM of progesterone, 100 units/ml of penicillin G, and 100 μg/ml of streptomycin sulfate) in a poly-L-Lys-coated 12-well-plate (1.5 × 106 cells/well). Twenty-four hours after starting the culture, transfection was performed using the HiPerFect Transfection reagent (Qiagen, Valencia, CA). For transfection, the cells were washed twice with antibiotic-free DF medium and subsequently incubated in 1.2 ml of antibiotic-free DF medium containing 25 nM Silencer Select siRNA (siRNA ID: s102050) according to the manufacturer's instructions. Forty-eight hours after starting the transfection, the cells were harvested to prepare separate RNA and protein samples. Total RNA was prepared using the TRIzol regent (Invitrogen) and was then analyzed by RT-qPCR. The reduction in ARP-1 protein was estimated by western blot analysis using an anti-ARP-1 antibody (Santa Cruz Biotechnology) and an anti-β-actin antibody (Proteintech, Rosemont, IL, USA). For the western blotting analysis, the cells were washed with PBS, lysed in RIPA buffer [150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 50 mM Tris (pH 7.6)], then centrifuged at 14,000 × g for 10 min. The protein concentration was determined using a BCA protein assay kit (Bio-Rad, Hercules, CA, USA). Five micrograms of the protein lysate was separated on a 9% sodium dodecyl sulfate-polyacrylamide gel, then electro-transferred to a PVDF membrane. The membrane was blocked in Blocking One solution (Nacalai Tesque, Kyoto, Japan) for a duration ranging from 1 h to overnight, then incubated with anti-ARP-1 antibody at a dilution of 1:5,000 or anti-β-actin antibody at a dilution of 1:5,000 for 1 h at room temperature. The membrane was then incubated with the appropriate peroxidase-conjugated secondary antibody at a dilution of 1:20,000 (Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature. Can Get Signal Immunoreaction Enhancer Solution (TOYOBO, Osaka, Japan) was used to dilute the primary and secondary antibodies. Chemiluminescence was detected using Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA). The immunoreactive signals were visualized and quantified using a ChemiDoc XRS instrument (Bio-Rad).



RT-qPCR

The reverse transcription reaction was performed using an AffinityScript QPCR cDNA Synthesis Kit (Agilent Technologies, Santa Clara, CA, USA). Briefly, total RNA (3 μg) was reverse transcribed using random primers according to the manufacturer's instructions. cDNA aliquots were used for quantitative PCR analysis. Real-time PCR was performed using TaqMan probes with Brilliant II QPCR Master Mix (Agilent) according to the manufacturer's instructions. TaqMan Gene Expression Assay reagents (Thermo Fisher Scientific, Waltham, MA, USA) for aromatase (Assay ID: Mm00484049_m1) and β-actin (Assay ID: Mm01205647_g1) were used as TaqMan probes. Real-time PCR was performed using a two-step cycling protocol consisting of 45 cycles of 20 s at 95°C and 60 s at 60°C on an Mx3000P QPCR System (Agilent). All reactions included controls lacking the template. After the reactions, the Ct values were determined using fixed-threshold settings. The ΔΔCT method was used to determine the mRNA fold change, which was normalized to β-actin mRNA level. Each experiment was performed in duplicate and repeated at least three times.



Statistical Analysis

The results obtained from triplicate experiments are expressed as the mean ± S.E.M. All data analyses were performed using JMP® software (SAS institute Inc., Cary, NC, USA). Statistical analysis of the data was performed using one way ANOVA with post-hoc Tukey–Kramer correction, and differences were considered significant if the p < 0.05.




RESULTS


Identification of a Protein That Interacts With the aro-AII Site of the Brain-Specific Promoter 1f of the Aromatase Gene

To obtain a potential transcription factor that binds to the aro-AII sequence, we performed screening of an E17 mouse cDNA library using reporter yeast strains, designated as YM4271/aro-AII-His and YM4271/aro-AII-Lac.

Three positive clones were obtained from a one-hybrid screening of the cDNA library from E17 mice. Comparison of the sequences with GeneBank data using a BLAST DNA search revealed a sequence that was 100% identical to the previously identified transcription factor apolipoprotein AI Regulatory Protein 1 (ARP-1, also called COUP-TFII). These clones did not cover the full length of the ARP-1 protein, and an even longer clone was lacking nine amino acids of the N-terminus.



ARP-1 Protein Binds to the aro-AII Site

To assess ARP-1 binding activity to the aro-AII sequence, we carried out gel shift analyses with nuclear extracts prepared from the diencephalic region of E15 mouse brains. The sequence required for aro-AII to interact with the binding protein is shown in Figures 1,2A. In a gel shift assay using an AII probe that included the TTGGCCCCT sequence of the promoter region, the nuclear protein formed a specific mobility-shifted complex on the AII probe, and this complex did not form under competition with a 200-molar excess of an unlabeled AII probe. The aro-AII-binding protein recognized a nine-base-pair sequence “TTGGCCCCT” as shown in Figure 2A. When a mutation was introduced into this nine-base-pair sequence, the interaction with the protein was lost. As previously shown by our group (29) and indicated in Figure 2A, an oligonucleotide with a mutant introduced inside the “TTATCCCCT” (AIIM3) sequence did not compete with the complex, but an oligonucleotide mutated outside the sequence (AIIM1) could compete with the complex (Figure 2B, left panel). ARP-1 was found to be a transcriptional regulator of apolipoprotein A1 (31). A gel shift assay was performed using the ARP-1-binding site present in the promoter sequence of mouse apolipoprotein as a competitor (Figure 2B, left panel). A similar competition was also observed when the sequence present in the apolipoprotein gene was used as a competitor oligonucleotide. Moreover, the ARP-1 antibody super-shifted the complex formed by aro-AII and the nuclear factor on the gel shift assay (Figure 2B, right panel). To further conform the binding ability of ARP-1 to aro-AII, similar gel shift experiments were conducted using ARP-1 protein synthesized in vitro from the cDNA obtained by one-hybrid screening. As shown in Figure 2C, the ARP-1 synthesized in vitro had a slightly higher mobility complex than the nuclear protein, presumably because of the nine missing N-terminal amino acids from the wild-type ARP-1. The binding properties of the synthesized ARP-1 protein were apparently identical to those of the nuclear protein in brain extract. These results suggested that the binding protein of aro-AII is ARP-1.
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FIGURE 2. Identification of ARP-1 as a candidate binding protein of the aro-AII site. (A) The aro-AII-binding protein recognized the sequence “TTGGCCCCT,” which is shown inside the square. The wild-type and mutant oligonucleotide probes, AII, AIIM1, and AIIM3, are shown. Mutations introduced into the aro-AII oligonucleotide are shown by outlined characters. The nucleotide sequence of the ARP-1 binding site in the promoter region of the human and mouse ApoAI gene is also shown in the figure. Tandem repeats of human and mouse ApoAI oligonucleotides are shown in the oligonucleotide by arrows. The box indicates the portion of nucleotides essential for ARP-1 binding as described in our previous report. The putative tandem repeats in the AII probe are shown by broken arrows. (B) A gel shift assay was performed using 5 μg of nuclear protein. A 200-fold molar excess of unlabeled probe was used in the competition assay. The specific signals are indicated by the arrow on left side. The bracket shows the non-specific signals (N.S.). (C) For supershift assays, nuclear protein was incubated with 2 μg of the indicated antibody on ice for 30 min before the addition of a radiolabeled probe. The probe/nuclear protein complex and supershift signals are indicated by the arrow and arrowhead, respectively, on the left side.




ARP-1 Binds to aro-AII in the Brain-Specific Promoter 1f Region of the Mouse Aromatase Gene in vivo

In the E15 mouse brain, COUP-TFI, a protein with high homology and similar binding sites to ARP-1, is also observed. Thus, considering the possibility that COUP-TFI can also occupy the aro-AII site, we conducted a supershift analysis with specific antibodies by gel shift assay using fetal brain extract. As shown in Figure 3A, when the anti-ARP-1 antibody was added, a clear supershift band was observed, whereas only a faint supershift band was visible with the anti-COUP-TFI antibody. These results suggested that the majority of the protein that binds at the aro-AII site in the E15 fetal brain is ARP-1. To confirm that ARP-1 binds to the aro-AII site in the promoter 1f of the aromatase gene in vivo, we conducted a ChIP-PCR assay using the diencephalic region of E16 fetal mouse brains. As shown in Figure 3B, anti-ARP-1 IgG immunoprecipitated the promoter region containing the aro-AII site, resulting in an amplified DNA product on ChIP-PCR. In contrast, no PCR product was observed in the assay using control IgG. The results suggested that ARP-1 binds to the aro-AII cis-element in the 1f promoter region in vivo.
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FIGURE 3. ARP-1 protein binds to the aro-AII sequence in vivo. (A) A gel shift assay was performed using 5 μg of nuclear protein or an aliquot of in vitro synthesized ARP-1 protein. For supershift assays, nuclear protein was incubated with 2 μg of the indicated antibody on ice for 30 min before the addition of a radiolabeled probe. The probe/nuclear protein complex and supershift signals are indicated by the arrow and arrowhead, respectively, on the left side. The bracket shows the non-specific signals (N.S.). A 200-fold molar excess of unlabeled probe was used in the competition assay. The probe/ARP-1 complex and supershift signals are indicated by the hatched arrow and arrowhead, respectively, on the right side. (B) A chromatin immunoprecipitation assay confirmed that ARP-1 could associate with the aro-AII site in the fetal mouse brain in vivo. Fresh diencephalic regions of E16 mouse brains were treated with 1% formaldehyde. The fixed tissues were dissolved, and the DNA was sheared and immunoprecipitated with anti-ARP-1 antibody or preimmune IgG. The recovered genomic DNA was subjected to PCR with primers specific for the mouse aromatase gene as shown in Figure 1.




Regulatory Function of ARP-1 for the Brain-Specific Promoter 1f of the Aromatase Gene

To determine the regulatory effects of ARP-1 on the transcription from the promoter 1f of the aromatase gene, we performed a luciferase reporter assay. A luciferase reporter plasmid, pGL3aroBr, was transfected into CV-1 cells together with increasing amounts of ARP-1 expression plasmid. As shown in Figure 4A, ARP-1 dose-dependently enhanced luciferase reporter activity, reflecting the transcriptional activity of the promoter 1f, showing an ~40-fold enhancement with 500 ng of ARP-1 expression plasmid. ARP-1 has been reported to repress the expression of the apoAI gene in human hepatoma-derived HepG2 cells (31). To examine whether the effects of ARP-1 on activity of the brain-specific aromatase promoter depend on the properties of cell lines, we conducted a luciferase reporter assay using HepG2 cells. ARP-1 repressed the promoter activity of the pGL3apoAI-containing apoAI promoter and enhancer in HepG2 cells. ARP-1, however, still showed the ability to enhance promoter activity of the brain-specific aromatase in HepG2 cells (Figure 4B).
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FIGURE 4. ARP-1 increases brain-specific promoter activity of the mouse aromatase gene. (A) ARP-1 increases the promoter activity in a dose-dependent manner. The reporter plasmid (500 ng), pGL3aroBr, was co-transfected with the indicated amounts of pFLAG-ARP-1 plasmid (50, 100, 250, and 500 ng) and 50 ng of the internal control plasmid into CV-1 cells. The total amount of expression plasmid was adjusted to 500 ng with an empty plasmid (p3XFLAG-myc-CMV-26). The cells were harvested after 48 h, and a Dual-Luciferase Reporter Assay was carried out as described in the Materials and Methods section. (B) Effects of ARP-1 on the activity of aromatase and apolipoprotein AI promoters in HepG2 cells. A Dual-Luciferase Reporter Assay was conducted as described in (A). The mean ± SEM of at least three independent experiments is shown in the figure. One-way ANOVA showed a significantly different distribution (p < 0.0001 for (A,B). The p-value of the Tukey–Kramer test is indicated with the symbols as follows. Asterisks indicate statistically significant differences in relative promoter activity between the empty plasmid alone and that after co-transfection with the ARP-1 expression plasmid (p < 0.05). Pound signs indicate statistically significant differences in comparisons between indicated pairs (p < 0.05).


Previous studies have shown that in vitro cultured fetal diencephalic neurons can express aromatase mRNA (30). The mRNA expression level increased in a time-dependent manner for 3 days in E13 neurons prepared from the fetal diencephalon (32). To determine whether ARP-1 is required for aromatase expression in neurons, ARP-1 knockdown followed by real-time PCR was conducted. Addition of an siRNA against ARP-1 led to a significant decrease in the ARP-1 protein level in primary cultured neurons (Figure 5A). The aromatase mRNA level on day 3 in cultured neural cells was increased by ~6-fold compared with the level on day 0 (in primary cultures derived from E13 mice). As shown in Figure 5B, ARP-1 knockdown by ARP-1-targeting siRNA decreased the increment of the aromatase mRNA level in cultured nerve cells by 43%.
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FIGURE 5. Effect of ARP-1-targeting siRNA on expression of the endogenous aromatase gene in primary cultured neural cells. (A) Diencephalic neurons were transfected with ARP-1-targeting siRNA and cultured for 48 h, and then the lysates were subjected to western blotting with an anti-ARP-1 antibody and an anti-β-actin antibody (top panel). The amount of ARP-1 protein is quantitated and expressed as the relative ARP-1/β-actin value (lower panel). The mean ± SEM of three independent experiments is shown in the figure. One-way ANOVA showed a significantly different distribution (p < 0.0002). The p-value of the Tukey–Kramer test is indicated with the symbol as follows. Asterisks indicate statistically significant differences in ARP-1 protein levels between the ARP-1 siRNA and negative control siRNA groups (p < 0.05). (B) Effect of ARP-1 knockdown on the aromatase mRNA level in neural cells. Diencephalic neurons were prepared as in (A), and total RNA was extracted from the cultured cells. The total RNA was analyzed by RT-qPCR to determine the amount of aromatase mRNA as described in the Materials and Methods section. The results are presented as the mean ± SEM of three independent experiments. One-way ANOVA showed a significantly different distribution (p < 0.0002). The p-value of the Tukey–Kramer test is indicated with the symbol as follows. Asterisks indicate statistically significant differences in aromatase mRNA levels between the ARP-1 siRNA and the negative control siRNA groups (p < 0.05).





DISCUSSION

We have previously analyzed the transcriptional mechanisms that regulate the brain-specific expression of the mouse aromatase gene, revealing three cis-elements in the promoter region. In the present study, we demonstrated that ARP-1, a member of the nuclear receptor superfamily, binds to the aro-AII site and is a positive transcriptional modulator of brain-specific expression of the aromatase gene. Cloning of ARP-1, also called COUP-TFII, revealed that it is highly homologous to COUP-TFI (33), and it was found to repress transcription of the apolipoprotein A1 gene via site A in its promoter region (31). The gel shift assays indicated that the ARP-1 protein was involved in aro-AII site binding. ARP-1 has been shown to bind to a wide spectrum of response elements encompassing AGGTCA direct repeats with various spacings, while it has the highest affinity for direct repeats of AGGTCA with one nucleotide spacing (DR1 element) (34). Our previous study revealed the essential nucleotide sequence for binding to the aro-AII site (29). The putative DR-1 was found in the nucleotide positions −110/−91 of the promoter region, although no apparent sequence of the direct repeat was observed within the essential nucleotide sequence for binding (Figure 2A). However, aro-AII with a mutation in one of the repeats (5′-ATGTCA to 5′-ATGcaA) retained binding activity with nuclear protein (29). Additional analysis is necessary to determine of the features of ARP-1 binding to the aro-AII site.

Expression of the aromatase gene in the mouse brain exhibits a transient peak during the perinatal period (35). A similar transient peak of expression was also observed in the in vitro system, even if diencephalic tissues were dissociated and dispersed as individual neural cells (32). In this study, the luciferase reporter gene assay showed that ARP-1 activated transcription of the reporter gene in a dose-dependent manner (Figure 4). A decrease in ARP-1 protein caused by RNA interference reduced the spontaneous increase in aromatase mRNA levels in cultured neural cells from the diencephalic region of the fetal mouse brain (Figure 5). Moreover, ChIP-PCR analysis indicated that endogenous ARP-1 protein bound to the aro-AII site in vivo (Figure 3). These results suggest that ARP-1 is a transcription factor that positively regulates aromatase expression in the mouse brain via specific binding to the aro-AII site on the promoter 1f of the gene. ARP-1 can either positively or negatively modulate the expression of downstream genes through different mechanisms (34, 36, 37). ARP-1 exhibits positive regulation of the brain-specific promoter of the aromatase gene in both in CV-1 and HepG2 cells, suggesting that the function of ARP-1 in transcriptional regulation may depend on the target promoter context. Earlier, we demonstrated that a LacZ reporter gene driven by the −6.5-kb promoter region of the exon 1f showed almost the same spatiotemporal expression as the endogenous aromatase gene using transgenic mice (38). The −0.2-kb promoter region, however, partially reproduced endogenous aromatase expression, while the reporter gene was also observed in the extra-brain tissues (our unpublished observations (39). Moreover, a mutation introduced into the aro-AII site of the −6.5-kb promoter in the LacZ reporter caused a significant decrease in brain expression, and ectopic expression was observed. These results suggest that the aro-AII element is necessary, but not sufficient, for spatiotemporal expression of the aromatase gene in the brain.

ARP-1 is predominantly expressed in mesenchymal cells during organogenesis. The spatiotemporal expression of mouse COUP-TFs, including ARP-1, in the brain has also been determined (40). ARP-1 is first observed at approximately E8.5, peaks at E14–E15, and then decreases after birth (41, 42). In our previous report, an analysis of aro-AII binding activity in the brain at the perinatal, neonatal, and adult stages showed that the binding activity to nuclear protein was extremely reduced at the adult stage (29). These results are very consistent with the endogenous ARP-1 expression pattern. ARP-1 in the brain is predominantly localized in the diencephalon (43, 44, 61), while high expression of ARP-1 is also detected in the amygdaloid nucleus (45–47). Aromatase expression is initially observed at E13–14 in the mouse diencephalon; it subsequently increases at E16–17 and then decreases gradually to the adult expression level, with a transient peak during the perinatal period. The expression patterns of aromatase and ARP-1 in the brain are not completely identical, but these patterns are indeed overlapping.

Homozygous ARP-1 mutant mice exhibit various morphological abnormalities, such as defective angiogenesis and vascular remodeling, which result in death by E9.5 because of severe hemorrhage and edema in the brain and heart (48). Moreover, no homozygous ARP-1 mutant mice are detected at E11.5, and even if born, two-thirds of heterozygous mutants die before weaning (48). Recently, ventral forebrain–specific disruption of the ARP-1 gene has been shown to cause agenesis of the basomedial amygdala nucleus, indicating that the ARP-1 gene directs neuronal progenitor cells to generate the basomedial amygdala nucleus (47). Moreover, mice with a ventromedial hypothalamus–specific ARP-1 mutant gene have also been generated using Cre driven by the Ad4BP/SF-1 promoter (49). Unfortunately, the homozygous hypothalamus–specific mutants displayed embryonic lethality. New model animals may be needed to determine the interaction of ARP-1 with the brain-specific aromatase gene in vivo.

Estradiol-17β has been reported to serve as a regulatory factor that controls the expression of aromatase and its enzymatic activity in the brain (50–55). Yilmaz et al. investigated the brain-specific promoter using a murine hypothalamic neuronal cell line. They showed that estradiol regulated brain-specific aromatase transcription, and the −200/−1 region of promoter 1f participated in the estrogen responsiveness. Typical palindromic estrogen–responsive elements or their half-sites were not identified in the promoter region, while two AP-1-binding sites in the region might be essential for induction of transcriptional activity by estradiol. Binding of estrogen receptor α and c-Jun to AP-1-binding sites might positively regulate the transcriptional activity of the promoter 1f (56). Bulun and colleagues also reported functions of progesterone and glucocorticoid receptors as negative and positive regulators, respectively, for activity of the promoter 1f (57, 58). The inverse regulation of 1f promoter activity by progesterone and glucocorticoid is interesting considering that progesterone and glucocorticoid response elements share the same sequence. Interestingly, Cisternas et al. reported that estradiol increased aromatase mRNA and protein levels only in female neuronal cells from the anterior amygdala of embryonic brains (59). Estrogen receptor β is involved in the incremental expression of aromatase by estradiol and binds 5α-androstane-3β,17β-diol as a ligand in addition to estradiol (60). The aromatase expression patterns, which are specific for developmental stages or brain regions, may be produced using functional complexes consisting of multiple transcription factors and various hormonal factors. The local production of estrogen in the brain may serve as a neurosteroid during organization of the neuronal network, including sexually dimorphic nuclei, and in motivation/activation of sexual behaviors.

Taken together, these data support that ARP-1 is a transcription factor that regulates aromatase expression in the brain by binding to the aro-AII site on the promoter. Further studies on the transcription factors and their cofactors should be performed to elucidate the molecular processes of the spatiotemporal expression of brain aromatase and the biological processes of the organization and activation effects of estrogen.
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The neurosteroids progesterone and allopregnanolone regulate numerous neuroprotective functions in neural tissues including inhibition of epileptic seizures and cell death. Many of progesterone's actions are mediated through the nuclear progesterone receptor (PR), while allopregnanolone is widely considered to be devoid of hormonal activity and instead acts through modulation of GABA-A receptor activity. However, allopregnanolone can also exert hormonal actions in neuronal cells through binding and activating membrane progesterone receptors (mPRs) belonging to the progestin and adipoQ receptor (PAQR) family. The distribution and functions of the five mPR subtypes (α, β, γ, δ, ε) in neural tissues are briefly reviewed. mPRδ has the highest binding affinity for allopregnanolone and is highly expressed throughout the human brain. Low concentrations (20 nM) of allopregnanolone act through mPRδ to stimulate G protein (Gs)-dependent signaling pathways resulting in reduced cell death and apoptosis in mPRδ-transfected cells. The 3-methylated synthetic analog of allopregnanolone, ganaxolone, is currently undergoing clinical trials as a promising GABA-A receptor-selective antiepileptic drug (AED). New data show that low concentrations (20 nM) of ganaxolone also activate mPRδ signaling and exert anti-apoptotic actions through this receptor. Preliminary evidence suggests that ganaxolone can also exert neuroprotective effects by activating inhibitory G protein (Gi)-dependent signaling through mPRα and/or mPRβ in neuronal cells. The results indicate that mPRs are likely intermediaries in multiple actions of natural and synthetic neurosteroids in the brain. Potential off-target effects of ganaxolone through activation of mPRs in patients receiving long-term treatment for epilepsy and other disorders should be considered and warrant further investigation.
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INTRODUCTION

Progesterone and its metabolites produced in neural tissues (neurosteroids, Figure 1A) such as allopregnanolone mediate a wide variety of actions in the brain including neuroprotection, anti-apoptosis, inhibition of epileptic seizures, reproductive behaviors, neuroendocrine control of reproduction, and both pro-tumorigenesis and anti-tumorigenesis (1–3). Many genomic actions of progesterone in neural tissues are mediated through PR whereas the neurosteroid allopregnanolone has negligible binding affinity for the PR and instead interacts with GABA-A receptors resulting in decreases in their activities and also activates the pregnane X receptor (PXR) (3–6). However, progesterone actions have also been observed in the brain which are PR-independent (i.e., persist in PR knockout mice) and in neuronal cells which have low expression of PRs (e.g., GnRH-producing GT1-7 cells) (7–9). Evidence has accumulated that some of these actions may be mediated through membrane progesterone receptors (mPRs) (4, 10, 11), 7-transmembrane receptors coupled to G proteins belonging to the progestin and adipoQ receptor (PAQR) family which is unrelated to the GPCR superfamily (12, 13). Moreover, recent studies with cultured neuronal cells show that low concentrations of progesterone and allopregnanolone exert hormonal actions through binding and activating mPRs, resulting in rapid induction of intracellular signaling pathways and anti-apoptosis (14, 15). Collectively, these results suggest that mPRs are likely intermediaries of progesterone and allopregnanolone actions in neural tissues, with potential implications for human health and disease.
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FIGURE 1. Interactions of ganaxolone with human mPRδ (PAQR6). (A) Structures of ganaxolone and several other neurosteroids. (B) Representative competition curve of ganaxolone binding to plasma membranes of mPRδ-transfected MDA-MB-231 cells (231-mPRδ) expressed as percentage of maximum [3H]-progesterone binding. Ganaxolone was added to the assay buffer dissolved in ethanol. Ethanol was 0.1% of total volume, which did not affect [3H]-progesterone binding. P4, progesterone. (C,E,F) Effects of 4 days treatment with progesterone (P4), allopregnanolone (Allo) and ganaxolone (Gana) on serum starvation-induced percent apoptotic cells detected with a TUNEL assay kit (C) and percent cell death detected by trypan blue staining (E,F) of the vector-transfected MDA MB-231 cells and 231-mPRδ cells, N = 3. (D) Effect of treatment with ganaxolone (10 nM) for 15 min. on cellular cAMP levels in 231-mPRδ cells. N = 3. (G,H) Representative Western blot analysis and quantification of effects of 20-min treatments with progesterone (P), allopregnanolone (A), and ganaxolone (G) on activation of ERK. P-ERK: phosphorylated ERK, ERK: total ERK in the vector- (CTL cells), and 231-mPRδ cells. E100: 100 nM EGF as a positive control. The bar graph shows relative densitometry changes of the bands in Western blot images (N = 3). Results were analyzed by one-way ANOVA, followed by Newman-Keul's multiple comparison test. Treatment groups that are significantly different from each other in the post hoc test (P < 0.05) are indicated by different letters. Experiments were repeated three or more times, and similar results and similar significant differences between treatment groups were obtained on each occasion. See Pang et al. (15) for descriptions of reagents, culture conditions and assay procedures.


The mechanisms by which progesterone, allopregnanolone, and an antiepileptic drug, ganaxolone, exert their protective actions in epilepsy are summarized here. The characteristics of mPRs, their distribution in brains of humans and rodents, and their proposed functions in the central nervous system are briefly discussed. The anti-apoptotic actions of allopregnanolone in neuronal cells and in mPR-transfected cancer cells that are mediated through mPR-dependent signaling pathways are reviewed. Ganaxolone, a synthetic analog of allopregnanolone, is currently undergoing clinical trials as a third generation AED that targets GABA-A receptors (16, 17). New data are presented showing that ganaxolone binds to mPRs and mimics the anti-apoptotic actions of allopregnanolone and progesterone in these cultured cells. These results indicate that clinical studies with ganaxolone should include investigations of possible additional unexpected, off-target effects of the drug through activation of mPRs.



PROTECTIVE EFFECTS OF NEUROSTEROIDS AGAINST EPILEPTIC SEIZURES

Epilepsy is a severe neurological disorder that affects over 50 million people throughout the world (16, 18). Progesterone exerts anticonvulsant effects in animal epilepsy models through a PR-independent mechanism as they are not decreased in PR knockout (PRKO) mice (19). Instead, progesterone's anticonvulsant potency is increased in PRKO mice which is consistent with results showing activation of PR in a status epilepticus rat model increases seizure frequency (19, 20). Progesterone's antiseizure actions are dependent on its conversion to allopregnanolone since cotreatment with the 5α-reductase inhibitor, finasteride, blocks progesterone's actions (19). Allopregnanolone displays very weak binding affinity for PRs (21) and exerts its protective effects against seizures through a PR-independent mechanism. Allopregnanolone acts through positive allosteric modulation of GABA-A receptor activity, and can also activate the receptors at higher concentrations in the absence of GABA (22, 23). Positive modulation of GABA-A receptors by allopregnanolone enhances inhibitory chloride conductance which in turn decreases neuronal excitability and reduces the incidence of seizures (19, 24). Although over 20 AEDs have been used to treat this disease, these treatments are ineffective in controlling seizures in a third of epileptic patients and long-term treatment with enzyme-modulating AEDs can cause endocrine, metabolic, and reproductive disorders (25). The 3β-methylated synthetic analog of allopregnanolone, ganaxolone (3α-hydroxy-3β-methyl-5α-pregnan-20-one, Figure 1A) is a promising fourth generation AED that is currently completing phase III clinical trials (16). Ganaxolone has been shown to have activity in several animal epilepsy models and is effective in infants with spasm and in adults with partial-onset seizures (17). Ganaxolone is also potentially useful for treatment of mood and anxiety disorders (16) and has been shown to improve sociability in a rodent model of autism spectrum disorder, which indicates it may increase sociability in autistic patients (26). Although ganaxolone can cause sedation in epilepsy patients, few other adverse effects of long-term administration of the drug have been observed to date in clinical trials. Methylation at the 3β position of ganaxolone impairs its metabolism to inactive metabolites, thereby increasing its period of effectiveness in inhibiting seizures compared to allopregnanolone (26). Like allopregnanolone, ganaxolone is an allosteric modulator of GABA-A receptors and acts through different allosteric binding sites to that of benzodiazepines, as revealed by ligand binding assays and receptor mutational analysis (17, 27, 28).



MEMBRANE PROGESTERONE RECEPTORS (mPRs, PAQRs)

Progesterone exerts hormonal actions in numerous cell and animal models through activation of membrane progesterone receptors (mPRs) belonging to the progesterone and adipoQ receptor (PAQR) family (29). These novel 7-transmembrane receptors were initially discovered in teleost fish gonads and their homologs were subsequently identified in other vertebrate classes (30, 31). mPRs mediate rapid, non-classical progesterone actions, which are frequently non-genomic, by activating G proteins and modulation of intracellular signaling pathways. The five mPR members of the PAQR family, mPRα (PAQR7), mPRβ (PAQR8), mPRγ (PAQR5), mPRδ (PAQR6), and mPRε (PAQR9), have different tissue distributions, progestin binding specificities, signal transduction pathways, and functions in vertebrate cells and tissues (12–15). mPRα is the predominant mPR isoform expressed in most progesterone target tissues with the exception of the brain and is the primary mPR that regulates several critical reproductive and non-reproductive progestin functions. For example, mPRα mediates oocyte meiotic maturation and sperm motility in fish, anti-apoptosis in fish ovarian granulosa cells and in human breast cancer cells (32, 33), relaxation of human myometrial and vascular muscle cells (34, 35), reversal of epithelial to mesenchymal transition in breast cancer cells (36), and inhibition of prolactin release from rat lactotrophs through activation of TGFβ1 (37).



LOCALIZATION OF mPRs IN THE BRAIN AND PERIPHERAL NERVOUS SYSTEM

All five mPRs subtypes are expressed throughout the human brain and relative expression of mPRδ mRNA is highest among all the mPRs in nearly all brain regions, with greatest expression in the corpus callosum, hypothalamus, and spinal cord. Furthermore, mPRδ mRNA expression is greater than the mRNA expression of the other mPRs in the neocortex lobes, the limbic system (amygdala, hippocampus, nucleus accumbens), thalamus, as well as in the caudate and putamen, substantia nigra, medulla, and pons, brain regions involved in memory and movement, reward, and autonomic functions (15). Expression of mPRβ and mPRε genes is also high in many of these regions, including the hypothalamus, hippocampus, caudate, cerebellum, pons, and spinal cord, whereas mPRα expression is lower in most brain regions with highest expression in the temporal lobe, medulla, and spinal cord and mPRγ expression is low throughout the brain with the exception of the pons, spinal cord and choroid plexus. The finding that PR mRNA is also expressed throughout the human brain indicates the potential for interactions between mPRs and PR in progesterone regulation of brain functions. However, PR mRNA expression is lower than that of the mPRs in all brain regions except in the pituitary gland which also expresses high levels of mPRε (15).

Unfortunately, the only information currently available on mPRδ and mPRε expression in rodent brains is in the mouse hypothalamus, where low mRNA levels of these subtypes and mPRγ were detected, <10% those of mPRα and mPRβ (38). However, mPRα and mPRβ are broadly distributed in rat and mouse brains (4), with mPRα expression detected in the hippocampus, cerebellum, hypothalamus, thalamus, cortex, striatum, and olfactory bulb (39). Higher mRNA expression of mPRβ compared to that of mPRα and high immunoreactive mPRβ protein expression have been reported in the cortex, paraventricular, and preoptic regions of the hypothalamus, the oculomotor nucleus in the mesencephalon, with substantial expression also in the telencephalon, hippocampus, thalamus, and pons of female rat brains (40, 41). Although these two mPR subtypes are expressed only in neurons under normal conditions, mPRα is also expressed in oligodendrocytes, astrocytes and glial cells after traumatic brain injury, suggesting a potential role for the receptor in inflammatory responses and myelin repair (39). Similarly, mPRα is expressed in astrocytes, oligodendrocytes and their progenitor cells as well as in neurons throughout the spinal cord, whereas mPRβ has a more limited distribution and is mainly located in ventral horn neurons and neurites (42). Interestingly, in the peripheral nervous system all five mPR isoforms have been detected in Schwann cells (43). Collectively, these results indicate that progesterone and possibly allopregnanolone can act in all human brain regions through mPRs and suggest that different mPR subtypes are major intermediaries in these neurosteroid actions within distinct brain regions.



FUNCTIONS OF mPRs IN THE BRAIN AND PERIPHERAL NERVOUS SYSTEM

Although relatively few studies have been conducted so far on mPR functions in the brain, there is emerging evidence that they are intermediaries in several important progesterone neural functions. Experiments in new-born rats with the mPR-selective agonist, Org OD 02-0 (02-0) and in adults injected with mPRβ si-RNA show that the receptor is involved in stabilizing breathing and reducing apnea (9, 44, 45). Knockdown of mPRβ and mPRα mRNAs in the midbrains of female adult rodents by injection of antisense oligonucleotides into the lateral ventricle decreased reproductive behaviors (lordosis and aggression/rejection), whereas other behaviors were not affected (10, 46). The mPR agonist, 02-0, increases dopamine release from hypothalamic explants of rodent prolactinoma models resulting in decreased prolactin secretion and also exerts a direct action on mPRα in pituitary lactotrophs to decrease prolactin secretion through TGFβ-1 (37, 38). These results suggest mPR agonists are potentially of therapeutic use for treating pathological hyperprolactinemia (47). However, the role of mPRs in tumorigenesis in the brain remains unclear. Whereas, proliferation and invasion of glioblastoma cells was stimulated by 02-0 and decreased when mPRα expression was silenced (48), progesterone has been shown to inhibit the growth and metastasis of PR-null breast cancer cells through mPRα in the brains of nude mice (49). Several mPR functions have also been identified in the peripheral nervous system. A recent study showed migration and proliferation of primary rat Schwann cells in vitro were increased by treatment with the mPR agonist, 02-0 (50). This treatment also increased expression of differentiation markers and caused morphological changes characteristic of the repair phenotype, indicating a potential role of mPRs in peripheral nerve regeneration following injury (50). Activation of mPRs has also been shown to promote neurite growth in PC12 cells (51).



INTERACTIONS OF ALLOPREGNANOLONE WITH mPRs

We have shown that allopregnanolone exerts protective effects through mPR-dependent signaling pathways in cultured breast cancer cells that do not express PR or GABA-A receptors as well as in neuronal cells (14, 15). Among the mPRs allopregnanolone displays the highest binding affinity for mPRδ in transfected MDA-MB-231 triple negative breast cancer cells (231-mPRδ) with an IC50 of 151 nM and a relative binding affinity (RBA) of 33.6% that of progesterone. Allopregnanolone is also an effective competitor for [3H]-progesterone binding to mPRα and mPRβ, with IC50s of 400 and 550 nM, respectively, whereas it has negligible binding affinity for mPRε. Another neurosteroid, 5α-dihydroprogesterone, also displays high binding affinity for mPRα (13). Interestingly, the neurosteroids, dehydroepiandrosterone and pregnanolone (52) (Figure 1A), have relatively high binding affinities for mPRδ, with IC50s of 780 and 346 nM, respectively (15). A low concentration of allopregnanolone (20 nM) was shown to mimic the stimulatory actions of progesterone on cAMP production and ERK phosphorylation and also attenuate serum starvation-induced cell death and apoptosis in 231-mPRδ cells cultured in vitro. Allopregnanolone (20 nM) also decreased apoptosis of rat hippocampal neuronal (H19-7) cells which express mPRδ and mPRε, whereas the PR agonist R5020 was ineffective. Interestingly, allopregnanolone also mimicked the actions of progesterone in cultured rat GnRH secreting GT1-7 cells which express high levels of mPRα and mPRβ and lower expression of mPRδ mRNA to decrease cAMP production and attenuate cell death and apoptosis (14). The finding that allopregnanolone causes a decrease in cAMP production in GT1-7 cells suggests it is acting through mPRα and/or mPRβ which activate a Gi in these cells, rather than through mPRδ which activates a stimulatory G protein (7, 15). Collectively, these results suggest that low physiological concentrations of allopregnanolone can also potentially act through mPRα/mPRβ to influence their neural functions. On the basis of these findings we hypothesized that ganaxolone can similarly alter neuronal cell functions mediated by mPRs. Therefore, in the present study we investigated whether ganaxolone binds to mPRs, activates mPR-dependent signaling, and exerts anti-apoptotic actions in several neuronal cell lines and in mPR-transfected cells. Experiments were conducted primarily with 231-mPRδ cells, since mPRδ displays the highest binding affinity for allopregnanolone, following experimental procedures described in detail previously (15).



INTERACTIONS OF GANAXOLONE WITH mPRs

The present results show that ganaxolone also binds to mPRs and displays agonist activity in 231-mPRδ cells that do not express GABA-A receptors (Figure 1). A representative competitive binding assay showed that ganaxolone displaced up to 60% of [3H]-progesterone binding to cell membranes of 231-mPRδ cells (Figure 1B) with an approximate IC50 of 100 nM, similar to that for allopregnanolone (15). However, the ganaxolone competition curve was not parallel to that of progesterone and higher ganaxolone concentrations (10−7 and 10−6M) were ineffective in displacing the remaining ~40% of [3H]-progesterone binding. Similarly, a previous study showed that higher concentrations of allopregnanolone (10−6 and 10−5 M) did not replace the residual 30% [3H]-progesterone binding to mPRδ (15). One possible interpretation of the results is that these two neurosteroids do not occupy all the progesterone binding sites on mPRδ. However, additional research on their potential binding to allosteric sites as well as their interactions with progesterone binding to orthosteric sites will be required to determine the nature of their interactions with mPRδ, and whether, for example, they act as ago-allosteric ligands (28, 53, 54). The results indicate that ganaxolone, like allopregnanolone, can potentially influence progesterone signaling through mPRδ. The finding that a low concentration of ganaxolone (20 nM) mimicked the effects of 20 nM progesterone and allopregnanolone on inhibition of serum starvation-induced apoptosis (Figure 1C) and cell death in 231-mPRδ cells (Figure 1E), whereas it was ineffective in reducing cell death in vector-transfected 231 cells (231-vector, Figure 1F) demonstrates that ganaxolone has a mPRδ agonist activity at low nM concentrations. While the progesterone-induced decreases in the two assays were similar (10–12% of the cells), percent cell death measured by trypan blue exclusion was higher than the percent apoptotic cells, which was expected because this assay does not distinguish between cell mortality and cell morbidity after serum starvation, whereas the TUNEL assay is a more robust measure of cells undergoing programed cell death (33). Ganaxolone triggers the same intracellular signaling pathways as those activated by progesterone and allopregnanolone. Ganaxolone treatment (10 nM) increased cAMP levels more than two-fold over no treatment control values in 231-mPRδ cells, consistent with previous results showing mPRδ activates a stimulatory G protein (Figure 1D) (15). Ganaxolone (100 nM) ganaxolone mimicked the effects of progesterone and allopregnanolone on phosphorylation of ERK in 231-mPRδ cells (Figures 1G,H). At the higher concentration (100 nM), ganaxolone also mimicked the inhibitory effects of progesterone and allopregnanolone on serum starvation-induced cell death in rat hypothalamic GT1-7 cells (Figure 2A). GT1-7 cells do not express appreciable amounts of PR mRNA in the absence of estrogen priming, but display significant expression of mPRα and mPRβ which have relatively high binding affinities for allopregnanolone, and lower expression of mPRδ (7, 14, 15). Rat hippocampal neuronal H19-7 cells, in which progesterone and allopregnanolone have previously been shown to inhibit serum starvation-induced cell death (15), have low expression of the PR and high expression of mPRα, mPRβ and mPRδ (Figure 2B). All three neurosteroids caused significant phosphorylation of ERK in H19-7 cells (Figure 2C). Moreover, MAP kinase signaling and its activation by ganaxolone and the two other neurosteroids was not altered by pretreatment with 100 μM muscimol, a GABA-A receptor agonist, or with 1 μM bicuculline, a GABA-A receptor antagonist (Figure 2C), confirming that activation of this pathway by these neurosteroids in H19-7 cells is not mediated through a GABA-A receptor. Moreover, the finding that the PR agonist R5020 does not have the anti-apoptotic effects observed with progesterone and allopregnanolone in H19-7 cells (15), suggests the PR is not involved in this response. Interestingly, treatments with 20 nM ganaxolone and allopregnanolone mimicked the effects of progesterone and the mPR-selective agonist, 02-0, to decrease cAMP production in H19-7 cells (Figure 2D), indicating an inhibitory G protein is activated. These results suggest these neurosteroids act through mPRα and/or mPRβ in H19-7 cells, rather than through mPRδ, since mPRα and mPRβ activate inhibitory G proteins.


[image: Figure 2]
FIGURE 2. Effects of ganaxolone on rodent neuronal cell lines. (A) Effects of 4 days treatment with 20 nM and 100 nM progesterone (P4), allopregnanolone (Allo) and ganaxolone (Gana) on cell death of mouse hypothalamic GT1-7 cells. N = 3. (B) Detection of mPRα (α), mPRβ (β), mPRδ (δ), mPRε (ε), and progesterone receptor membrane component 1, PGRMC1 (PG) mRNA expression by RT-PCR in immortalized rat hippocampal H19-7 cells. (C) Representative Western blot analysis of effects of pre-incubation with muscimol (Musc, 100 μM) and bicuculline (Bicu, 1 μM) for 20 min on neurosteroid-induced (100 nM, for 20 min.) activation of ERK. P-ERK, phosphorylated ERK; ERK, total ERK in H19-7 cells; V, vehicle control; A, allopregnanolone; G, ganaxolone; P, progesterone. The bar graph shows relative densitometry changes of the bands in Western blot images (N = 3). (D) Effects of 15 min. treatments with 20 nM progesterone (P4), Org OD 02-0 (02), allopregnanolone (Allo) and ganaxolone (G, 20 and 100 nM) on cAMP levels in H19-7 cells. (N = 3). Results were analyzed by one-way ANOVA, followed by Newman-Keul's multiple comparison test. Treatment groups that are significantly different from each other in the post hoc test (P < 0.05) are indicated by different letters. Experiments were repeated three or more times, and similar results and similar significant differences between treatment groups were obtained on each occasion. See Pang et al. (15) for descriptions of reagents, culture conditions, and assay procedures.




DISCUSSION

There is an extensive body of literature describing neuroprotective functions of progesterone and allopregnanolone mediated through the PR and GABA-A receptors, respectively. Our results suggest that allopregnanolone and the synthetic neurosteroid, ganaxolone, can also exert protective functions in cultured neuronal cells through activation of mPRs to attenuate cell death and apoptosis. However, details of the signaling pathways activated by these steroids through mPRs in neuronal cells are lacking. Moreover, only limited information is currently available on the functions of mPRs in the central nervous system and there is an urgent need to determine whether these neurosteroids exert similar neuroprotective functions through mPRs in in vivo models of neurodegenerative diseases. Information is also lacking on possible interactions between mPR and other progesterone and allopregnanolone signaling pathways mediating neuroprotective functions in neural tissues. For example, progesterone membrane component 1, which is abundant in many brain regions (4) and has been proposed to mediate progesterone neuroprotective actions (55), acts as an adaptor protein for mPRα in breast cancer cells, by coupling to mPRα and facilitating its transport to the cell surface where it mediates its membrane receptor functions (56). In addition, cross-talk between mPR and PR signaling has been shown in human myometrial cells and in rat Schwann cells. Activation of mPR in myometrial cells causes transactivation of PR and modulation of PR coactivator expression (34). On the other hand, experiments with the PR agonist, R5020, show mPRα and mPRβ expression in rat primary Schwann cells can be upregulated through the PR (50). Finally, it is important to obtain a clearer understanding of possible off-target effects of ganaxolone through activation of mPRs which would indicate several additional physiological functions that should be monitored in future clinical trials as well as suggesting potential medical complications for some epilepsy patients after long-term ganaxolone treatment.
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Neural circuits in female rats sequentially exposed to estradiol and progesterone underlie so-called estrogen positive feedback that induce the surge release of pituitary luteinizing hormone (LH) leading to ovulation and luteinization of the corpus hemorrhagicum. It is now well-established that gonadotropin releasing hormone (GnRH) neurons express neither the reproductively critical estrogen receptor-α (ERα) nor classical progesterone receptor (PGR). Estradiol from developing ovarian follicles acts on ERα-expressing kisspeptin neurons in the rostral periventricular region of the third ventricle (RP3V) to induce PGR expression, and kisspeptin release. Circulating estradiol levels that induce positive feedback also induce neuroprogesterone (neuroP) synthesis in hypothalamic astrocytes. This local neuroP acts on kisspeptin neurons that express PGR to augment kisspeptin expression and release needed to stimulate GnRH release, triggering the LH surge. In vitro and in vivo studies demonstrate that neuroP signaling in kisspeptin neurons occurs through membrane PGR activation of Src family kinase (Src). This signaling cascade has been also implicated in PGR signaling in the arcuate nucleus of the hypothalamus, suggesting that Src may be a common mode of membrane PGR signaling. Sexual maturation requires that signaling between neuroP synthesizing astrocytes, kisspeptin and GnRH neurons be established. Prior to puberty, estradiol does not facilitate the synthesis of neuroP in hypothalamic astrocytes. During pubertal development, levels of membrane ERα increase in astrocytes coincident with an increase of PKA phosphorylation needed for neuroP synthesis. Currently, it is not clear whether these developmental changes occur in existing astrocytes or are due to a new population of astrocytes born during puberty. However, strong evidence suggests that it is the former. Blocking new cell addition during puberty attenuates the LH surge. Together these results demonstrate the importance of pubertal maturation involving hypothalamic astrocytes, estradiol-induced neuroP synthesis and membrane-initiated progesterone signaling for the CNS control of ovulation and reproduction.
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INTRODUCTION

Successful reproduction in female rodents depends on the interaction of steroidogenesis in the ovaries and brain. Almost 40 years ago Baulieu's group discovered that nervous tissue synthesizes steroids de novo from cholesterol and named them neurosteroids (1–4). Unraveling the physiology and actions of neurosteroids in the nervous system has been challenging because they are synthesized in specific locations, their actions must be differentiated from actions of circulating steroids, and in many cases the actions of peripheral steroids and neurosteroids are interdependent. Neurosteroids have been implicated in the myelination of peripheral nerves (5–8) neurogenesis (9) [reviewed in (10)], epilepsy, traumatic brain injury (11–13), and memory (14–18). Our research has concentrated on the role of the neurosteroid, neuroprogesterone (neuroP), which is synthesized de novo in hypothalamic astrocytes as part of the mechanism of estrogen positive feedback needed to stimulate the luteinizing hormone (LH) surge, inducing ovulation. This review considers estradiol signaling in the context of facilitating neuroP synthesis in astrocytes, and the integration of estradiol and neuroP signaling in regulating kisspeptin neurons in the rostral periventricular region of the third ventricle (RP3V). As with other steroid receptors, more recent findings indicate that in addition of nuclear localization and action, these receptors are trafficked to the plasma membrane where they are coupled to cell signaling cascades. The activation of nuclear progesterone receptor (PGR) at the cell membrane has recently been reviewed (19). In this review, we are primarily concerned with experimental evidence gathered in rodents. When appropriate, we indicate that the results were from different species. Kisspeptin is the most potent activator of neurons that release gonadotropin releasing hormone (GnRH) into the hypothalmo-hypophyseal portal circulation, generating a surge of pituitary LH into the systemic circulation. An LH surge is the trigger for ovulation and the formation of the corpus luteum—central events for reproduction.



POSITIVE FEEDBACK, THE LH SURGE, AND OVULATION

Hormones of the hypothalamic-pituitary-gonadal axis coordinate events that lead to maturation of ovarian follicles. The pivotal event is the LH surge that induces ovulation and reprograms the ovary to produce large amounts of progesterone as well as estradiol. These ovarian hormones are necessary to: (i) facilitate female sexual receptivity to maximize the potential of fertilization, (ii) induce the secretory phase of the stratum functionale completing the preparation of the uterine endometrium for implantation of the zygote should fertilization occur, and (iii) supporting the initial stage of pregnancy until the placenta develops.

Orchestrated actions of estradiol, progesterone and kisspeptin in the brain are critical for triggering the LH surge. GnRH neurons of the diagonal band of Broca (DBB) and medial septum project to the median eminence and release GnRH into the hypothalamo-hypophyseal portal system. GnRH regulates the release of follicle stimulating hormone (FSH) and LH from gonadotrophin cells in the anterior pituitary. Differential regulation of LH and FSH is accomplished by changes in GnRH release: low frequency and amplitude favor FSH release, whereas elevated amplitude and frequency preferentially release LH. Within the ovary, gonadotropins are critical for maturation of follicles, which become dependent on their stimulation. LH acts on the thecal and granular cells of the ovarian follicles and later the corpora lutea to regulate estradiol and progesterone synthesis throughout the cycle. At the beginning of the estrous cycle (diestrus I and II) as ovarian follicles mature, circulating estradiol levels slowly rise and produce negative feedback in the hypothalamus and pituitary retarding the release of gonadotropins. The main effects of negative feedback regulating GnRH release appear to be mediated through kisspeptin, neurokinin B, and dynorphin expressing (KNDy) neurons of the arcuate nucleus of the hypothalamus (ARH) (20) [reviewed in (21, 22)]. The mechanism of estrogen positive feedback requires the action of estradiol and progesterone, and yet, GnRH neurons do not express ERα or classical PGR (23–25). Therefore, estradiol and progesterone must signal through neurons upstream of the GnRH neuron. The majority of anterior hypothalamic kisspeptin neurons express ERα and PGR, providing a platform for integrating steroid actions that modulate the excitation of GnRH neurons (26–28). In rodents, positive feedback actions of steroids are mediated by kisspeptin neurons in the RP3V, which contains the anteroventral periventricular (AVPV) and rostral periventricular zone (25, 29–33). The AVPV is a site critical for estrogen positive feedback signaling in rodents. Lesioning or implanting anti-estrogens into the AVPV blocks the LH surge (34–36).

GnRH neurons in the DBB receive input from RP3V (including AVPV) kisspeptin neurons and are activated by kisspeptin to increase the frequency and amplitude of GnRH release inducing an LH surge from the pituitary (23–27, 29–31, 37–39). Infusion of exogenous kisspeptin excites GnRH neurons and induces levels of LH that mimic surge levels. GnRH neurons in the DBB express Kiss1R (formerly GPR54), the cognate receptor for kisspeptin (40–42). GnRH neuronal activation and the LH surge are lacking in female Kiss1R knockout mice (37). Activation of Kiss1R in GnRH neurons produces robust depolarizing currents and induces GnRH release (43–47). The timing of the LH surge requires the stimulatory action of kisspeptin and the removal of RFamide-related peptide 3 (RFRP-3; also known as gonadotropin-inhibitory hormone—GnIH) (48–53). In this model, the daily afternoon increase in GnRH and LH is due to suppression of the RFRP-3 inhibitory input to the GnRH neurons by the suprachiasmatic nucleus (SCN). We propose that estrogen positive feedback surge release of LH requires an amalgamation of circadian and kisspeptin models. It is only when the diurnal release of RFRP-3 inhibition of GnRH coincides with estradiol and neuroP stimulation of kisspeptin release that a GnRH–LH surge occurs–once every 4 days during the estrous cycle (52).

As estradiol levels rise rapidly and peak on the afternoon of proestrus, positive feedback predominates (54). Because estradiol treatments induce the LH surge in ovariectomized and adrenalectomized (OVX/ADX) rats, progesterone was not thought to be required for the LH surge and the phenomenon was called “estrogen positive feedback” (55, 56). A large number of studies unequivocally demonstrated that in addition to estradiol, “estrogen” positive feedback requires PGR and progesterone (55, 57–64). It turned out that the needed progesterone, neuroP, is synthesized in the hypothalamus (32, 65–68). Rising estradiol levels during diestrus 1 to proestrus induce the expression of PGR and kisspeptin in RP3V neurons that are critical for the LH surge (26, 28, 33, 37, 63, 69–71). This initial kisspeptin induction is dependent on ERα (70, 71). In vivo experiments did not differentiate between effects of estradiol that induced PGR and kisspeptin since both require ERα. Moreover, in vivo experiments did not segregate estradiol effects directly on kisspeptin neurons from neuroP-PGR effects on kisspeptin neurons. Our in vitro experiments allowed us to tease apart these overlapping effects. Proestrous (positive feedback) levels of estradiol stimulate hypothalamic astrocytes to synthesize neuroP that acts on the estradiol-induced PGR in kisspeptin neurons, which augments the synthesis and release of kisspeptin needed for the GnRH-LH surge (19, 32, 33, 65, 68, 72) [reviewed in (73)]. Thus, a critical component of positive feedback is estrogen-facilitated neuroP signaling through ERα and PGR expressing kisspeptin neurons.



SYNTHESIS OF NEUROP BY HYPOTHALAMIC ASTROCYTES

Depending on the final bioactive steroid, neurosteroidogenesis may involve one or a combination of astrocytes, oligodendrocytes, and neurons (74). This is because each cell type expresses certain enzymes within the steroidogenic pathway (74). The de novo synthesis of neurosteroids that are further down the pathway from cholesterol (e.g., estradiol) require shuttling through multiple cell types in order to be synthesized. However, neuroP only requires two enzymes to be synthesized from cholesterol, and astrocytes express both of these enzymes (4, 74) (Figure 1). The synthesis of progesterone is initiated by transport of cholesterol into the inner mitochondrial membrane through the interaction of translocator protein (TSPO) and steroid acute regulatory protein (StAR) (76–78) [but see (79–81)]. Cholesterol is converted to pregnenolone by the enzyme CYP11A1 (previously P450 side chain cleavage; P450scc) that is associated with the inner mitochondrial membrane. 3β-hydroxysteroid dehydrogenase (3β-HSD or HSD3B1) converts pregnenolone to progesterone, which diffuses out of astrocytes to activate local PGR-expressing kisspeptin neurons of the RP3V (19, 82) facilitating the LH surge.


[image: Figure 1]
FIGURE 1. Proposed estradiol-induced hypothalamic astrocyte steroidogenesis of neuroP that activates a membrane classical progesterone receptor (PGR)-Src tyrosine kinase (Src) signaling pathway in RP3V kisspeptin neurons to trigger the luteinizing (LH) surge. In hypothalamic astrocytes, proestrous levels of estradiol (E2) activate membrane estrogen receptor-α (mERα) that complex with and signal through metabotropic glutamate receptor-1a type (mGluR1a). mERα-mGluR1a signals through a PKC-IP3 pathway to increase intracellular calcium concentrations [(Ca2+)]. This releases Ca2+ from the smooth endoplasmic reticulum (sER). Within the mitochondrion, cholesterol (CHOL) is converted to pregnenolone (PREG) by P450 side chain cleavage (P450scc). PREG is then converted to neuroprogesterone (neuroP) by 3β-hydroxysteroid dehydrogenase (3β-HSD). The neuroP is secreted from the astrocytes to activate ERα-mediated, E2-induced PGR in RP3V kisspeptin neurons. Concurrently, E2 increases Kiss1 mRNA and kisspeptin expression via a mERα initiated mechanism [but see (70)]. neuroP rapidly augments the E2-induced Kiss1 mRNA and kisspeptin expression, potentially through PGR-Src signaling. PGR complexes with and signals through Src to activate a MAPK pathway. Further, a membrane PGR can initiate signaling that increases intracellular Ca2+ from sER stores. PGR-Src signaling also mediates the release of kisspeptin from neurons that project to diagonal band of Broca (DBB) GnRH neurons. Kisspeptin then binds to its cognate receptor, Kiss1R stimulating GnRH release into the median eminence that triggers the LH surge from gonadotrophs in the anterior pituitary (AP). Steroid acute regulatory protein (StAR), translocator protein (TSPO). Modified from Micevych et al. (75).


Positive feedback levels of estradiol induce neuroP synthesis in hypothalamic astrocytes. Proestrous levels of estradiol activate membrane ERα (mERα) that is complexed with and transactivates metabotropic glutamate receptor-1a (mGluR1a; Figure 1) to rapidly induce phosphorylation events that regulate cholesterol transport (65, 76, 83, 84). Estradiol activation of the mERα-mGluR1a complex, signaling through Gαq, activates the phospholipase C-inositol trisphosphate (IP3) signaling pathway that produces a robust release/increase of intracellular free calcium ([Ca2+]i) from intracellular stores (83, 85). This activates a calcium-sensitive adenylate cyclase-protein kinase A pathway that increases the phosphorylation of TSPO and StAR in hypothalamic astrocytes, which is necessary for inducing neuroP synthesis (83, 84, 86). These results suggest that proestrous levels of estradiol increase neuroP synthesis by increasing the cholesterol transport into mitochondria and access to P450scc for conversion to pregnenolone. In vivo, estradiol increases hypothalamic expression and activity of the second enzyme in the neuroP synthesis, 3β-HSD (85, 87). The estradiol-induced increase in brain progesterone levels are sex- and site-specific: present in the adult female hypothalamus but absent in the male hypothalamus (72). Moreover, blocking 3β-HSD activity in the hypothalamus of adult OVX/ADX rats prevents the estradiol-induced LH surge (72). We further demonstrated that neuroP is important for the LH surge in gonadally intact rats by blocking hypothalamic neuroP synthesis on the morning of proestrus by third ventricular (3V) administration of aminoglutethimide (AGT), a P450scc inhibitor (67). The estrous cycle is arrested in proestrus prior to the LH surge even though peripheral estradiol levels, a marker of ovarian steroidogenesis, are unaffected in AGT-treated rats. In these animals, the uterus is swollen with fluid and there are no corpora lutea in the ovaries—all indicating the absence of an LH surge (67). Thus, estradiol-induced hypothalamic neuroP, rather than ovarian or adrenal progesterone, mediates the triggering of the LH surge during positive feedback. Dose and duration of estradiol exposure during negative and positive feedback regulate the mechanisms of neuroP synthesis by astrocytes, and properly coordinate the timing of neuroP synthesis with the priming of the rest of the Kisspeptin-GnRH-LH system.



NEUROP SIGNALING THROUGH MEMBRANE PGR TO REGULATE KISSPEPTIN

neuroP actions appear to be mediated through PGR signaling in RP3V kisspeptin neurons. Estradiol-induced RP3V PGRs are required to initiate and reach the full magnitude and duration of the LH surge (62, 88). Likewise, the LH surge cannot be induced in PGR knockout mice (89). Female mice with PGR knocked out specifically in kisspeptin neurons are less fertile (i.e., fewer births with smaller litters), and lack an estradiol-induced LH surge and the associated AVPV c-Fos induction (90, 91). Furthermore, activation of RP3V PGR with R5020 (PGR specific agonist) induced an LH surge in estradiol-primed rats (33). Accumulating evidence supports that it is neuroP signaling through PGR in kisspeptin neurons that is required for the LH surge. While blocking neuroP synthesis with a 3β-HSD inhibitor attenuates the estradiol-induced LH surge in OVX/ADX rats, progesterone treatment or site-specific injections of kisspeptin into the DBB rescued the LH surge, demonstrating that estradiol induction of neuroP synthesis and the actions of neuroP occur first and are required for kisspeptin release (32).

RP3V kisspeptin neurons are modeled in vitro using mHypoA51 cells that are derived from adult female hypothalamic kisspeptin neurons (19, 82). Estradiol induces PGR expression in these cells (19), which is observed in the RP3V where PGR expression is increased in areas that overlap with kisspeptin neurons by estradiol treatment in OVX rats or on proestrus (28, 33). Estradiol increases kisspeptin expression in mHypoA51 neurons, and subsequent progesterone further augments this expression (19). In co-culture experiments where mHypoA51 and adult female hypothalamic astrocytes are separated (i.e., not in direct contact) but share media, estradiol treatment induces neuroP synthesis in astrocytes and increases kisspeptin expression in the mHypoA51 neurons. neuroP secretion from astrocytes stimulates mHypoA51 neurons to rapidly increase kisspeptin release (19, 82). Importantly, mHypoA51 neurons express membrane progesterone receptors (mPR), including mPRα, mPRβ (see more below and Figure 2), and membrane-localized PGR. This membrane-localized PGR increases with estradiol treatment (19).
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FIGURE 2. Modes of progesterone signaling in the rodent. Classical progesterone receptor (PGR) can mediate progesterone signaling classically (A), by binding to DNA progesterone response elements. PGR can also be trafficked to the plasma membrane [as in (B)] where it can activate rapid intracellular signaling cascades involving kinases such as Src. It is unknown whether membrane PGR transactivates another receptor like an mGluR as estrogen receptors have been shown to do. Multiple novel membrane progesterone receptors (mPRs) have been recently discovered and described, such as mPRs α, β, δ, and γ (C). mPRs can activate signaling cascades via G proteins, which go on to affect cyclic AMP (cAMP) pathways. Finally, progestins can bind to progesterone receptor membrane component 1 [PGRMC1 (D)]. PGRMC1 can work in concert with SERBP1 to affect cAMP, Jak/Stat, and multiple kinase pathways (73).


Although classified as a transcription factor and normally thought to be associated with the nucleus, PGR can be trafficked to the plasma membrane via palmitoylation, a mechanism seen in ERα trafficking (92). At the membrane, PGR can interact with and signal through other proteins to initiate rapid signaling, altering neuronal activity (33, 93, 94) (Figure 2). PGRs that are trafficked to the plasma membrane complex with and signal through Src kinase, a non-receptor tyrosine kinase (Src) (33, 93–95). PGRs have two distinct isoforms that are transcribed from a single gene: PGR-A and PGR-B. PGR-A lacks 164 amino acids in the N-domain, and is considered the truncated form of PGR-B (96). A poly-proline rich region (amino acids 421-428, PPPPLPPR) near the N-domain of PGRs is responsible for binding and signaling through the Src SH3 domain (93). Although this region is conserved in PGR-A, and both isoforms display hormone-dependent binding to SH3, only PGR-B activates Src (94). Significantly, PGR-B is also the reproductively relevant isoform.

In vitro and in vivo experiments indicate that neuroP signals through PGR-Src complexes to activate kisspeptin neurons, and that the PGR-Src signaling is interdependent. Nearly all mHypoA51 neurons express kisspeptin, and most express PGR and Src (19, 82). Activation of either PGR or Src in mHypoA51 neurons induces kisspeptin release while inhibiting Src activation blocks progesterone activation of MAPK and kisspeptin release, implying that progesterone and Src interact to stimulate kisspeptin release via activation of a MAPK pathway (Figure 1) (19). Another potential rapid PGR initiated pathway for kisspeptin release is through release on intracellular stores of [Ca2+] (Figure 1) (82). In mHypoA51 neurons, progesterone induced a rapid increase in [Ca2+] that was blocked by pretreatment with RU486, a PGR antagonist (82). However, further studies are required to determine the physiological outcomes of both of these signaling pathways. In vivo data further support that neuroP induces Src-mediated PGR signaling. PGR and Src are co-expressed in neurons of the RP3V of female rats (33). Further, using the Duolink proximity ligation assay that uses specific antibodies to two selected proteins/antigens and then produces punctate staining if these proteins are in close proximity (<40 nm), we observed that estradiol-priming increases the levels of PGR and Src staining in RP3V neurons suggestive of an estradiol-induced increase in PGR-Src interactions (33). Similarly, in the ARH, a region important for facilitation of lordosis, we have observed a similar colocalization and estradiol-induced increase in PGR-Src proximity (97). In the RP3V, PGR and Src exhibit interdependent signaling in the induction of the LH surge. Bilateral infusion of either a classical PGR agonist (R5020) or Src family activator induced a robust LH surge in estradiol-primed OVX/ADX rats (97). However, bilateral RP3V infusion of either a PGR antagonist (RU486) or a Src inhibitor (PP2) blocked the induction of the LH surge by activation of either PGR (progesterone or R5020) or Src (Src activator). The ability of antagonizing either PGR or Src to block the signaling of both PGR and Src indicates that PGR-Src signaling is interdependent. It is likely that PGR is transactivating Src to initiate signaling. Even though Src is “downstream” of PGR, and activation of either one will induce the LH surge, for signaling to occur neither can be occupied by an antagonist, which likely produces a conformational change that prevents Src activation and signaling. This antagonist effect was also seen with interactions of PGR and dopamine receptors (98). However, in the absence of antagonist binding either PGR or Src, it appears the activation of either PGR or Src can initiate the signaling cascade. The similarities of the PGR-Src signaling cascade in the ARH, RP3V and mHypoA51 neurons suggests that PGR-Src signaling may be a common mode of membrane PGR signaling. Together, the in vivo and in vitro findings indicate that membrane PGR-Src signaling mediates the neuro P activation of kisspeptin neurons to activate GnRH neurons to trigger the LH surge.



NON-CLASSICAL PROGESTERONE RECEPTORS IN KISSPEPTIN NEURONS

Although PGRs are essential to induce the LH surge, other types of mPRs have been proposed to modulate neuroP/progesterone actions through membrane initiated signaling [reviewed in (73); see Figure 2]. For example, during progesterone negative feedback, PGR knockout mice respond to positive feedback levels of progesterone to suppress GnRH release, suggesting that progesterone may also signal through non-classical mPRs (99). However, the role of non-classical mPR in the LH surge remains unknown (19, 100). Two families of mPRs have been discovered that initiate progesterone signaling at the plasma membrane. One group of these mPRs is in the Class II progestin and adipoQ receptor (PAQR) family (101–103). These mPRs have a classic 7-transmembrane protein structure and behave similarly to G protein-coupled receptors by rapidly facilitating progesterone action. In vitro, mHypoA51a neurons express subtypes of mPRs: mPRα and mPRβ (19). In vivo, estradiol upregulates mPRβ expression in the anterior hypothalamus (104). The distribution and estrogen regulation of mPRβ in the female rat brain (104), but not in mHypoA51 neurons (19), suggests that this in vivo upregulation occurs in non-kisspeptin cells. Although these mPRs are expressed in the RP3V, little is known about the role of these non-classical mPRs in regulating the neuroP induction of the LH surge. Another protein that binds progesterone and initiates signaling at the plasma membrane is progesterone receptor membrane components (PGRMC) (105–109). Two PGRMC subtypes have been discovered: PGRMC1 (aka 25-DX) and PGRMC2 (105, 106, 108, 110, 111). These PGRMC have been implicated in normal mammalian ovarian function including primordial follicle development, luteal vascularization and normal onset reproductive senescence (107, 110, 112). Young women with reduced PGRMC2 expression in granulosa cells have been diagnosed with diminished ovarian reserve (113). Similarly, reduced expression of PGRMC1 (via point mutation) has been associated with women exhibiting primary ovarian insufficiency (114). PGRMC mRNAs are expressed in the AVPV (109, 111, 115). However, only PGRMC2 mRNA levels are upregulated by the sequential treatment with estradiol and progesterone (115). Although their expression in the AVPV does not appear to be essential, mPRs and PGRMC's may influence PGR actions. A resolution of this issue requires further experimentation.



DEVELOPMENT OF ESTROGEN POSITIVE FEEDBACK DURING PUBERTY

Maturation of reproductive circuits in females that results in ovulation involves a multitude of changes in the brain during puberty. This is represented by the increase in GnRH pulsatility throughout puberty, which is needed for the surge release of LH [reviewed in (116)]. As with estrogen positive feedback and the facilitation of neuroP synthesis, kisspeptin neurons in the rodent AVPV are sexually dimorphic; females have more kisspeptin neurons in the AVPV compared with males (30). In female mice, the number of presumptive kisspeptin neurons in the AVPV increases across pubertal development (117). The increase in GnRH pulsatility and the increase in the number of kisspeptin neurons are crucial to the development of estrogen positive feedback, but the maturation of these two systems do not fully explain the development of estrogen positive feedback during puberty.



PUBERTAL DEVELOPMENT OF ESTRADIOL-INDUCED NEUROP SYNTHESIS IN THE HYPOTHALAMUS

Much like the rest of the system that controls estrogen positive feedback, the ability of the hypothalamus to coordinate estradiol-induced neuroP synthesis is something that develops across puberty in the rodent. It was previously observed that primary hypothalamic astrocyte cultures did not increase progesterone synthesis in response to estradiol if harvested from neonatal female or male mice of any age, and maturation in vitro did not make these astrocytes respond to estradiol with neuroP synthesis (65). At the time it was thought that something about the pubertal transition made astrocytes competent to respond to estradiol, but this idea was not formally tested until recently. Mohr et al., showed that estradiol-facilitated neuroP synthesis in the hypothalamus develops during puberty in the female rat (118). First, hypothalamic tissues, collected from gonadally intact rats either on postnatal day 17, (PND 17; prepuberty), PND 35, (peripuberty), or on the afternoon of proestrus around PND 60 (adulthood), were assayed for neuroP levels with liquid chromatography tandem mass spectrometry (LC-MS/MS). NeuroP significantly increases during puberty in gonad-intact female rats, from prepuberty to adulthood. Then, in OVX rats of the same ages, estradiol treatment only in adulthood reliably facilitates neuroP synthesis. The prepubertal female hypothalamus is insensitive to estradiol in terms of neuroP synthesis. However, during puberty (peripuberty) the ability of estradiol to stimulate neuroP synthesis develops. The pubertal development of neuroP synthesis is yet another way that the brain changes during puberty to allow for estrogen positive feedback signaling.

Adult female hypothalamic astrocytes are the source of estradiol-facilitated neuroP synthesis that contributes to estrogen positive feedback (68). Corresponding to the pubertal increase in estradiol-facilitated neuroP synthesis in vivo, there is an increase in the amount of mERα in hypothalamic astrocyte cultures. In these primary female astrocyte cultures, there is also an increase in caveolin-1 protein, a scaffolding protein that participates in the trafficking of ERα to the cell membrane and coupling with mGluR1a (118). Because membrane-initiated estradiol signaling is necessary to augment neuroP synthesis in astrocytes in adulthood [reviewed in (119)], the lack of mERα provides an explanation as to why pre-pubertal hypothalamic astrocytes are incapable of estradiol-induced neuroP synthesis. It appears that pubertal expression of caveolin-1 that shepherds ERα to the membrane may be key to the development of estrogen positive feedback that induces neuroP synthesis to trigger the LH surge.



PUBERTALLY BORN ASTROCYTES IN THE AVPV: KEY TO THE DEVELOPMENT OF NEUROP SYNTHESIS?

Another explanation of how estradiol-induced neuroP synthesis develops in the hypothalamus is the “new astrocyte model” (Figure 3). Accordingly, estradiol-responsive astrocytes are not present in the prepubertal hypothalamus. During and after puberty, populations of new cells are added to the female rat AVPV, and a large majority of these newly born cells express markers for astrocytes (GFAP) (120, 121). These newborn AVPV cells are more numerous in females compared with males, and this sex difference in pubertal cell addition is dependent on gonadal hormones (122). Pubertal cell addition to the AVPV mirrors the overall sex difference observed in the rodent AVPV, considering that the female AVPV is larger and contains more neurons in females compared with males (123). This sex difference in structure likely contributes to the functional sex difference of this brain region, because only female rodents are capable of estrogen positive feedback (124). That females have higher amounts of cells added to the AVPV compared with males during peripuberty may indicate that these newborn cells are needed for estrogen positive feedback signaling.


[image: Figure 3]
FIGURE 3. The new astrocyte model for the pubertal development of rodent estrogen positive feedback. Prior to puberty, kisspeptin expression is low in the female AVPV (green neuron), and mERα expression (maroon diamond) in hypothalamic astrocytes (dark blue stars) is low. The LH surge does not occur naturally and cannot be induced with exogenous estradiol administration. After puberty occurs and once estrogen signaling begins, estrogen-responsive newborn astrocytes are added to the AVPV (light blue stars), which are necessary for the LH surge in adulthood. There is also an increase in mERα expression in hypothalamic astrocytes, and estradiol-induced neuroP synthesis occurs, which acts on membrane-associated PGR (orange oval) to stimulate kisspeptin release. Together, the changes in cellular machinery across pubertal development alter estradiol responsiveness and permit the LH surge to occur, indicating that reproductive maturation is complete.


Indeed, these newly born cells are crucially important for estrogen positive feedback induction of the LH surge. When cell proliferation is blocked with cytrabine (AraC), a pyrimidine analog, either during puberty or in early adulthood, the estradiol + progesterone-induced LH surge is diminished in female rats (120). A majority of these newborn cells are astrocytes, suggesting that these newborn AVPV astrocytes are the source of estradiol-responsive hypothalamic astrocytes that synthesize neuroP necessary for estrogen positive feedback. In the 2017 study by Mohr et al., both estradiol and progesterone were used to elicit the LH surge (120). In this study, the LH surge was not eliminated entirely, which may be explained by several factors: AraC did not eliminate all newborn AVPV cells, and therefore, some neuroP-producing astrocytes were present to produce neuroP and elicit some LH release, or more likely, administration of progesterone on the morning of the day of the surge bypassed hypothalamic neuroP, eliciting some LH release. Had only estrogen been used, which can also elicit the LH surge in rats (72), the effect of AraC may have been more dramatic on the LH surge because the only source of progesterone would have been from hypothalamic astrocytes (neuroP).

More studies are required to determine the exact role of pubertally born astrocytes in the development of estrogen positive feedback signaling. However, it seems likely that the birth of astrocytes contributes to the maturation of reproductive circuits controlling estrogen positive feedback signaling. There may be a developmental difference in the birth and maturation of astrocytes if they are born while circulating estradiol is elevated (i.e., after puberty compared with before puberty) that makes them competent to respond to estradiol with neuroP synthesis. These newborn astrocytes could have higher levels of mERα, and caveolin-1, resulting in increased PKA phosphorylation, making them more proficient in estradiol-induced neuroP synthesis.



CONCLUSIONS

The regulation of ovulation is the central event in mammalian reproduction and during puberty. Indeed, neural circuits controlling reproduction in females are considered mature when ovulation can occur. In rodents, at the very least, this critical physiological process requires the coordination of the hypothalamo-pituitary-ovarian axis with the SCN circadian clock. Regulation of the surge release of LH requires a complex neuronal and glial circuitry that directs various peripheral and central hormones onto kisspeptin neurons. In turn, circadian-regulated inputs interact with GnRH neurons, activating the anterior pituitary to release a surge of LH. This mechanism has been dubbed “estrogen positive feedback” for the importance of estrogen, but it is far from the only critical hormonal participant in this process. Developing ovarian follicles synthesize ever increasing levels of estradiol that induce PGR expression in kisspeptin neurons. As estradiol levels peak on the afternoon of proestrus, neuroP synthesis is rapidly facilitated in hypothalamic astrocytes, many of which may be born after the initiation of puberty. Together, estradiol and neuroP stimulate kisspeptin expression and release. When this hormonal activation of kisspeptin coincides with the release of circadian inhibition–a physiological LH surge occurs (i.e., one that stimulates ovulation). We now understand the signaling involved in regulating both the synthesis of neuroP in astrocytes and the neuroP signaling in kisspeptin neurons. In astrocytes, mERα transactivates mGluR1a to induce neuroP synthesis. In kisspeptin neurons, a portion of estradiol-induced PGR are trafficked to the cell membrane where neuroP activates them, augmenting both kisspeptin expression and release. NeuroP signaling in kisspeptin neurons involves Src activation and the release of intracellular calcium. Thus, the brain does not passively respond to ovarian hormones but is an active participant in triggering the LH surge to induce ovulation.
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Aggressive behaviors occurring dissociated from the breeding season encourage the search of non-gonadal underlying regulatory mechanisms. Brain estrogen has been shown to be a key modulator of this behavior in bird and mammal species, and it remains to be understood if this is a common mechanism across vertebrates. This review focuses on the contributions of Gymnotus omarorum, the first teleost species in which estrogenic modulation of non-breeding aggression has been demonstrated. Gymnotus omarorum displays year-long aggression, which has been well characterized in the non-breeding season. In the natural habitat, territory size is independent of sex and determined by body size. During the breeding season, on the other hand, territory size no longer correlates to body size, but rather to circulating estrogens and gonadosomatic index in females, and 11-ketotestosterone in males. The hormonal mechanisms underlying non-breeding aggression have been explored in dyadic encounters in lab settings. Males and females display robust aggressive contests, whose outcome depends only on body size asymmetry. This agonistic behavior is independent of gonadal hormones and fast acting androgens. Nevertheless, it is dependent on fast acting estrogenic action, as acute aromatase blockers affect aggression engagement, intensity, and outcome. Transcriptomic profiling in the preoptic area region shows non-breeding individuals express aromatase and other steroidogenic enzyme transcripts. This teleost model reveals there is a role of brain estrogen in the control of non-breeding aggression which seems to be common among distant vertebrate species.

Keywords: Gymnotus omarorum, non-breeding aggression, fadrozole, natural spacing, estrogen


INTRODUCTION

The study of territoriality can provide insight into how animals integrate social and environmental cues with their physiological context to produce behavioral responses. Steroid hormones are key in this integration, affecting behavior through the modulation of brain areas belonging to the social behavior network (1–3). Territoriality occurs when animals defend spatially associated resources against competing individuals, and it is frequently mediated by agonistic encounters (4–6). Animals will only defend resources when the benefits exceed the costs of defense, and this is key to understanding how spacing, mating, and social systems have evolved (7). Pioneering studies in the field of behavioral ecology (8) have shown that optimal cost-benefit balance in territorial defense occurs when animals compete for mating opportunities, while the defense of resources unrelated to reproduction is less often observed. Nonetheless, in a few species territorial defense is present year-round (9–11), which may ensure access to foraging areas or protection from predators across seasons (4). Territorial aggression may thus occur in these unconventional cases uncoupled from a breeding physiology and independently from gonadal hormones.

Aggressive behaviors which occur dissociated from the breeding season, encourage the search of non-gonadal underlying regulatory mechanisms (12, 13). Early reports in wild birds established the independence of non-breeding aggression from circulating androgens (14–16). Many studies have shown that aggression may occur when gonads are regressed and even after castration in some species of birds, mammals, reptiles and fish (9, 11, 17–25). In addition, it has also been reported that territorial challenges during the non-breeding season do not affect circulating testosterone (22, 26, 27). Brain estrogens have been shown to have a forefront role in the regulation of non-breeding aggression. This was first postulated by pioneer research showing that estrogens promote aggression in non-breeding song sparrows (18, 28, 29) and in California mice subjected to a short photoperiod (30, 31). Aromatase, which converts androgens into estrogens, is present in brain regions related to aggression, and may display seasonal changes in activity (32, 33). This raises the question: is the role of brain estrogen underlying non-breeding aggression a general strategy across vertebrates?

Fish are an ideal group to approach this question as they are evolutionarily early vertebrates, they display diverse and elaborate social behaviors, brain areas related to social behavior are conserved, and they exhibit extraordinarily high levels of brain aromatase activity (34–38).

This review focuses on the contributions from a teleost fish model on the hormonal modulation of non-breeding territorial behavior, to better understand different mechanisms underlying aggression. South American weakly electric fish of the Order Gymnotiformes, constitute a highly diverse group. They produce electric organ discharges (EOD) that are used for active sensing and communication [reviewed in (39)], and their well-known electrogenic system is composed of discrete nuclei in the brainstem and spinal cord and a peripheral electric organ. This system has been shown to be hormone-sensitive in many of its components frequently producing sexually dimorphic communication signals, making these fish well established models to study steroid action on neural circuits underlying behavior (40–49). Gymnotus omarorum occurs naturally at the southern boundary of gymnotiform distribution in South America (Uruguay). It is a seasonal breeder, yet it displays year-round territoriality in both males and females (50). It allows the analysis of territorial aggression in the natural habitat as well as the exploration of its proximate mechanisms in lab settings. The fact that this behavior occurs when gonads are regressed and circulating sex steroids are low, puts the spotlight on brain synthesis of steroid hormones. This is the first teleost model that contributes to revealing common estrogenic roles in the control of non-breeding aggression, broadening the perspective of the current state of knowledge currently based mostly on bird and mammal models.



YEAR-LONG SPACING IN THE NATURAL HABITAT

The spacing patterns of G. omarorum in the natural habitat likely reflect year-long territorial defense in both males and females. Territorial defense, usually associated with breeding males, has been proposed to follow two general principles: (1) territory size depends on body size as it is the universal indicator of physical strength and resource holding power (51–53); and (2) territory size depends on individual reproductive state and may be related to circulating androgen levels (54–56). Sexual dimorphism in territory size during breeding can also be expected even in species in which both sexes display territoriality, as males and females may have asymmetries in their motivation and/or their fighting ability. This is the case of red squirrels (Sciurus vulgaris), for example, in which males often hold larger territories than females (57) or in the striped plateau lizard (Sceloporus virgatus), in which females are more territorial than males (58).

During the breeding season (corresponding to the austral spring-summer, from December to February), this sexually monomorphic species displays similar patterns of spatial arrangement for males and females (59). In resting diurnal conditions, both males and females are found occupying individual spots, distanced at least a meter away from their closest neighbor. A close analysis shows that sex is relevant in spatial arrangements, as animals are more likely to have an opposite-sex than a same-sex closest neighbor. Although males and females hold same-sized territories, when the size of each territory is normalized to its owner's body size, sexual dimorphism arises as females hold relatively larger territories. This interesting difference is probably due to sex-biased reproductive requirements associated to anisogamy, which may lead to higher metabolic requirements in females and thus the need for larger foraging grounds. In male G. omarorum gonadosomatic index (GSI) did not show correlation to territory sizes, but circulating 11-ketotestosterone (11-KT, the main bioactive androgen in teleost fish) marginally predicted territory size (59). This data falls in line with the well documented relationship between androgens and male territorial behavior (60–62). In contrast, both female GSI and circulating estradiol show high predicting power on territory size, which constitutes the first report to associate circulating estradiol and territory size in a vertebrate species (59). In the light of the evidence that estradiol promotes female aggression (63–65), ovarian estradiol is likely involved in the modulation of breeding territorial aggression in this species. In summary, during the breeding season, sexually dimorphic individual traits seem to influence motivation toward territory defense in G. omarorum impacting on individual spacing in the wild in a sex-dependent manner.

During the non-breeding season (corresponding to the austral autumn-winter, from June to August), adults of G. omarorum occupy individual spots in the wild separated at least one meter from the closest neighbor. Sex of individuals does not bias spacing, as closest neighbors are randomly opposite-sex or same-sex. Body size, but not sex, correlates positively with territory size (59). Motivation to maintain territories in the non-breeding season may be related to the fact that these fish continuously produce electric signals as a means of communicating and imaging their world. Electrogeneration is an energetically expensive process which has been associated with high basal metabolic requirements (39, 66) and most likely imposes high year-long foraging demands. Equally sized territories between males and females may reflect the same energetic requirements in both sexes.



GONAD-INDEPENDENT AGONISTIC BEHAVIOR MEDIATES NON-BREEDING TERRITORIAL BEHAVIOR

G. omarorum is one of the few teleost species in which the hormonal regulation of non-breeding aggression has been studied [see also damselfish, (22, 27, 67)], and the only teleost species in which the determinants of natural non-breeding spacing have been explored in the field (59).

The acquisition and defense of territories in non-breeding G. omarorum have been empirically shown to be mediated by agonistic encounters in laboratory settings (68). When staging dyadic agonistic encounters using a neutral plain arena, all fish engage in rapid escalated conflicts in which the dominant-subordinate status is achieved in <5 min. Subordinates end the struggle when they decide to stop attacking and retreat. In addition, they further signal their surrender electrically: first interrupting their EOD to hide from the dominant, then emitting transient electric submission signals, and finally, adopting a lower post-resolution EOD basal rate (69, 70). The intensity of submission signals emitted by the subordinate individual is correlated to the aggression levels displayed by the dominant (71). Body size is the only predictor of contest outcome, while individual sex has no significant influence (69). After resolution, dominants monopolize the acquired territory and actively exclude subordinate fish to the periphery of the tank (68). Laboratory evidence falls in line with what is observed in the wild, where non-breeding territory sizes are determined by body size and are unrelated to sex. Several pieces of evidence support that the non-breeding agonistic behavior of G. omarorum is independent of gonadal hormones. First, intra and intersexual non-breeding agonistic contests are indistinguishable (69, 72). Secondly, aggressive challenges do not have an effect on circulating 11-ketotestosterone (72). Moreover, the clearest evidence of gonadal independence of non-breeding aggression in G. omarorum is that agonistic behavior persists unchanged after castration. Gonadectomized and control dyads do not differ in contest outcome, dynamics, aggression levels, nor submissive displays (21), demonstrating that the low levels of non-breeding circulating gonadal hormones are not necessary for the occurrence of this behavior.



NON-GONADAL ESTROGENS MODULATE NON-BREEDING AGONISTIC BEHAVIOR

Brain estrogens are critical regulators of non-breeding aggression. In the absence of high circulating testosterone, brain derived estrogens may be synthesized from circulating adrenal dehydroepiandrosterone (DHEA), proposed to have a key role underlying non-breeding aggression in mammals and birds. DHEA is reported to have higher plasmatic levels in the non-breeding season in birds (26, 73), its levels may respond to social challenges in birds and mammals (26, 74, 75) and it can be metabolized in the brain into active androgens and estrogens (76, 77). In contrast to the breeding season, in non-breeding mammalian and avian models estrogens exert rapid effects upon aggression which reflect non-genomic mechanisms (30, 31, 78, 79). In turn, aggressive interactions can produce changes in steroid hormone levels in specific brain areas of the songbird model (76, 80).

In G. omarorum the influence of gonadal hormones in the non-breeding aggression has been ruled out by castration experiments (21), and the role of extra-gonadal steroid hormones has been tested via pharmacological manipulations. Short term involvement of androgens and estrogens was explored focusing on the effects these hormones have on the rapid dynamics of conflict and resolution. Acutely impeding aromatase action by administration of its inhibitor (Fadrozole, 60 min pre contest) in intrasexual dyads had a profound effect in non-breeding agonistic encounters of G. omarorum. Overall, results from both male-male and female-female contests show that the inhibition of estrogen synthesis causes a decrease in aggressive displays revealed by an important delay in initiating overt aggression. In addition, it decreases aggression levels and prevents potential winners (larger fish) from achieving dominance (21, 81). Direct short-term effects of androgens were ruled out, since acute treatment with androgen receptor antagonists showed no influence upon conflict engagement, aggression dynamics nor the establishment of dominant-subordinate status (81). If androgens were directly involved in the modulation of non-breeding aggression in G. omarorum, their action may be evinced in a longer time frame, as has been observed in other non-breeding territorial fish in which chronic androgen receptor blocking decreases aggression (22).

To date, the expression pattern of brain aromatase has been identified in several teleost species (82–89); including a recent study in the weakly electric fish Apteronotus leptorhynchus (90), which also exhibits territorial aggression in non-breeding conditions (43, 91). Aromatase mRNA was mapped in non-breeding male and female A. leptorhynchus in the telencephalon, preoptic area, hypothalamus, and pituitary gland, showing a high degree of regional conservation with previous reports in teleosts. Reports of the presence of high levels of aromatase in the social behavior network strongly suggest these neural circuits are affected by local estrogen production. Moreover, testosterone aromatization has reported effects in social behavior electric displays in Apteronotus (42, 92). The first transcriptomic study carried out in G. omarorum during the non-breeding season shows that aromatase, as well as other steroidogenic enzymes are expressed in the preoptic area (93). This node of the social brain has a well-documented role in aggressive behavior (1, 94–97). Moreover, it has already been shown that preoptic area neuropeptides have a status-dependent role in the modulation of non-breeding aggression in G. omarorum (70, 98). The analysis of local brain synthesis of estrogens and androgens in this region regulating non-breeding aggression is currently underway.

Overall, research in G. omarorum point to brain estrogen as an important modulator of non-breeding aggression acting in regions of the social brain through rapid mechanisms.



STATE OF THE ART AND PERSPECTIVES: NEUROSTEROIDS UNDERLYING NON-BREEDING AGGRESSION

Currently, G. omarorum is the strongest teleost model to approach neuroendocrine mechanisms underlying non-breeding aggression. Contributions in this model demonstrate that brain estrogens are key regulators of non-breeding aggression in a much broader sense than previously reported. Revised evidence, brought together from both laboratory and natural settings, shed light on the sequence of events and underlying mechanisms leading to territory acquisition and spatial distribution in the wild (Figure 1). Fish contenders competing for territory display a short evaluation time and engage in escalated conflicts from which a clear dominant-subordinate status emerges. Males and females show no difference in aggressive behavior, but outcome is biased by body size: the larger fish wins and acquires the disputed territory. Agonistic behavior is independent of gonadal hormones and fast acting androgens, although it is strongly dependent on estrogenic action, revealed by the rapid and dramatic effect of blocking estrogen synthesis upon conflict engagement, aggression intensity and establishment of dominance. Agonistic behavior is a key element for the non-breeding distribution of fish in the wild in which animals hold sexually monomorphic territories and body size is the strongest determinant for territory size.


[image: Figure 1]
FIGURE 1. Events and underlying mechanisms of non-breeding territoriality in Gymnotus omarorum. Laboratory evidence shows that agonistic behavior mediates territory acquisition, as after conflict resolution dominant animals monopolize the territory and actively exclude subordinate fish to the periphery of the tank. Body size, but not sex, is a strong predictor of conflict outcome. Aggression is maintained even in gonadectomized animals, indicating its independence of gonadal hormones. Behavioral pharmacology evinces aggression is also independent of rapid actions of androgens, although strongly dependent on rapid estrogenic action, as an aromatase inhibitor greatly influences conflict engagement, aggression intensity and establishment of dominance. This evidence suggests that brain-derived estrogens play a key role in agonistic behavior. Agonistic behavior most probably underlies territorial spacing in the natural habitat. Territory sizes are not sex-biased, but do depend on body size, and we propose that at least in the short-term after dominance establishment, they also correlate to brain estrogen levels.


The year-long territorial behavior of G. omarorum opens exciting avenues of research on steroid modulation of aggression, and in particular, the yet unexplored role of both circulating and brain-derived steroids in breeding territorial aggression. We have two hypotheses on potential seasonal plasticity in the role of steroids regulating aggression, which are leading our current research. First, we understand that non-breeding contests produce a fast rise in brain estrogen in regions of the social behavior network. This estrogen peak has a rapid, non-genomic effect, promoting aggressive behavior, the fast establishment of dominance, and ultimately, at least in a short time scale, it correlates to the size of the acquired territory in the natural habitat. In absence of high circulating sex steroids, we propose this brain hormonal signature is important in enabling stable territory distributions in natural populations. Secondly, based on the correlation between GSI and territory size in the breeding season, and the independence of aggression from gonads in the non-breeding season, we postulate that regulation of aggression varies seasonally. We hypothesize that estrogens and androgens maintain key roles as modulators, but their main sources alternate from the brain (in the non-breeding season) to the gonads (in the breeding season). In addition, we propose that non-breeding aggression depends exclusively upon brain-derived steroids, either produced de novo or from circulating precursors. Studies testing these two hypotheses are underway.

The contributions of G. omarorum, a teleost fish with persistent aggression uncoupled from seasonal breeding, expand concepts based on mammal and bird models to further understand the breadth of estrogenic regulation of aggression. Fish are the oldest and most diverse class of vertebrates. Thus, common regulation strategies suggest either a very strong conservation of the trait, or an independent evolution path arriving at the same solution, both underscoring the relevance and extensive impact of estrogens upon aggression.
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Testicular androgens during the perinatal period play an important role in the sexual differentiation of the brain of rodents. Testicular androgens transported into the brain act via androgen receptors or are the substrate of aromatase, which synthesizes neuroestrogens that act via estrogen receptors. The latter that occurs in the perinatal period significantly contributes to the sexual differentiation of the brain. The preoptic area (POA) and the bed nucleus of the stria terminalis (BNST) are sexually dimorphic brain regions that are involved in the regulation of sex-specific social behaviors and the reproductive neuroendocrine system. Here, we discuss how neuroestrogens of testicular origin act in the perinatal period to organize the sexually dimorphic structures of the POA and BNST. Accumulating data from rodent studies suggest that neuroestrogens induce the sex differences in glial and immune cells, which play an important role in the sexually dimorphic formation of the dendritic synapse patterning in the POA, and induce the sex differences in the cell number of specific neuronal cell groups in the POA and BNST, which may be established by controlling the number of cells dying by apoptosis or the phenotypic organization of living cells. Testicular androgens in the peripubertal period also contribute to the sexual differentiation of the POA and BNST, and thus their aromatization to estrogens may be unnecessary. Additionally, we discuss the notion that testicular androgens that do not aromatize to estrogens can also induce significant effects on the sexually dimorphic formation of the POA and BNST.
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INTRODUCTION

Sex differences in the structures of the brain are considered to underlie sex-specific functions of the brain and brain functions that differ between sexes or genders. The mechanisms by which the brain is sexually differentiated have not yet been completely elucidated; however, they have long been studied using animal models, especially rodents. Based on accumulated data, androgens secreted from the testes during the perinatal period are converted to estrogens in the brain, wherein the neuroestrogens masculinize and defeminize the brain. Neuroestrogens are essential but not sole factors in the sexual differentiation of the brain. There are other factors that significantly contribute to the brain sexual differentiation. The processes of brain sexual differentiation require sex chromosome genes’ expression in the brain (McCarthy and Arnold, 2011; Cox et al., 2014) and gonadal steroids secreted during the peripubertal period (Juraska et al., 2013; Schulz and Sisk, 2016). However, there is no doubt that neuroestrogens of testicular origin play an important role in the sexual differentiation of the brain. In this mini review, we focused on two sexually dimorphic brain regions: the preoptic area (POA) and the bed nucleus of the stria terminalis (BNST), which are involved in the regulation of sexually dimorphic social behaviors and reproductive neuroendocrine functions. First, we give an overview of the sex differences in the POA and BNST of the rodent brain. Second, we discuss how neuroestrogens masculinize or defeminize the POA and BNST. Third, we further discuss the notion that testicular androgens that do not aromatize into estrogens can also induce the sexually dimorphic formation of the POA and BNST.



SEX DIFFERENCES IN THE POA AND BNST

The POA and BNST show morphological sex differences that are related to sex-specific brain functions (Figure 1). The number of dendritic spine synapses in the POA is twofold greater in male rats than in females; the POA masculinized by neuroestrogens, resulting in a greater number of dendritic spine synapses, plays an important role in the control of male sexual behavior (Amateau and McCarthy, 2002a, 2004; Wright et al., 2008; Wright and McCarthy, 2009). The male-biased sex difference in dendritic spine synapses in the POA is established by the crosstalk between neuroendocrine and immune systems where microglia and mast cells have significant roles [see reviews (Arambula and McCarthy, 2020; McCarthy, 2020) and the next section].
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FIGURE 1. Morphological sex differences in the POA and BNST of rats and mice. The AVPV exhibits female-biased sex differences in volume and neuron number. Compared with males, females have a greater number of kisspeptin neurons, dopamine neurons, and GABA/glutamate neurons in the AVPV. The SDN-POA exhibits male-biased sex differences in volume and neuron number. The SDN-POA contains a cluster of Calb neurons termed CALB-SDN. The CALB-SDN is larger in volume and contains a larger number of Calb neurons in males than in females. The POA shows a sex difference in the dendritic synapse pattern. POA neurons in males have more dendritic spines compared with POA neurons in females. The BNST contains a male-biased sexually dimorphic nucleus (BNSTp), which is composed of a sexually dimorphic subregion that is larger in volume and number of Calb neurons in males (CALB-BNSTp) and a sexually dimorphic subregion that is larger in volume and number of non-Calb neurons in females (BNSTpv).


In the POA of rats and mice, there are two sexually dimorphic nuclei that have been identified to date. The sexually dimorphic nucleus of the POA (SDN-POA) exhibits male-biased sex differences in volume and the number of neurons (Gorski et al., 1978, 1980). The SDN-POA of male rats has been suggested to be related to partner preference (Houtsmuller et al., 1994; Woodson et al., 2002) and sexual arousal (Arendash and Gorski, 1983; De Jonge et al., 1989; Maejima et al., 2018); however, the physiological functions of the SDN-POA require further investigation. Approximately half of the SDN-POA neurons express calbindin-D28K (Calb) (Morishita et al., 2017), a calcium-binding protein that functions as a buffer, sensor, and transporter of calcium (Schmidt, 2012). A cluster of Calb neurons in the SDN-POA is termed the calbindin-sexually dimorphic nucleus (CALB-SDN), which has more Calb neurons in males than in females (Sickel and McCarthy, 2000; Edelmann et al., 2007; Orikasa and Sakuma, 2010). Although the physiological roles of Calb neurons remain unclear, Calb neurons in male rats are activated during sexual behavior (Yamaguchi et al., 2018).

Another sexually dimorphic nucleus in the POA is the anteroventral periventricular nucleus (AVPV), which is larger and contains more neurons in females than in males (Bleier et al., 1982). The AVPV of rats contains neurons expressing kisspeptin, neurons producing dopamine, and neurons producing both GABA and glutamate, and exhibits a female-biased sex difference in the number of these neurons (Simerly et al., 1985a; Ottem et al., 2004; Kauffman et al., 2007). In the AVPV of mice, approximately half of kisspeptin neurons produce dopamine and vice versa (Clarkson and Herbison, 2011). In the female AVPV, kisspeptin neurons expressing estrogen receptor α (ERα) are a target of the positive feedback actions of ovarian estrogens to induce ovulation (Kauffman, 2009; Tsukamura et al., 2010). Furthermore, kisspeptin neurons in the AVPV of female mice are key players in orchestrating successful reproduction by synchronizing copulation with ovulation (Hellier et al., 2018). Dual-phenotype GABA/glutamate neurons in the AVPV of rats and mice interact with gonadotropin-releasing hormone neurons to excite or inhibit their activity (Ottem et al., 2004; Liu et al., 2011). Dopamine neurons in the AVPV of female mice enhance maternal behavior, whereas dopamine neurons in the AVPV of male mice do not affect parental behavior, but suppress intermale aggression (Scott et al., 2015).

The principal nucleus of the BNST (BNSTp) is a subnucleus of the BNST showing male-biased sex differences in size and neuron number (Hines et al., 1985, 1992). Like the SDN-POA, the BNSTp contains more Calb neurons in male mice than in female mice (Gilmore et al., 2012). The subregion of the BNSTp that contains many Calb neurons and exhibits the male-biased sex difference in the number of Calb neurons is hereinafter referred to as CALB-BNSTp. BNSTp neurons expressing aromatase in male mice are necessary to distinguish the conspecific sexes and ensure social interactions (Bayless et al., 2019). However, the physiological functions of Calb neurons in the BNSTp remain unclear. Unlike the CALB-BNSTp, the ventral part of the BNSTp (BNSTpv) contains few Calb neurons without sex differences, but the BNSTpv is larger and has more non-Calb neurons in female mice than in males (Moe et al., 2016; Morishita et al., 2017). Thus, the BNSTp is composed of a region exhibiting male-biased sex differences in Calb neurons and a region exhibiting female-biased sex differences in non-Calb neurons.



NEUROESTROGENS OF TESTICULAR ORIGIN ARE SIGNIFICANT FACTORS FOR SEXUALLY DIMORPHIC FORMATION OF THE POA AND BNST

Neuroestrogens originating from testicular androgens affect the POA and BNST in the perinatal period to organize sexually dimorphic structures in a variety of modes of action (Figure 2). As mentioned before, the POA of rats has more dendritic spines in males than in females. The increased number of dendritic spines in the male POA is induced by estrogens in the perinatal period (Amateau and McCarthy, 2002a, 2004). The mechanisms responsible for the masculinization of dendritic spine patterning by estrogens are considered to be as follows. First, neuroestrogens originating from testicular androgens during the perinatal period affect mast cells in the POA via ER to stimulate histamine release, which then stimulates microglia in the POA to release prostaglandin E2, which triggers POA neurons to increase dendritic spine synapses via induction of glutamate receptor signaling (Wright et al., 2008; Wright and McCarthy, 2009; Lenz et al., 2011, 2013, 2018). Thus, microglia and mast cells have critical roles in the masculinization of dendritic spine patterning. The POA of postnatal males has twice as many ameboid microglia, a class of microglia with a more activated morphological profile, compared with postnatal females (Lenz et al., 2013). The male-biased sex difference in ameboid microglia is regulated by neuroestrogens of testicular origin, because treatment with estradiol increased ameboid microglia in the POA of postnatal females (Lenz et al., 2013). The male POA has more activated mast cells than the female POA in the perinatal period, and approximately half of the mast cells in both sexes express ERα (Lenz et al., 2018). Additionally, astrocytes in the POA of postnatal rats exhibit a sex difference in morphology: astrocytes in males have longer and more primary processes, and the astrocyte morphology is masculinized by neuroestrogens in the postnatal period (Amateau and McCarthy, 2002b). Astrocytes release chemical transmitters, including glutamate, and are involved in synapse formation (Araque et al., 1999). Taken together, the sexually dimorphic synapse formation may follow the sexual differentiation of these non-neuronal cells.
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FIGURE 2. Possible mechanisms for organizing the sexually dimorphic structures of the POA and BNST of rats and mice. (A) The mechanism responsible for the sexual differentiation of dendritic synapse patterning in the POA, which was proposed by McCarthy and colleagues (see reviews Arambula and McCarthy, 2020; McCarthy, 2020). Estradiol (E), which is synthetized in the brain from testicular testosterone (T) during the perinatal period, stimulates histamine release from mast cells, which then stimulates prostaglandin E2 (PGE2) to increase dendritic spines. (B) The mechanism for organizing the sexually dimorphic structures of the SDN-POA/CALB-SDN and CALB-BNSTp. E originating from testicular T in the perinatal period protects a population of neurons from apoptotic cell death, although the neurochemical properties of the cell population have not been identified. Additionally, E may upregulate Calb expression, followed by induction of a male-biased sex difference in the number of Calb neurons. (C) The mechanisms for inducing a female-biased sex difference in the number of cells in the specific neuronal cell groups in the AVPV. E originating from testicular T in the perinatal period induces the death of GABA neurons by apoptosis to reduce their number. E may also reduce the number of kisspeptin neurons and dopamine neurons by a mechanism other than apoptosis, although the mechanism remains unknown. (D) The roles of T and E during the perinatal period in the sexual differentiation of the BNSTpv. T and E reduce the number of BNSTpv neurons that do not express Calb. However, identification of the neurochemical properties and the mechanism responsible for inducing the sex difference require further investigation.


The masculinization of the SDN-POA/CALB-SDN requires the actions of estrogens that are synthesized in the brain from testicular androgens and act via ERα during the postnatal period (Gorski et al., 1978; Patchev et al., 2004; Orikasa and Sakuma, 2010; Gilmore et al., 2012; Morishita et al., 2017). How neuroestrogens masculinize the SDN-POA/CALB-SDN is not completely understood. However, controlling cell numbers by apoptosis during the postnatal period appears to produce a male-biased sex difference in the number of SDN-POA neurons. The number of cells generated during the late fetal period and incorporated into the SDN-POA during the neonatal period does not differ between sexes (Jacobson et al., 1985; Dodson et al., 1988; Kato et al., 2012), but the number of apoptotic cells in the SDN-POA of postnatal rats is smaller in males because of suppression of apoptosis by neuroestrogens of testicular origin (Arai et al., 1996; Davis et al., 1996; Chung et al., 2000). Postnatal apoptosis in the SDN-POA is regulated by the mitochondrial apoptotic pathway involving Bcl-2, Bax, and caspase-3. In the SDN-POA of postnatal rats, the expression of Bcl-2 and Bax is higher in males and in females, respectively, followed by higher activity of caspoase-3 in males (Tsukahara et al., 2006). The sex differences in Bcl-2 and Bax expression result from the upregulation of Bcl-2 expression and downregulation of Bax expression by neuroestrogens of testicular origin because estradiol treatment increased the Bcl-2 protein level and decreased the Bax protein level in the POA of postnatal female rats (Tsukahara et al., 2008). Nevertheless, the sex difference in the number of Calb neurons may occur independently of apoptotic regulation, because deletion of the Bax gene did not affect the number of Calb neurons in the CALB-SDN of mice in both sexes (Gilmore et al., 2012). Calb expression may be upregulated by neuroestrogens of testicular origin; the number of Calb neurons is increased in male mice, because the mouse Calb promoter possesses estrogen-responsive elements and is estrogen responsive (Gill and Christakos, 1995). Ca2+ is a key regulator of cellular functions in living cells, but it also induces apoptosis upon prolonged changes in its intercellular concentrations, including an increase in its cytoplasmic and mitochondrial concentrations (Hajnoczky et al., 2003). Calb protects neurons from cell death by chelating intercellular Ca2+ (Meier et al., 1998; D’Orlando et al., 2002; Fan et al., 2007). It also prevents neuronal cell death by inhibiting caspase-3 activity (Choi et al., 2008; Choi and Oh, 2014). These findings may support the notion that Calb upregulation by estrogens prevents apoptotic cell death.

Neuroestrogens originating from testicular androgens in the perinatal period reduce the total number of neurons to defeminize the AVPV in rats and mice (Patchev et al., 2004; Kanaya et al., 2014). Furthermore, these neuroestrogens defeminized specific neuronal cell groups in the AVPV by reducing their cell number. The number of kisspeptin neurons in the AVPV increased in male rats with neonatal castration and decreased in female rats with neonatal estradiol treatment (Kauffman et al., 2007; Homma et al., 2009). Perinatal or neonatal testosterone treatment reduced the number of dopamine neurons in the AVPV of female rats (Simerly et al., 1985b). The number of dopamine neurons in the AVPV of male mice increased upon the deletion of the genes for ERα and ERβ, resulting in the disappearance of the sex difference in dopamine neurons (Simerly et al., 1997; Bodo et al., 2006). Male rodents have a greater number of apoptotic cells in the AVPV during the perinatal period than female rodents do, which is attributed to the induction of apoptosis by estrogens (Sumida et al., 1993; Arai et al., 1996; Yoshida et al., 2000; Waters and Simerly, 2009). Controlling the number of neurons by apoptosis via Bcl-2 and Bax is required for the sexually dimorphic formation of the AVPV of mice (Zup et al., 2003; Forger et al., 2004). The AVPV of postnatal rats shows a male-biased sex difference in Bax expression and a female-biased sex difference in Bcl-2 expression, followed by higher activity of caspase-3 in the male AVPV (Tsukahara et al., 2006). In addition, the tumor necrosis factor α (TNF-α)-TNF receptor 2 (TNFR2)-NFκB cell survival pathway is activated in the AVPV of postnatal female rats to upregulate Bcl-2 expression, whereas this pathway is suppressed by TNF receptor-associated factor 2-inhibitng protein (TRIP) in the male AVPV, followed by an increase in the number of apoptotic cells (Krishnan et al., 2009). Postnatal apoptosis regulated by this pathway may result in a sex difference in GABA neurons of the AVPV (Krishnan et al., 2009). However, the sex differences in the number of dopamine and kisspeptin neurons in the AVPV of mice are independent of Bcl-2 and Bax (Zup et al., 2003; Forger et al., 2004; Semaan et al., 2010). There may be other mechanisms that establish the sex differences in dopamine and kisspeptin neurons, although they remain nuclear.

Estrogens that are synthesized in the brain from testicular androgens and act via ERα during the postnatal period masculinize the BNSTp by increasing the volume and neuron number in rats and mice (Guillamon et al., 1988; Chung et al., 2000; Hisasue et al., 2010; Tsukahara et al., 2011). The number of apoptotic cells in the BNSTp of postnatal rats is smaller in males because of the protection of cells from apoptosis by neonatal testicular androgens (Chung et al., 2000). This indicates that suppression of apoptotic cell death by testicular androgens contributes to the masculinization of the BNSTp. The apoptotic pathway involving Bax accounts for the male-biased sex difference in the number of BNSTp neurons in adulthood following the female-biased sex difference in postnatal apoptosis (Forger et al., 2004; Gotsiridze et al., 2007). Like the BNSTp, the CALB-BNSTp in mice is masculinized by postnatal testicular androgens, which act after aromatization (Morishita et al., 2017). However, Bax-dependent apoptosis may not be necessary for establishing the sex difference in the number of Calb neurons, because deletion of the Bax gene increased Calb neurons in both sexes, but did not eliminate the sex difference (Gilmore et al., 2012). As mentioned earlier, estradiol can induce Calb expression (Gill and Christakos, 1995). Phenotypic organization induced by estrogens is a possible mechanism for the sexual differentiation of Calb neurons, although this idea needs to be investigated. The volume and the number of non-CALB neurons in the BNSTpv increased in male mice with neonatal castration and decreased in female mice upon postnatal treatment with estradiol or dihydrotestosterone (Morishita et al., 2017), suggesting that testicular androgens affect the BNSTpv after aromatizing to estrogens, but they also affect this area without aromatization.

In rodents, the critical time window in which neuroestrogens effectively induce brain sexual differentiation is limited to the perinatal period. Nevertheless, the effects of neuroestrogens persist until adulthood. The long-lasting effects are considered to be due to epigenetic changes in gene expression [see reviews (Forger, 2016, 2018; McCarthy, 2019)]. In fact, some of the aforementioned sex differences emerge via epigenetic regulation. Compared with postnatal males, postnatal female rats have higher DNA methyltransferase activity in the POA, which is followed by higher DNA methylation, and postnatal estradiol treatment reduced DNA methyltransferase activity and DNA methylation in the female POA (Nugent et al., 2015). Moreover, inhibition of DNA methyltransferase in the brain of neonatal females increased dendritic spines of POA neurons and masculinized sexual behavior (Nugent et al., 2015), and increased the number of Calb neurons in the CALB-SDN and CALB-BNSTp, resulting in elimination of the sex difference in Calb neurons (Mosley et al., 2017; Cisternas et al., 2020). Epigenetic regulation via histone modification also contributes to masculinization of the brain. Inhibition of histone deacetylase in the brain reduced the number of BNSTp neurons in male mice and neonatally testosterone-treated females (Murray et al., 2009) and reduced the activity of sexual behavior in male rats (Matsuda et al., 2011). ER is a ligand-activated transcription factor, and thereby estrogens binding to ER modulate the expression of the target genes at the transcriptional level. Therefore, though it may not be the whole story, epigenetic regulation by estrogens is an essential part of the molecular mechanisms of brain sexual differentiation.



SEXUALLY DIMORPHIC FORMATION OF THE POA AND BNST REQUIRES NEUROESTROGENS OF TESTICULAR ORIGIN AND TESTICULAR ANDROGENS

Masculinization of the BNSTp is disrupted in rats with reduced functional androgen receptors (ARs) (Durazzo et al., 2007) and AR-knockout mice (Kanaya et al., 2014), indicating that the masculinization of the BNSTp requires the actions of testicular androgens via AR. The BNSTp of mice begins to express AR from the neonatal period, but the expression level is low until one week after birth (Juntti et al., 2010; Kanaya et al., 2014). It seems likely that the androgen actions via AR mainly occur after the perinatal period. The sex difference in the number of Calb neurons in the CALB-SDN and CALB-BNSTp of mice emerges before puberty and becomes pronounced after puberty (Wittmann and McLennan, 2013a, b; Morishita et al., 2017). This is partly due to an increase in the number of Calb neurons during the peripubertal period, which is induced by testicular androgens via AR because the decrease in the number of Calb neurons by prepubertal castration was reversed by peripubertal treatment with dihydrotestosterone, but not with estradiol (Morishita et al., 2020). Thus, testicular androgens that are synthesized during the peripubertal period and act via ARs are necessary for the masculinization of Calb neurons. However, it cannot be excluded that masculinization of the brain requires the actions of neuroestrogens during puberty, because prepubertal knockdown of ERα in the medial amygdala, a male-biased sexually dimorphic nucleus, disrupts the masculinization of this nucleus in mice (Sano et al., 2016).



CONCLUSION

Perinatal testicular androgens induce masculinizing and defeminizing effects on the POA and BNST of rodents through binding to ER after conversion to estrogens in the brain rather than by binding to AR directly, resulting in sex differences in glial and immune cells, dendritic synapse patterning, and specific neuronal cell groups. Interactions among immune cells, glial cells, and neuronal cells under the influence of neuroestrogens is a prerequisite for producing the sex difference in dendritic synapse patterning in the POA. Sex differences in specific neuronal cell groups in the SDN-POA, AVPV, and BNSTp may be established by controlling the number of dying cells by apoptosis or phenotypic organization of living cells that are influenced by neuroestrogens. Neuroestrogens binding to ER modulate the expression of the target genes at the transcriptional level, but also modulate gene expression by epigenetic regulation, which ensures the long-lasting effects of neuroestrogens beyond the perinatal period. Testicular androgens in the peripubertal period also contribute to the sexual differentiation of the POA and BNST, but aromatizing them to estrogens may not be necessary. Thus, peripubertal testicular androgens can act via AR directly to masculinize the sexually dimorphic nuclei.
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Since the former evidence of biologic actions of neurosteroids in the central nervous system, also the peripheral nervous system (PNS) was reported as a structure affected by these substances. Indeed, neurosteroids are synthesized and active in the PNS, exerting many important actions on the different cell types of this system. PNS is a target for neurosteroids, in their native form or as metabolites. In particular, old and recent evidence indicates that the progesterone metabolite allopregnanolone possesses important functions in the PNS, thus contributing to its physiologic processes. In this review, we will survey the more recent findings on the genomic and non-genomic actions of neurosteroids in nerves, ganglia, and cells forming the PNS, focusing on the mechanisms regulating the peripheral neuron-glial crosstalk. Then, we will refer to the physiopathological significance of the neurosteroid signaling disturbances in the PNS, in to identify new molecular targets for promising pharmacotherapeutic approaches.
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INTRODUCTION

The importance of endogenous neurosteroids for the control of the peripheral nervous system (PNS) become increasingly relevant in the last decades. Since the 1980 last century, when Baulieu and colleagues (Baulieu, 1997) introduced the term “neurosteroids” to indicate steroids that were synthesized de novo in the brain, also the PNS has been referred as an important target of their action. In the PNS, the neuroactive steroids (comprising the aforementioned neurosteroids as well as the hormonal steroids) are synthesized and/or metabolized in active forms and exert important physiopathologic functions.

The neurosteroidogenic machinery includes a set of enzymes (Figure 1), starting from P450 side-chain cleavage (P450scc), which convert cholesterol into pregnenolone (PREG) in mitochondria, moving to the 3β-hydroxysteroid-dehydrogenase (3β-HSD), that converts PREG into progesterone (PROG) or the 17α-hydroxylase/17,20-lyase (P450C17), converting PREG into dehydroepiandrosterone (DHEA). These steroids may be then metabolized into androgens, androstenediol, androstenedione and testosterone (T). Furthermore, by the action of the enzyme P450 aromatase the androgens androstenedione and T are converted into the estrogens estrone and 17β-estradiol (E2), respectively.


[image: image]

FIGURE 1. Scheme of principal neuroactive steroid biosynthetic and metabolic pathways, and their receptor interactions in the PNS. The main steroidogenic enzymes, metabolites, and receptors modulating neuroactive steroid action are present in the cells of the PNS (i.e., Schwann cells and DRG neurons). These steroidogenic pathways, through the intermediate pregnenolone (PREG), dehydroepiandrosterone (DHEA) and androstenediol lead to the synthesis of progestogens (PROG, progesterone; DHP, dehydroprogesterone; THP, tetrahydroprogesterone also called ALLO, allopregnanolone; isopregnanolone), androgens (T, testosterone; DHT, dihydrotestosterone; 3α-diol, 5α-androstane-3α,17β-diol; 3β-diol, 5α-androstane-3α,17β-diol) and estrogens (E2, 17β-estradiol). P450 side-chain cleavage enzyme (P450scc); 17α-hydroxylase/17,20-lyase (P450C17); 17β-hydroxysteroid-dehydrogenase (17β-HSD); 5α-R, 5α-reductase; 3α-hydroxysteroid-dehydrogenase (3α-HSD); 3β-hydroxysteroid-dehydrogenase (3β-HSD); P450 aromatase (P450aro). These neuroactive steroids may act through classical receptor (PR, progesterone receptor; AR, androgen receptor; ER estrogen receptor) or non-classical receptor (GABA type A receptor; NMDA receptor), see text for details.


Most of these enzymes, as well as their metabolic products PROG, PREG, T, DHEA, and E2, have been found in PNS (Caruso et al., 2008). In particular, the glial Schwann cells (SC) of the PNS possess the enzymatic machinery required to produce the neurosteroids: P450scc, 3β-HSD, etc., (Celotti et al., 1992; Melcangi et al., 2001; Schumacher et al., 2001). The activity of some steroidogenic enzymes in SC is neuronal dependent, such as the 3β-HSD, that raised in the presence of neurons (Chan et al., 2000; Robert et al., 2001). Dorsal root ganglia (DRG) express the P450scc and 3β-HSD but not other steroidogenic enzymes, indicating that other autocrine or paracrine mechanisms might influence the steroidogenesis in the soma of primary sensory neurons (Schaeffer et al., 2010). Additionally, the enzymatic complexes formed by the 5α-reductase (5α-R) and the 3α-hydroxysteroid-dehydrogenase (3α-HSD) was found in the PNS (Figure 1), primarily in SC (Melcangi et al., 1990; Celotti et al., 1992; Melcangi et al., 1992, 1999b). This enzymatic complex converts steroids possessing the delta(4)-3-keto configuration into their more active 5α-3α-reduced metabolites, the so-called neuroactive steroids (Celotti et al., 1992). Thereby, the PROG is converted into dihydroprogesterone (DHP) and then into 5α-pregnan-3α-ol-20-one, also named tetrahydroprogesterone (THP) or allopregnanolone (ALLO); similarly, the steroid T is converted into dihydrotestosterone (DHT) then into 5α-androstane-3α,17β-diol (3α-diol). The 5α-reduced intermediate metabolite DHP and DHT can be further converted, by the enzyme 3β-HSD, into 5α-pregnan-3β-ol-20-one (also named isopregnanolone) or 5α-androstane-3β,17β-diol (3β-diol), respectively (Giatti et al., 2015; Figure 1).

The PNS showed also the presence of other important factors supporting de novo local synthesis of neuroactive steroids. For instance, those factors regulating the translocation of cholesterol into the mitochondria, likely the steroidogenic acute regulatory protein (StAR) and the translocator protein of 18 kDa (TSPO), as well as the liver X receptor (LXR), were found to be present and active in peripheral nerves. TSPO was formerly considered as a crucial protein for steroid biosynthesis (Li and Papadopoulos, 1998). More recent and debated observations, however, argued the significance of TSPO in steroidogenesis and evidenced its involvement in pathological conditions, like inflammation, apoptosis and neurological diseases (e.g., Alzheimer’s disease or multiple sclerosis); indeed, TSPO seems to be expressed only in response to insults and pathological states (Bonsack and Sukumari-Ramesh, 2018). In the PNS, the activation of TSPO with the specific ligand Ro5-4864 improved the levels of neuroactive steroids and exerted neuroprotective effects in the peripheral nerves of streptozotocin (STZ)-induced diabetic rats (Giatti et al., 2009). LXR is a ligand activated transcription factor belonging to the nuclear receptor superfamily. It is important for cholesterol biosynthesis, serving as a sensor that prevents the excessive intracellular accumulation of cholesterol (Jakobsson et al., 2012). In the PNS, its activation by specific ligands induces neuroactive steroid synthesis in the sciatic nerve of STZ-induced diabetic rats, thus ameliorating diabetes-induced neuropathy (Cermenati et al., 2010).

Interestingly, the synthesis and the levels of neuroactive steroids proved sexually dimorphic, in physiologic states (Melcangi et al., 2016), as well as in peripheral neurodegenerative conditions, such as the diabetic neuropathy (Pesaresi et al., 2010). For instance, in the sciatic nerve of STZ-rats the levels of PREG, T, DHT, and 3α-diol decreased in males, whereas the levels of PROG, THP and isopregnanolone drop down only in female (Pesaresi et al., 2010). In the same rat model of diabetic neuropathy, the gonadectomy ameliorates the nerve alterations in females but not in males (Pesaresi et al., 2011a).

In this review, we will survey the recent findings of the classical and non-classical, genomic and non-genomic action of neuroactive steroids in peripheral nerves, ganglia and cells forming the PNS, thereby focusing on the mechanisms regulating the peripheral neuron-glial crosstalk.



MECHANISMS OF ACTION OF NEUROACTIVE STEROIDS

In the PNS, the neuroactive steroids exert several biologic functions, modulating the mitogenic activity, cell proliferation, myelination process, nerve repair, and axonal conduction.

The neuroactive steroid actions occur through either “classical” or “non-classical” receptors, which localized both in the neuronal and in the glial compartment (i.e., SC) of the PNS. The classical action is generally genomic and consists of the binding to intracellular receptors in the target cells, followed by the regulation of gene transcription (Slater et al., 1994). Conversely, the non-classic action is more rapid and involves the modulation of membrane receptors, such as neurotransmitter and neurotrophin receptors, ion channels or the newest membrane steroid receptors (Brann et al., 1995; Barabas et al., 2018). Commonly, among the neurotransmitter receptors affected by neuroactive steroids, there are the γ-aminobutyric acid (GABA) and the N-Methyl-D-aspartate (NMDA) receptors (Lambert et al., 1996; Rupprecht et al., 2001; Monnet and Maurice, 2006; Sedlacek et al., 2008). Moreover, the family of steroid membrane receptors includes specific receptors for estrogens, androgens, glucocorticoids and progestogens (Levin, 2011). Whether these receptors are the classical nuclear receptor, which localizes on the cell membrane, or distinct receptors characterized by different proteins is still a matter of debate.

Interestingly, the capability of neuroactive steroids to interact with classical rather than non-classical receptors is ancillary to their conversion into active compounds. For instance (Figure 1), the progestogens PROG and DHP mainly exert classical activity through the genomic PROG receptor (PR), while their metabolite ALLO fulfills a non-classical activity via the GABA type A (GABA-A) receptor. Indeed, ALLO is one of the most re-known and important GABA-A receptor modulators (Lambert et al., 2009; Faroni and Magnaghi, 2011), while the progestogen metabolite isopregnanolone has proved to antagonize the effect of ALLO at GABA-A receptor (Wang et al., 2002). Similarly, androgen metabolites exert classical and non-classical actions. For instance, (Figure 1) 3α-diol activates the GABA-A receptor, whereas 3β-diol is an agonist of the estrogen receptor (ER) beta (ERβ) (Lambert et al., 2003; Handa et al., 2008).

Evidence on the involvement of all these receptors in the different physiopathologic states affecting the PNS has been fully reported.



GENOMIC ACTIONS OF NEUROACTIVE STEROIDS IN PNS

Classical intracellular steroid receptors, such as PR, ER, androgen receptor (AR), glucocorticoid receptor (GR), and mineralocorticoid receptor (MR) were found in peripheral nerves (Magnaghi et al., 1999, 2001; Jordan et al., 2002; Shaqura et al., 2016) as well as in SC (Neuberger et al., 1994; Jung-Testas et al., 1996; Groyer et al., 2006; Faroni and Magnaghi, 2011; Shaqura et al., 2016) and DRG (Luo et al., 2008; Dong et al., 2012; Shaqura et al., 2016; Figure 1). Generally, these classic receptors bind, respectively, the progestogens PROG and DHP, the estrogens E2 and estrone, the androgens DHEA, T and DHT, the gluco/mineralocorticoids corticosterone, dehydrocorticosterone, and deoxycorticosterone (Slater et al., 1994; Prough et al., 2016).

In the PNS, E2 promoted the proliferation and differentiation of SC, in vitro and in vivo, thus fostering the myelination process (Chen et al., 2016; Gu et al., 2018). By the way, some of these effects were inhibited by the antagonist of the genomic ER type α (ERα) and type β (ERβ) receptors, ICI182780 and 2-phenyl-3-(4-hydroxyphenyl)-5,7-bis(trifluoromethyl)-pyrazolo[1,5-a]pyrimidine (PHTPP), respectively, highlighting a classical genomic mechanism. Nevertheless, the specific block of the intracellular signaling cascade of the extracellular signal-regulated protein kinase 1/2 (ERK1/2) or AKT (commonly downstream the activation of the membrane receptor) evidenced that also these pathways may occur, and suggested that the mechanisms are complicated, likely involving both genomic and non-genomic actions (Gu et al., 2018). Besides, also PROG was able to promote SC proliferation, and its effects appeared sex-specific (Jung-Testas et al., 1993). E2 was effective in males, while PROG promotes SC proliferation only in females. These actions implied genomic mechanisms since they were blocked by specific ERα and PR antagonists, ICI128780 and zk112994, respectively, (Fex Svenningsen and Kanje, 1999).

In the PNS, the effect of neuroactive steroids been extensively studied on the myelination and re-myelination processes has been extensively studied. The glucocorticoid corticosterone stimulated the expression of the two most important proteins of the peripheral myelin (Desarnaud et al., 2000): the glycoprotein P0 (P0) and the peripheral myelin protein of 22 kDa (PMP22). However, progestogens were proved as the more compelling steroids able to regulate the PNS myelination. PROG, DHP, and ALLO stimulated the expression of P0 and PMP22 in the sciatic nerve of young and old male rats (Melcangi et al., 1998, 1999a, 2000b; Faroni and Magnaghi, 2011). In in vivo models, PROG, DHP and ALLO proved able to reduce the age-associated myelin abnormalities in the sciatic nerve of elderly rats (Azcoitia et al., 2003) and stimulated the re-myelination of injured nerves, in a model of nerve cryolesion or transection (Koenig et al., 1995; Melcangi et al., 2000a). Furthermore, in a model of guided facial nerve regeneration, PROG increased the SC proliferation, myelination as well as the number of nerve fibers (Chavez-Delgado et al., 2005). The effects of PROG and DHP on P0 and PMP22 levels occurred also in SC cultures (Desarnaud et al., 1998; Melcangi et al., 1998, 1999a; Magnaghi et al., 2001), indicating a direct classical genomic effect of progestogens on these cells. In accordance, we proposed that the complicated and long-term effects of PROG, DHP and ALLO (after its retro-conversion into DHP, within PNS cells; see Figure 1) in modulating the expression of protein P0 are linked to the interaction with the PR expressed in SC (Magnaghi et al., 2001). The specific PR antagonist mifepristone (RU38486), indeed, blocked the effects of PROG, DHP and ALLO on the P0 levels (Melcangi et al., 2003), corroborating the genomic mechanism. Nevertheless, the rapid effect of ALLO on PMP22 levels seemed due to an interaction with the GABA-A receptor expressed in SC (see the chapter below).

The classical genomic effect on P0 was sustained by the presence of putative PROG responsive elements on the P0 gene (Magnaghi et al., 1999) and by the involvement of the steroid nuclear receptor coactivator SRC1 in the regulation of P0 expression (Cavarretta et al., 2004). Interestingly, the genomic action exerted by progestogens on the PNS myelin proteins, that is P0, PMP22 and myelin associated glycoprotein (MAG), was sex-specific; in fact male rats resulted more responsive to the genomic effects of PROG and DHP (Magnaghi et al., 2006b). It was highlighted that PROG coordinates also the initiation of the PNS myelination, because it increases the expression of some basic transcription factors priming the SC myelination, such as early growth response 2 EGR2 (EGR2/Krox-20), early growth response (EGR1/Krox-24), early growth response 3 (Egr-3), SRY-box10 (Sox10) and Fos B (Guennoun et al., 2001; Mercier et al., 2001; Magnaghi et al., 2007). At least in the case of Krox-20, the presence of putative PROG responsive elements in the gene promoter support a PR-mediated genomic effect (Magnaghi et al., 2007).

Other findings suggested that the glycoprotein P0 is also under the control of classical AR. Gonadectomy of adult male rats induced a decrease in myelin protein P0, whereas DHT enhanced the P0 levels in sciatic nerve of normal animals (Magnaghi et al., 1999). This effect attested the capacity of androgens to participate in the control of peripheral myelination, however, since the SC do not express AR (Magnaghi et al., 1999), the effect was supposed to be indirectly mediated via the neuronal compartment. The androgens efficacy may be ascribed to the crosstalk between SC and the axon, hypothesizing the transfer of vesicles likely containing the receptors (Grossfeld et al., 1988; Lopez-Verrilli and Court, 2012), or the involvement of motoneurons which express the AR (Jordan et al., 2002). The finding that genomic effects of neuroactive steroids on SC are indirectly mediated by the neuronal compartment is supported by the observation that the PR antagonist mifepristone induced an axonal impairment during the development, determining a significant reduction of axon diameter (Melcangi et al., 2003). In accordance, the PROG enhancement of myelin formation was shown in an in vitro co-culture model of SC-DRG neurons, corroborating the requirement of the neuronal compartment for the progestogen action (Chan et al., 2000).

Neuroactive steroids, mainly PROG and DHP, also exert neuroprotective and pro-regenerative effects in case of neurodegenerative pathologies of the PNS, such as nerve traumatic injuries (i.e., cryolesion, transection or crush) or diabetic neuropathy (Koenig et al., 1995; Melcangi et al., 2000a; Chavez-Delgado et al., 2005; Leonelli et al., 2007; Roglio et al., 2008). For instance, PROG and DHP, likely through genomic mechanisms involving the PR, are able to counteract the decrease of P0 and PMP22 expression induced in the STZ model of diabetic neuropathy (Leonelli et al., 2007). Both neuroactive steroids decreased the number of altered fibers (i.e., presenting myelin infoldings) in the sciatic nerve of STZ neuropathic rats (Veiga et al., 2006), still corroborating the neuroprotective role of PR. In parallel, also the androgen DHT proved able to increase the P0 mRNA levels in the sciatic nerve of STZ neuropathic rats, likely via AR-mediated mechanisms (Roglio et al., 2007). In the same model of STZ-induced neuropathy, DHP and DHT improved another hallmark of diabetic neuropathy, promoting the changes in Na+-K+ ATPase activity (Leonelli et al., 2007; Roglio et al., 2007). In diabetic rats, also the treatment with DHEA exerted neuroprotective effects, mostly in females rather than in male animals (Pesaresi et al., 2011b). DHEA was effective following rat sciatic nerve transection, whereas it reduced the extent of denervation atrophy stimulating the earlier onset of axonal regeneration (Ayhan et al., 2003). Following traumatic nerve crush injury, DHEA and E2 promote the fast recovery of gait along with an enhancement of myelinated fibers (Gudemez et al., 2002; Islamov et al., 2002). Moreover, also T was capable to accelerate the functional recovery following rat sciatic nerve crush (Kujawa et al., 1993; Brown et al., 1999).

Evidence of GR-dependent induction of gene transcription was found in adult DRG neurite, which grew in response to stress or glucocorticoid treatment. This phenomenon exacerbates the effect of acute systemic stress on neuronal plasticity and PNS regeneration (Lerch et al., 2017). Importantly, a putative role of GR in regulating peripheral nociception has been proposed. This hypothesis was corroborated by the GR localization, which was found predominantly in peripheral nociceptive unmyelinated C-fiber and Aδ lightly myelinated fibers (Shaqura et al., 2016).



NON-GENOMIC ACTION OF NEUROACTIVE STEROIDS IN PNS: ROLE OF MEMBRANE STEROID RECEPTORS

The steroid membrane receptors mediate the rapid (second to minutes) non-classical, non-genomic action of neuroactive steroids, occurring at the cell surface of neurons and glial cells. To date, it consists of specific receptors for estrogens (membrane ER, mER), androgens (membrane AR, mAR) glucocorticoids (membrane GR, mGR) and progestogens (membrane PR, mPR). These receptors mostly belong to the G protein-coupled receptor (GPCR) family and activate a plethora of intracellular signaling cascade (Levin, 2011). Recent studies investigated the presence of some membrane receptors in the PNS, focusing primarily on the subfamilies mER and mPR.

The GPR30, named GPCR ER-1 (GPER1), is a non-nuclear ER located on the cell membrane, which binds E2 with high affinity and potency, thus mediating non-genomic events (Thomas et al., 2005). DRG, autonomic pelvic ganglia and sensory trigeminal ganglia express GPR30, which modulation by the specific G1 agonist induced a membrane depolarization (Dun et al., 2009). In the PNS, however, some rapid estrogenic effect seemed to be due to the non-genomic action of classic ERα, likely translocated to the cell membrane. For instance, mouse DRG neurons express membrane associated ERα, producing a rapid attenuation of ATP-induced Ca++ signaling, likely a mechanism involved in gender-specific pain perception (Chaban and Micevych, 2005). Another study underlined the cytoprotective potential of E2 on the transplanted SC in a model of spinal cord injury (Siriphorn et al., 2010). Protection was not inhibited by classical ER antagonist ICI 182780, suggesting that non-genomic mechanisms involving mER may occur (Siriphorn et al., 2010).

In the last decade, five subtypes of mPRs (mPRα−ε) were classified. These receptors are GPCRs, belong to the progestin and adipoQ receptor family (PAQR) and mediate rapid neuroprotective actions of progestogens (i.e., PROG and ALLO) in the nervous system (Thomas and Pang, 2012). The PR membrane component-1 (PGRMC-1; formerly named 25Dx) is another protein complexing with the plasminogen activator inhibitor 1 RNA binding protein and able to bind PROG (Peluso et al., 2008; Cooke et al., 2013). PGRMC1 was implicated in the neuroprotective effects of PROG following traumatic brain injury (Meffre et al., 2013) and spinal cord injury (De Nicola et al., 2009). Although it was found in S42 SC line (Castelnovo et al., 2019), the possible function in PNS was not further investigated. Very recently, some mPRs (primarily mPRα and mPRβ) were found in PNS and in SC in vitro (Figure 2), whereby they promote cell migration, proliferation and differentiation (Castelnovo et al., 2019, 2020). Indeed, in SC, mPR activation with the specific ligand O2 induced rapid downregulation of myelinating (i.e., Sox10 and Krox20) and non-myelinating [i.e., glial fibrillary acidic protein (GFAP) and neurotrophin receptor p75 (p75-NTR)] markers of SC. Contemporarily, other specific markers of repairing SC [i.e., oligodendrocyte transcription factor 1 (Olig1) and sonic hedgehog (Shh)] resulted up- and/or down-regulated following mPR activation (Castelnovo et al., 2020). These effects were mediated by an intracellular activation of phosphorylated AKT (Figure 2). Overall, these observations proved a direct control of SC by mPR, playing a promising role in the promotion of nerve re-growth (Castelnovo et al., 2019, 2020).


[image: image]

FIGURE 2. Scheme of main non-classical mechanisms of progestogens (PROG, progesterone and THP, tetrahydroprogesterone also called ALLO, allopregnanolone) in the PNS. ALLO may interact with GABA type A receptor (GABA-A), although its modulation of GABA type B receptor (GABA-B) receptor has been proposed. In SC, ALLO and likely PROG interact with the membrane PROG receptor (mPR). Some intracellular signalings downstream these receptors (including Src/FAK kinases; protein kinase C, PKC, and PKCϵ; cyclic AMP, cAMP, and protein kinase A, PKA, etc.) are reported (see text for details).


Recent work shed light on a peripheral glial population named “motor exit point” (MEP) glia, possessing some typical features of peripheral SC, that might be relevant in spinal cord regeneration (Fontenas and Kucenas, 2018). Theoretically, it could be speculated that mPR exerts a direct neuroprotective effect within the spinal cord through the mPR stimulation of MEP glial cells, although this hypothesis deserves further proof.

Apparently less investigated, also the mGR subfamily was studied in the PNS. Evidence of a putative non-genomic pathway including GR binding sites has been found in membrane fractions of DRG neurons, suggesting a potential rapid, GPCR-linked, non-genomic mechanism for mGR in mediating peripheral pain (Shaqura et al., 2016).



NON-GENOMIC ACTION OF NEUROACTIVE STEROIDS IN PNS: INVOLVEMENT OF GABA AND OTHER RECEPTORS

Besides the steroid membrane receptors, the non-classical action of neuroactive steroids comprises the modulation of other membrane receptors, for instance, the neurotransmitter receptors GABA-A, GABA type B (GABA-B), NMDA, 5-hydroxytryptamine type 3 (5-HT3) and σ1 receptors (Lambert et al., 1996, 2009; Rupprecht et al., 2001; Monnet and Maurice, 2006; Sedlacek et al., 2008).

GABA-A receptor is a member of the ligand-gated ion channel family, permeable to a Cl– flux and composed of five subunits from a repertoire of nineteen isoforms (i.e., α1-6, β1-3, γ1-3, δ, ε, π, θ, ρ1-3) (Whiting et al., 1995, 1997; Lambert et al., 2003). GABA-A receptor is allosterically activated by neuroactive steroids, mainly ALLO but also 3α-diol, 3β-diol and the corticosteroid 5α-3α metabolite tetrahydrodesoxycorticosterone (THDOC) (Reddy and Rogawski, 2002). In this regard, it is the most studied non-genomic mechanism of neuroactive steroids in the nervous system as well as in the PNS (Park-Chung et al., 1999; Belelli and Lambert, 2005). GABA-A receptor is classified in different subtypes based on its subunit composition. The receptor formed by one α (α2-5) plus β3 and γ2 subunits gives consistent potentiation to the ALLO-mediated GABA-activated currents (Hosie et al., 2009), while δ-containing subtype was classically described at extrasynaptic sites whereby it is highly sensitive to the 5α-3α-reduced metabolites (Mihalek et al., 1999; Belelli et al., 2002). In the PNS, GABA-A receptor is widely distributed in nerves, neurons, and glial cells. SC express the α2 and 3, β1, 2, 3 and γ2 subunits (Melcangi et al., 1999a; Magnaghi et al., 2006a), as well as the α4 and δ subunits, more characteristic of the extrasynaptic receptor (Faroni et al., 2019). In addition, we found most of these subunits in the mouse DRG neuronal cultures, with predominant expression of the synaptic subunits α1, α2, β1, β3, γ2 (Faroni et al., 2019). In general, in the PNS, the role of ALLO through GABA-A receptor has been widely characterized in the glial compartment, showing enhancement of SC proliferation, motility, differentiation and myelination (Figure 2; see also the following chapter). ALLO non-classical non-genomic effects were mimicked also by PROG and DHP, but only in prolonged (e.g., 24 h) treatment condition, when progestogens can be converted into their 5α-3α metabolite ALLO, then exerting its action via GABA-A receptor modulation (Figure 2). Recently, in DRG sensory neuron, GABA-A receptor has been characterized for its relevance in controlling peripheral pain (Chen et al., 2014; Zhang et al., 2015; Du et al., 2017), albeit ALLO’s allosteric modulation of GABA-A receptor in pain was not yet fully investigated.

Interestingly, some evidence suggests that neuroactive steroids require a different route of access to the transmembrane-domain binding sites within GABA-A receptor (Shu et al., 2004; Akk et al., 2005; Hosie et al., 2006; Chisari et al., 2009). Neuroactive steroids may be entrapped in the intracellular compartment, then re-supply the cell membrane with ligands able to modulate the GABA-A receptor at later times; by this way, the kinetic of neuroactive steroid action at GABA-A receptor may be modulated by neuroactive steroids themselves (Akk et al., 2005). In accordance, the regulation of the lipid components of the peripheral myelin may be considered as a kind of non-classical non-genomic action of neuroactive steroids in the PNS. Although this uncommon mechanism was exerted by DHP, usually acting through the classic genomic PR action, it lies in the middle ground of a genomic/non-genomic mechanism. However, in a model of diabetic neuropathy, DHP proved able to promote fatty acid desaturation and to reduce the morphological alteration of nerves, reaffirming its neuroprotective role in PNS (Mitro et al., 2014).

In principle, the possibility of ALLO to interact with the metabotropic GABA-B receptor should not be completely excluded (Figure 2). To date, although a direct interaction of ALLO with GABA-B receptor was not clearly stated, several pieces of evidence highlighted a cross-regulation between GABA-A and GABA-B receptors in PNS (Magnaghi, 2007; Faroni et al., 2019). For instance, ALLO exerted a GABA-A mediated biphasic control of different GABA-B receptor subunits (Magnaghi et al., 2006a; Magnaghi, 2007). The metabotropic GABA-B receptor is a dimeric complex, a member of the GPCR superfamily (Bowery and Enna, 2000). In the PNS, GABA-B receptor subunits 1a, 1b and 2 were found in SC, sciatic nerve, satellite cells and DRG neurons (Magnaghi et al., 2004; Magnaghi, 2007; Faroni et al., 2014), where the functional receptor was proved to be negatively coupled to the adenylate cyclase system (Figure 2; Magnaghi et al., 2004). Its activation decreased SC proliferation and the expression of some important myelin proteins, like P0, PMP22, MAG and connexin 32 (Magnaghi et al., 2004). In a neuropathic model of partial sciatic ligation, a 7-day administration of specific GABA-B ligands (i.e., baclofen and the antagonist CGP56433) strongly improved the biochemical, morphological and behavioral outcomes of sciatic nerve (Magnaghi et al., 2014). Furthermore, studies in transgenic mice with a conditional deletion of GABA-B1 receptor in PNS demonstrated that some important GABA-A subunits, expressed in SC and DRG neurons, were cross-regulated by GABA-B receptor (Faroni et al., 2019).

Beside the GABA-A receptor, other neurotransmitter receptors, such as NMDA receptor, are affected by neuroactive steroids (Figure 1). Indeed, it was shown that PREG, DHEA and DHEA sulfate activate allosterically NMDA receptor (Figure 1), while PREG sulfate acts as the negative modulator (Wu et al., 1991; Baulieu, 1997; Park-Chung et al., 1999). NMDA is an ionotropic glutamate receptor also distributed in the PNS, where it localizes in peripheral axons and SC (Evans et al., 1991, 1992; Carlton et al., 1998; Christensen et al., 2016; Campana et al., 2017). The PNS also has specific glutamate transporters and it synthesizes glutamate, which was found in sensory and motor neurons (Chen et al., 2017). Moreover, sensory cranial ganglia synthesize glutamate (Malet and Brumovsky, 2015), while the SC possess the enzymatic machinery able to uptake and synthesize glutamate, like the excitatory amino acid transporter 1 (EAAC1) and glutamine synthetase (Miller et al., 2002; Perego et al., 2012). The σ1 receptor is an intracellular protein that localizes in membranes of the endoplasmic reticulum, plasmalemma, nucleus, and mitochondria (Alonso et al., 2000) and it is able to enhance NMDA activity (Pabba and Sibille, 2015). Activation of this receptor rises intracellular Ca++ influx via NMDA (Hayashi et al., 2000), thus confirming the capability of σ1 to modulate NMDA receptor. Accordingly, it was shown that DHEA sulfate acts as σ1 agonist, inducing a clear σ1-like potentiation of NMDA response, while PREG sulfate exerted opposite effects; also PROG is an endogenous antagonist of σ1 receptor (Maurice et al., 1999). To date, evidence of neuroactive steroid actions through NMDA or σ1 receptor, specifically in the PNS, has not been yet provided.



ALLO ACTIVATION OF GABA-A RECEPTOR IN PNS: INTRACELLULAR SIGNALING

ALLO is the most re-known neuroactive steroid able to regulate the PNS, controlling glial proliferation, differentiation and myelination processes (Figure 2). ALLO non-genomic effects on GABA-A receptors usually occurred at nanomolar concentration, engaging an allosteric interaction that entails the presence of the endogenous ligand GABA. Instead, at high concentration (micromolar range) ALLO directly gates GABA-A receptor (Callachan et al., 1987), although it was shown that neuroactive steroids might directly gate GABA-A receptor even at 100 nM, likely attaining a relatively low kinetic (Shu et al., 2004).

In any case, the presence of endogenous GABA is a requisite for ALLO action. Following the former observation in the early 1980’s proving GABAergic fibers in PNS (Brown and Marsh, 1978; Morris et al., 1983; Olsen et al., 1984), it was unequivocally demonstrated the presence of GABA and its synthetic machinery (glutamic acid decarboxylase of 67 kDa, GAD67) in SC (Magnaghi et al., 2010). An autocrine loop has been proposed, through which nanomolar concentration of ALLO was able to increase the GAD67 levels in SC, thus providing GABA as the endogenous ligand for the GABA-A receptor (Magnaghi et al., 2010). Therefore, the local GABA synthesis in peripheral nerves supports the allosteric action of ALLO in SC and neighboring compartments. In accordance, it was shown that SC possesses EAAC1, the active uptake system able to provide glutamate as a precursor for GABA synthesis (Perego et al., 2011, 2012). In SC, EAAC1 expression and activity were still controlled by ALLO, through a GABA-A mediated and protein kinase C (PKC) mechanisms (Figure 2) ALLO promoted the transport of EAAC1 from the intracellular stores into the SC membrane (in actin-rich cell tips), modifying their morphology (Perego et al., 2012).

ALLO was shown to increase SC proliferation (Perego et al., 2012; Melfi et al., 2017) and this action was GABA-A mediated because it was mimicked by the specific ligand muscimol and blocked by the specific antagonist bicuculline (Perego et al., 2012). It was highlighted that ALLO’s control of SC proliferation was dependent on EAAC1 transport and activity at SC plasma membrane (Perego et al., 2012), once again confirming that GABA synthesis was necessary for ALLO effects. ALLO also stimulated morphologic changes and motility of SC, then promoting myelination (Melfi et al., 2017), which are fundamental processes for the development, maturation, and regeneration of PNS. Remarkably, ALLO participated in the control of peripheral myelin proteins (e.g., P0, MAG), being particularly active in enhancing the levels of PMP22, mRNA and protein (Melcangi et al., 1999a, b; Magnaghi et al., 2001). The specificity of this action was confirmed, respectively, by the capability of muscimol to replicate and of bicuculline to abolish the ALLO’s effects on PMP22 (Magnaghi et al., 2001, 2006a). This confirmed the hypothesis that in SC protein PMP22 is controlled by GABA-A receptors. However, the capability to stimulate PMP22 expression was observed also with 3α-diol (Magnaghi et al., 2001), likely via the same allosteric GABA-A receptor modulation (Frye et al., 1996; Figure 1).

As expected, the intracellular mechanisms downstream the ALLO modulation of GABA-A receptors imply changes in intracellular Cl– flux (Figure 2). Conversely, at least in PNS, most of ALLO effects reflected as transcriptional changes. In the last decades, some studies were addressed to clear this point. For instance, in the developing rat cortex, GABA-A receptor activation leads to an increase of Ca++ influx through L-type voltage-gated Ca++ channels. This leads to the phosphorylation and activation of the cAMP response element-binding protein (CREB) transcription factor, in turn regulating protein expression, for instance of the brain derived neurotrophic factor (Mantelas et al., 2003). Unfortunately, these mechanisms were not shown in the PNS, whereas the concomitant activation of ion channels (e.g., Ca++ channels), following neuroactive steroid binding to GABA-A receptor, is still questionable. Although the involvement of Ca++ channel is not clear, ALLO was proved able to modulate the protein kinase A (PK-A), through enhanced cAMP levels and CREB phosphorylation (Magnaghi et al., 2010), or the PKC pathway (Perego et al., 2012; Figure 2). These intracellular signalings were supposed to be downstream the allosteric action of ALLO at GABA-A receptor. Recently, another intracellular ALLO’s pathway has been found. ALLO effects on SC proliferation, motility and myelination, indeed, imply tyrosine protein kinase Src (Src) and focal adhesion kinase (FAK) activation (Melfi et al., 2017), although other signaling pathways should not be excluded (Figure 2). ALLO effects on Src were mimicked by muscimol, counteracted by bicuculline and by the specific Src inhibitor PP2, suggesting that in SC ALLO activation of GABA-A induces an intracellular phosphorylation cascade, leading to actin rearrangements of the cytoskeleton, enhancement of SC motility and myelination (Melfi et al., 2017; Figure 2).

One strategy that neuroactive steroids use to control GABA-A receptor function is to phosphorylate/de-phosphorylate its subunits by the recruitment of protein kinases or phosphatases (Belelli and Lambert, 2005). Phosphorylation of GABA-A can produce different effects, ranging from enhancement to inhibition, depending on the subunit targeted and on the location of sites being phosphorylated (Moss and Smart, 1996). In parallel, PKC phosphorylation of GABA-A receptor may influence the sensitivity to neuroactive steroids (Brussaard and Koksma, 2003; Vergnano et al., 2007). Accordingly, PKC-ε is considered as a novel isoform of PKC, regulating the sensitivity to neuroactive steroids. Indeed, animals lacking PKC-ε showed hypersensitivity to behavioral effects induced with allosteric GABA-A receptor modulation (Hodge et al., 2002). PKC-ε was found in SC and DRG neurons in culture (Puia et al., 2015). Interestingly, PKC-ε was upregulated in DRG neurons exposed to the culture medium from ALLO-treated SC, suggesting that these cells release one or more factors able to regulate PKC-ε in DRG neurons (Puia et al., 2015). Since PKC-ε is relevant in modulating some pain pathways, we speculated that these mechanisms identified novel putative circuits involved in the control of pain processes at PNS and spinal cord levels (Puia et al., 2015).

In the PNS, ALLO hired importance also during neurodegenerative conditions, likely implying the regulation of other nervous cells or structures (i.e., DRG neurons). In a model of STZ-induced diabetic neuropathy, ALLO and 3α-diol enhanced nerve conduction velocity (NCV) and intraepidermal nerve density, decreasing sensitivity to thermal pain (Leonelli et al., 2007; Roglio et al., 2007). Although the mechanism behind these effects was not elucidated, the involvement of non-genomic mechanisms through GABA-A receptor was hypothesized. In support of the non-genomic action of ALLO in neuropathic pain (Patte-Mensah et al., 2014), it should be highlighted that ALLO may regulate other channels and/or signaling pathways involved in neuropathic pain, such as T-type Ca++ channels, voltage-gated Na+ channels, purinergic receptor P2X3 and bradykinin signaling (Cho and Chaban, 2012; Ayoola et al., 2014).



CONCLUSION

In this review, we sum up most of the latest evidence on the effects of neuroactive steroids, either classical or non-classical, genomic or non-genomic, in the PNS. Neuroactive steroids exhibit important functions in the development, myelination, neuroprotection and nerve repair of the PNS. In particular, ALLO revealed the most well studied and incisive neuroactive steroid in regulating the biologic and physiologic functions of the PNS. Here we reported several steps forward in the identification of its mechanism of action. Some ALLO’s effects may be ascribed to GABA-A (or likely GABA-B) activation, PKA, PKC or PKC-ε modulation, as well as to the Src/FAK kinases involvement. Besides, mPR or electrophysiological changes in ion channels, likely Cl– flux, have been recently proposed to occur also in the PNS.

Interestingly, the neuroregenerative effects of ALLO via GABA-A receptor might be promising for the treatment of the peripheral neurodegenerative pathologies, particularly for traumatic injuries requiring the surgical application of bioengineered conduits. Indeed, in vitro testing of 2D silk fibroin scaffold, functionalized for controllable in situ delivery of ALLO, showed great potential for nerve repair (Gennari et al., 2018). Therefore, the administration of neuroactive steroids might represent a novel and promising strategy to prevent or treat different types of peripheral neuropathies and the associated neuropathic pain.
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ABBREVIATIONS

3 α-diol, 5 α-androstane -3 α,17 β-diol; 3 β-diol, 5 α-androstane -3 β,17 β-diol; 3 α-HSD, 3 α-hydroxysteroid dehydrogenase; 3 β-HSD, 3 β-hydroxysteroid dehydrogenase; 5 α-R, 5 α-reductase; 5HT3, 5-hydroxytryptamine type 3; ALLO, allopregnanolone; AR, androgen receptor; CREB, cAMP response element-binding protein; DHEA, dehydroepiandrosterone; DHP, dihydroprogesterone; DHT, dihydrotestosterone; DRG, dorsal root ganglia; E2, 17 β-estradiol; EAAC1, excitatory amino acid transporter 1; EGR1/Krox-24, early growth response (EGR1/Krox-24); EGR2/Krox-20, early growth response 2 (EGR2/Krox-20); Egr3, early growth response 3; ER, estrogen receptor; ERK1/2, extracellular signal-regulated protein kinase 1 and 2; FAK, focal adhesion kinase; GABA, γ-aminobutirric acid; GABA-A, GABA type A receptor; GABA-B, GABA type B receptor; GAD67, glutamic acid decarboxylase of 67 kDa; GFAP, glial fibrillary acidic protein; GPCR, G protein-coupled receptor; GPR30, GPCR ER-1 or GPER1; GR, glucocorticoid receptor; LXR, liver X receptor; MAG, myelin associated glycoprotein; mAR, membrane androgen receptor; MEP, motor exit point; mER, membrane estrogen receptor; mGR, membrane glucocorticoids receptor; mPR, membrane progesterone receptor; MR, mineralocorticoid receptor; NCV, nerve conduction velocity; NMDA, N-Methyl -D-aspartate; Olig1, oligodendrocyte transcription factor 1; P0, glycoprotein P0; P450C17, 17 α -hydroxylase/17,20-lyase; P450scc, P450 side-chain cleavage enzyme; p75-NTR, neurotrophin receptor p75; PAQR, progestin and adipoQ receptor family; PGRMC-1, PR membrane component-1; PHTPP, 2-Phenyl-3-(4-hydroxyphenyl)-5,7-bis(trifluoromethyl)-pyrazolo[1,5-a]pyrimidine; PK-A, protein kinase A; PK-C, protein kinase C; PMP22, peripheral myelin protein 22; PNS, peripheral nervous system; PR, progesterone receptor PREG pregnenolone; PROG, progesterone; SC, Schwann cells; Shh, sonic hedgehog; Src, tyrosine protein kinase Src; SRC1, steroid nuclear receptor coactivator; Sox-10, SRY-box10; StAR, steroidogenic acute regulatory protein; STZ, streptozotocin; T, testosterone; THDOC, tetrahydrodesoxycorticosterone; THP, tetrahydroprogesterone; TSPO, translocator protein.
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Similar to the adrenal glands, gonads, and placenta, vertebrate brains also produce various steroids, which are known as “neurosteroids.” Neurosteroids are mainly synthesized in the hippocampus, hypothalamus, and cerebellum; however, it has recently been discovered that in birds, the pineal gland, a photosensitive region in the brain, produces more neurosteroids than other brain regions. A series of experiments using molecular and biochemical techniques have found that the pineal gland produces various neurosteroids, including sex steroids, de novo from cholesterol. For instance, allopregnanolone and 7α-hydroxypregnenolone are actively produced in the pineal gland, unlike in other brain regions. Pineal 7α-hydroxypregnenolone, an up-regulator of locomotion, enhances locomotor activity in response to light stimuli in birds. Additionally, pineal allopregnanolone acts on Purkinje cells in the cerebellum and prevents neuronal apoptosis within the developing cerebellum in juvenile birds. Furthermore, exposure to light during nighttime hours can cause loss of diurnal variations of pineal allopregnanolone synthesis during early posthatch life, eventually leading to cerebellar Purkinje cell death in juvenile birds. In light of these new findings, this review summarizes the biosynthesis and physiological functions of pineal neurosteroids. Given that the circadian rhythms of individuals in modern societies are constantly interrupted by artificial light exposure, these findings in birds, which are excellent model diurnal animals, may have direct implications for addressing problems regarding the mental health and brain development of humans.
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INTRODUCTION

Similar to the gonads and placenta, vertebrate brains actively also produce various steroid hormones. These steroid hormones produced in the brain are named “neurosteroids.” The production of neurosteroids was demonstrated firstly in mammals, and then in other vertebrates (1–5). Thus, neurosteroid production appears to be a universal feature of the brain in vertebrates.

It is known that neurosteroids are produced in glial cells and neurons of the central and peripheral nervous systems (1, 5). However, we have demonstrated that the pineal gland produces neurosteroids from cholesterol in birds during early posthatch period (6–8). Notably, allopregnanolone (also known as 3α,5α-tetrahydroprogesterone; 3α,5α-THP) and 7α-hydroxypregnenolone are the two major neurosteroids produced in the pineal gland (6, 7). Of these two, pineal allopregnanolone prevents the death of developing Purkinje cells (7, 8), and pineal 7α-hydroxypregnenolone functions as an up-regulator of locomotion, regulating locomotor activity in response to light stimuli in birds (6).



BIOSYNTHESIS OF PINEAL NEUROSTEROIDS

The pineal glands of vertebrates respond to light stimuli and fulfill important functions in the organization of circadian rhythms. The secretion of melatonin, a major hormone produced by the pineal gland, shows a clear daily rhythm with its peak concentration occurring at night (7, 9). However, it was not known whether the pineal gland produces neurosteroids until recently. We have recently demonstrated that the pineal gland is a newly found neurosteroidogenic organ producing a variety of neurosteroids from cholesterol (6, 7) (Figure 1).


[image: Figure 1]
FIGURE 1. Biosynthetic pathways of pineal neurosteroids. Allopregnanolone and 7α-hydroxypregnenolone are the major neurosteroids produced in the pineal gland of birds. P450scc, cytochrome P450 side-chain cleavage enzyme; P4507α, cytochrome P450 7α-hydroxylase; 3β-HSD, 3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase; 3α-HSD, 3α-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase; 5α-reductase; 5β-reductase; P45017α,lyase, cytochrome P450 17α-hydroxylase/c17,20-lyase; 17β-HSD, 17β-hydroxysteroid dehydrogenase; and P450arom, cytochrome P450 aromatase.


Pregnenolone is an anabolic intermediate of most endogenous steroid hormones and is produced from cholesterol through the mitochondrial cholesterol side chain cleavage enzyme cytochrome P450scc (P450scc; encoded by the Cyp11a gene). We have demonstrated by transcription-polymerase chain reaction (RT-PCR) that the pineal gland in juvenile birds expresses P450scc mRNA (6, 7) (Figure 1). The protein product of this mRNA is localized in the cells that form the follicular structures in the pineal glands of birds (7). We have demonstrated by high-performance liquid chromatography (HPLC) with radioactive flow detector analysis that 3H-cholesterol is converted to radioactive pregnenolone when incubated with pineal gland extract from juvenile birds (6, 7). This observation has confirmed the presence of functional P450scc in the pineal gland (Figure 1), which has also been detected by gas chromatography-mass spectrometry (GC/MS) (7). Subsequent RT-PCR–based assessment has revealed that key steroidogenic enzymes, cytochrome P450 7α-hydroxylase (P4507α; encoded by the Cyp7b gene), 3α-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase (3α-HSD; encoded by the Hsd3a gene), 3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase (3β-HSD; encoded by the Hsd3b gene), 5α-reductase (encoded by the Srd5a gene), 5β-reductase (encoded by the Srd5b gene), cytochrome P450 17α-hydroxylase/c17,20-lyase (P45017α,lyase; encoded by the Cyp17 gene), 17β-hydroxysteroid dehydrogenase (17β-HSD; encoded by the Hsd17b gene), and cytochrome P450 aromatase (P450arom; encoded by the Cyp19 gene), are expressed in the pineal gland of birds (6, 7) (Figure 1).

We further demonstrated that steroid hormones are indeed present in the pineal gland. Incubation of 3H-pregnenolone with pineal glands from posthatch birds generates 7α- and/or 7β-hydroxypregnenolone by the action of P4507α found in the pineal glands (7) (Figure 1). In addition to these neurosteroid isomers, progesterone, allopregnanolone (3α, 5α-THP) and/or epipregnanolone (3β, 5β-THP), androstenedione, testosterone, 5α- and/or 5β-dihydrotestosterone, and estradiol-17β are also produced (7) (Figure 1). These ex vivo observations have confirmed that the pineal glands in juvenile birds have the biosynthetic machinery for major steroid hormones, which have also been verified to be produced as neurosteroids in vivo (7) (Figure 1). Although HPLC analysis has failed to resolve the isomers of these hormones, such as 7α-/β-hydroxypregnenolone, allo/epipregnanolone, and 5α-/β-dihydrotestosterone, several sets of isomers have been successfully isolated by GC/MS analysis (7). Especially, 7α-hydroxypregnenolone and allopregnanolone are actively released (6, 7).

Taken together, these findings indicate that the pineal gland in juvenile birds produces various neurosteroids from cholesterol. Accordingly, this is the first demonstration of neurosteroid synthesis in the pineal gland in a vertebrate.



PHYSIOLOGICAL FUNCTION OF PINEAL 7α-HYDROXYPREGNENOLONE IN LIGHT-DEPENDENT LOCOMOTION

The chick pineal gland is used as a model for studies on the light-dependent phase-shifting mechanism of the circadian clock (10). To search for genes involved in this mechanism, a differential GeneChip analysis has been performed. This transcriptomics analysis has identified the light-induced transcriptional activation of the full set of genes in the pineal gland involved in cholesterol biosynthesis (6). When the pineal gland was exposed to light, it produced cholesterol and 7α-hydroxypregnenolone ex vivo. Interestingly, this light-induced production of 7α-hydroxypregnenolone occurred only when the gland was exposed to light at early night but not at late night or during the daytime. During early night time, the circadian clock is sensitive to light, which causes phase-delay of the clock (10). Thus, the light-sensitive pineal production of 7α-hydroxypregnenolone appears to be regulated by the circadian clock.

In vertebrates, an intracerebroventricular injection of 7α-hydroxypregnenolone activates locomotor activities (11–15). Thus, the intracerebroventricular injection of 7α-hydroxypregnenolone was administered in a dose-dependent manner at early night in chicks (6). After the injection, chicks were placed individually for locomotor activity measurement in an open field apparatus for 20 min. Spontaneous locomotor activities of chicks were stimulated by the intracerebroventricular injection of 7α-hydroxypregnenolone in a dose-dependent manner (6). Furthermore, when chicks are exposed to light during early night time, their locomotor activities reach the daytime level (6). These results suggest that pineal 7α-hydroxypregnenolone reaches the target sites within the brain by volume transmission (16) upon light exposure at early night.



PHYSIOLOGICAL FUNCTION OF PINEAL ALLOPREGNANOLONE IN PURKINJE CELL SURVIVAL DURING DEVELOPMENT

7α-Hydroxypregnenolone and allopregnanolone are actively released during early posthatch period compared with adulthood (7). Therefore, 7α-hydroxypregnenolone and allopregnanolone may play key roles in birds during early posthatch period. In vertebrates, pinealectomy decreases cell number in the developing brain (17, 18). These findings suggest that these major neurosteroids secreted from the pineal gland are involved in the development of brain cells.

In chicks, pinealectomy decreases the concentration of allopregnanolone and the number of cerebellar Purkinje cells, whereas the supplementation of allopregnanolone to pinealectomized birds increases the concentration of allopregnanolone and recovers the number of Purkinje cells (7). Thus, pineal allopregnanolone is considered to be an essential factor for the normal development of cerebellar Purkinje cells. It thus appears that pineal allopregnanolone functions as an essential factor for Purkinje cells during posthatch period.

In addition, pinealectomy in juvenile birds increases the expression of active caspase-3 in Purkinje cells, whereas allopregnanolone supplementation decreases the expression of active caspase-3 during posthatch period (7). Thus, the neuroprotective action of pineal allopregnanolone on cerebellar Purkinje cells is exerted by suppressing the activation of caspase-3 (Figure 2).
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FIGURE 2. A schematic model of the effect of pineal allopregnanolone on Purkinje cell survival immediately after hatching under a 12/12 h light/dark cycle or with 1 h light exposure during the dark period (light-at-night condition). (Left) panel The normal cerebellar development under a 12/12 h light/dark cycle during the first week after hatching. Pineal allopregnanolone induces the expression of pituitary adenylate cyclase-activating polypeptide (PACAP), a neuroprotective factor, through the membrane progestin receptor α (mPRα) receptor binding mechanism in Purkinje cells. Subsequently, PACAP inhibits the activation of caspase-3 that facilitates the apoptosis of cerebellar Purkinje cells. (Right) panel The abnormal cerebellar development under the light-at-night condition during the first week after hatching. The light-at-night condition disrupts the diurnal rhythm in pineal allopregnanolone synthesis. Decreased pineal allopregnanolone synthesis leads to decreased expression of PACAP in Purkinje cells. Consequently, the active caspase-3 level increases, inducing the apoptosis of Purkinje cells in the cerebellum.


Allopregnanolone acts mainly as a ligand of the γ-aminobutyric acid type A (GABAA) receptor and may also act as an agonist of the membrane progesterone receptors α (mPRα), as well as the mPRβ and mPRγ (19–21). Therefore, either mPR siRNA or isoallopregnanolone, an antagonist of allopregnanolone, was delivered into the cerebellum of posthatched chicks. It was found that the silencing of mPRα increases the number of Purkinje cells that express active caspase-3 in the cerebellum of chicks (8). Furthermore, to uncover the mechanism of neuroprotective action of allopregnanolone in cerebellar Purkinje cells, allopregnanolone action on the expression of neuroprotective/neurotoxic factors (22–26) has been investigated. Pinealectomy decreases the mRNA levels of pituitary adenylate cyclase-activating polypeptide (PACAP), a neuroprotective factor, in the cerebellum of juvenile birds (8). It has been found that a daily injection of allopregnanolone in pinealectomized juvenile birds upregulates PACAP relative to the levels in control birds (8). These findings show that PACAP mediates the neuroprotective action of pineal allopregnanolone through mPRα receptor binding during cerebellar development (Figure 2).



LIGHT-AT-NIGHT AFFECTS THE DEVELOPMENT OF CEREBELLUM THROUGH A MECHANISM MEDIATED BY PINEAL ALLOPREGNANOLONE ACTION

It is known that environmental stimuli affect the development of animals including humans. In vertebrate brain development, a natural light-dark cycle promotes better brain development than constant conditions, such as constant light or constant darkness (27–31). However, the molecular mechanisms that control how environmental light conditions affect brain development remain unclear. The pineal gland is a photosensitive organ. To investigate whether light conditions are involved in the synthesis of allopregnanolone in the pineal gland, the birds have been incubated under either a 12/12 h light/dark (LD) cycle or LD cycle with 1 h light exposure during the dark period (light-at-night). Consequently, it has been found that the allopregnanolone concentration and synthesis during the dark period are higher in the pineal glands of LD birds than in those of light-at-night birds (8) (Figure 2). Furthermore, the number of cerebellar Purkinje cells is decreased by the light-at-night condition (8) (Figure 2). It is therefore considered that pineal allopregnanolone is a critical metabolite that affects cerebellar development in vertebrates, depending on the environmental light conditions.



CONCLUSIONS

This review summarized the recent data on pineal neurosteroids. Studies have indicated that the pineal gland produces neurosteroids from cholesterol in birds. Pineal 7α-hydroxypregnenolone regulates locomotion in response to light stimuli in birds. Pineal allopregnanolone prevents the death of developing Purkinje cells by suppressing neuronal apoptosis during development. In addition, circadian disruption by light exposure during nighttime leads to cell death of developing Purkinje cells through pineal allopregnanolone-dependent mechanisms in juvenile birds. These observations suggest that nighttime artificial light exposure in modern societies may also perturb the development of the human brain.

Almost all animals have circadian rhythms. However, modern life conditions chronically disrupt circadian rhythm through artificial light exposure. The disruption of circadian rhythm is associated with a decline in mental and physical health (32–34). The most potent circadian rhythm disruption is inappropriately timed bright light exposure (e.g., light-at-night). To investigate the effects of chronic circadian disruption in modern societies on mental and physical health, which is efficiently modeled by the light-at-night condition presented here, many studies have been conducted on mice. However, it is important for us to bear in mind that laboratory mice are mainly nocturnal animals, whereas humans are diurnal. Thus, birds are excellent animal models to uncover the effect of light-at-night on diurnal animals, including humans.
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Testosterone (T), predominantly acting through its derivative 17β-estradiol (E2), regulates the brain’s sexual differentiation in rodents during the perinatal sensitive period, which mirrors the window of vulnerability to the adverse effects of general anesthetics. The mechanisms of anesthesia’s adverse effects are poorly understood. We investigated whether sevoflurane alters T and E2 levels and whether they contribute to sevoflurane’s acute adverse effects in postnatal day 5 Sprague-Dawley rats. The rats underwent electroencephalography recordings for 2 h of baseline activity or for 1 h before and another hour during 2.1% sevoflurane exposure, followed by collection of trunk blood and brain tissue. Pharmacological agents, including the GABA type A receptor inhibitor bicuculline and the aromatase inhibitor formestane, were administered 30 min before sevoflurane anesthesia. Sevoflurane increased serum T levels in males only. All other effects of sevoflurane were similar in both sexes, including increases in serum levels of E2, hypothalamic mRNA levels of aromatase, estrogen receptor α (Erα) [not estrogen receptor β (Erβ)], Na+-K+-Cl− cotransporter (Nkcc1)/K+-Cl− cotransporter (Kcc2) mRNA ratio, electroencephalography-detectable seizures, and stress-like corticosterone secretion. Bicuculline and formestane alleviated these effects, except the T level increases. The ERα antagonist MPP, but not the ERβ antagonist PHTPP, reduced electroencephalography-detectable seizures and normalized the Nkcc1/Kcc2 mRNA ratio. Collectively, sevoflurane exacerbates levels of T in males and E2 in both sexes during the period of their organizational effects in rodents. Sevoflurane acts through GABAAR-mediated, systemic T-independent elevation of E2 to cause electroencephalography-detectable seizures, stress-like corticosterone secretion, and changes in the expression of genes critical for brain development.
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Introduction

According to 2016 World Health Organization estimates, the number of surgeries performed globally rose from 226.4 million in 2004 to 312.9 million in 2012 (1). This progress would not be possible without modern general anesthesia, which can be viewed as a state of pharmacologically induced “reversible brain coma” (2). Despite advancements in refining anesthesia approaches, multiple studies support the idea that the effects of general anesthetics, which may also act as endocrine disruptors and stressors, are not completely reversible upon anesthesia withdrawal. The adverse effects of general anesthesia at the beginning and the end of the lifespan are an increasingly recognized health concern and the subject of extensive clinical and laboratory research (3–7). Experimental evidence indicates that GABAergic anesthetic agents, such as propofol, isoflurane, or sevoflurane, administered to neonatal rats, acutely induce electroencephalography (EEG)-detectable seizures and increased systemic levels of the main stress hormone corticosterone (8–10). The long-term effects of these anesthetics comprise an abnormal (increased) hypothalamic and hippocampal Na+-K+-Cl− cotransporter (Nkcc1)/K+-Cl− cotransporter (Kcc2) mRNA ratio, an exacerbated hypothalamic-pituitary-adrenal (HPA) axis responses to stress, and behavioral deficiencies (8, 9, 11–13).

Intracellular concentrations of Cl−, the main charge carriers through GABA type A receptor (GABAAR) channels, are elevated in many neurons in the neonatal brain because of the relatively high and low levels of the NKCC1 and KCC2 Cl− co-transporters, respectively (14, 15). Activation of GABAAR in these neurons causes Cl− efflux, a strong membrane depolarization or excitation, and Ca++ influxes through the voltage-gated Ca++ channels and Ca++-permeable N-methyl-D-aspartate receptor channels (14). GABAAR-initiated depolarization and related Ca++ influxes regulate a wide spectrum of biological processes (14). The magnitude of GABAAR excitatory signaling and the proper timing of its transition from excitatory to inhibitory are key for normal brain development and functioning (14). Delays/impairments in the transition to inhibitory GABAAR signaling have been linked in humans and animal models to several cognitive neuropsychiatric disorders, such as autism spectrum disorder, schizophrenia, and Rett syndrome (16–18). Inhibition of the NKCC1 activity at the time of neonatal anesthesia ameliorates anesthetic-caused EEG-detectable seizures and many of the long-term developmental effects of GABAergic anesthetics in rats, suggesting that anesthetic-exacerbated excitatory GABAAR signaling at the time of anesthesia can be an initial step in the pathways that mediate the developmental effects of GABAergic anesthetics (8–12).

We have recently presented indirect evidence that the primary female sex steroid hormone 17β-estradiol (E2) may play a crucial role in mediating sevoflurane-caused EEG-detectable seizures by enhancing excitatory GABAAR signaling in neonatal rats (10). E2, however, is known to modulate GABAergic signaling not only by affecting the GABAAR-based neurotransmission machinery (10, 19–22), but also by altering the expression and activity of KCC2 and NKCC1, respectively (23, 24). In the neonatal rodent brain, E2 exerts the brain’s sexual differentiation (masculinization) through organizational/persistent actions during the sensitive period, which mirrors the window of vulnerability to the adverse effects of general anesthetics. In rats, the sensitive period starts on embryonic days 18.5 to 19.5, with the onset of testosterone (T) production in the testis and ends during the second postnatal week when exogenous sex hormones can no longer induce brain masculinization in females (25). E2 in the brain is produced by converting testis-derived T in males and via de novo synthesis in the brain in both sexes. In both pathways, the final step in E2 synthesis is T aromatization by the enzyme aromatase, whose activity is regulated by Ca++ (26). E2 acts primarily through its receptors α (ERα) and β (ERβ) (27–29). It is widely accepted that neonatal rodents become less susceptible to the neurodevelopmental effects of general anesthetics during the second postnatal week (13, 30–32).

Here, we studied the roles of T and E2 in the mediation of sevoflurane’s acute (initial) adverse effects in the postnatal day (P) 5 rats. We did so by measuring sevoflurane-caused EEG-detectable seizures, changes in systemic levels of T, E2, and corticosterone, and changes in the expression of hypothalamic aromatase, Erα, Erβ, Nkcc1, and Kcc2 under different treatment conditions to modulate GABAAR and T/E2 signaling pathways. T/E2 may affect sexual differentiation in the rodent brain during this age period through lasting organizational effects (25) and sevoflurane may induce long-term developmental abnormalities (8, 9, 11, 12). For that reason, understanding the involvement of sevoflurane-altered levels of T and E2 in mediating the acute adverse effects of sevoflurane in neonatal rats at the time of anesthesia may help to explain the mechanistic basis of more complex long-term deficiencies induced by the anesthetic.



Materials and Methods


Animals

The University of Florida Institutional Animal Care and Use Committee approved all experimental procedures. Sprague-Dawley rats were bred at the University of Florida animal care facility. We housed the rats under controlled illumination (12-h light/dark cycle, lights on at 7:00 a.m.) and temperature (23–24°C) with free access to food and water. Within 24 h of delivery, litters were culled to 12 pups. Pups from each litter were used for different treatment conditions. Multiple sets of animals were used in the experiments.



Electroencephalography, Anesthesia Regimen, and Treatment Groups

The P5 rats were instrumented for EEG recording during a minor 12- to 15-min surgical procedure performed under isoflurane anesthesia (2.0%–2.5%) as we previously described (10, 30, 33). The four EEG electrodes were implanted bilaterally in the occipital and frontal regions of the rat’s skull, with the left frontal electrode serving as the reference electrode. The EEG recordings were started after the rats recovered from isoflurane anesthesia for electrode implantation; they lasted for 2 h of baseline activity (group 1, the Control group) or for 1 h before the initiation of sevoflurane anesthesia (baseline activity) and continued for another hour during sevoflurane anesthesia: 6% sevoflurane for 3 min for anesthesia induction and 2.1% sevoflurane for 57 min for anesthesia maintenance (groups 2–7; Figure 1). We have previously verified that no obvious differences in the effects of sevoflurane to cause EEG-detectable seizures were detected when EEG electrode implantation was done either prior or 1 to 2 days before the start of EEG recording (34). During the EEG recordings, the rats were in a thermostated chamber to maintain body temperature at ~37°C with a continuous supply of 30% oxygen in air (1.5 L min−1). A rectal temperature probe was placed in some animals to monitor body temperature. Gas monitoring was performed using a calibrated Datex side stream analyzer (Datex-Ohmeda, Helsinki, Finland), which sampled from the animal chamber interior. According to Orliaguet et al. (35), 2.1% sevoflurane lies near the 0.6 minimum alveolar concentration for P5 rats. At 2.1% sevoflurane, the pups did not exhibit a righting reflex but responded to a noxious stimulation. None of the animals exhibited cyanosis and all were breathing regularly during anesthesia exposure. Previously, we have shown that blood glucose and gas levels after 2.1% sevoflurane anesthesia were in the normal range (30). The EEG recordings were performed using an EEG/electromyogram system (Pinnacle Technology, Lawrence, KS, United States). Acquisition of the EEG was performed using Sirenia software (Pinnacle Technology). The sampling interval per signal was 200 μs (5 kHz). Sirenia Score (Pinnacle Technology), Clampfit 9.2 (Axon Instruments, Union City, CA, United States), and Mini Analysis (Synaptosoft Inc., Fort Lee, NJ, United States) programs were used for EEG data analysis. Data were filtered offline using a bandpass Bessel (8-pole) 0.04- to 56-Hz filter. EEG patterns characterized by an amplitude of at least three times higher than baseline and rhythmic activity (>2 Hz) that lasted for at least 3 s and abruptly reverted to the baseline were defined as seizure-like EEG patterns. In most cases, these patterns started as high frequency-low amplitude activity that developed to increased amplitude and decreased frequency and then abruptly reverted to baseline activity. All parameters for EEG seizures such as the total duration, number of episodes, and average episode duration were calculated for the entire 60-min period of sevoflurane exposure. All EEG records were analyzed by three independent investigators. The investigators who analyzed the EEG records were blinded to the experimental conditions. Animals that exhibited episode(s) of seizure-like EEG patterns before the start of anesthesia were removed from the data analysis. Typically, in our studies about 5% of animals exhibit episode(s) of seizure-like EEG patterns before the start of anesthesia and are not included in the data analysis (10, 30, 33). Histopathological analysis links most of these seizures to brain injuries during surgery for the EEG electrode implantation.




Figure 1 | Study design.



Rats were randomized for treatment groups using a randomization plan generator (http://www.randomization.com/) and the investigators were blind to group assignments. Treatments or vehicle were administered to the P5 rat pups 30 min prior to sevoflurane anesthesia. The following treatment groups were investigated:

	(Group 1) EEG recording for 2 h without exposure to sevoflurane (the Control group);


	(Group 2) EEG recording for 1 h without sevoflurane and for 1 h with sevoflurane; vehicle [subcutaneous (SC) or intraperitoneal injection (IP)] 30 min prior to the start of anesthesia with sevoflurane (the Vehicle + Sevo group);


	(Group 3) E2 synthesis inhibitor formestane (2 mg/kg, SC) 30 min prior to sevoflurane anesthesia (the Formestane + Sevo group);


	(Group 4) GABAAR antagonist bicuculline methiodide (0.01 mg/kg, IP) 30 min prior to sevoflurane anesthesia (the Bicuculline + Sevo group);


	(Group 5) ERα antagonist MPP (0.2 mg/kg, IP) 30 min prior to sevoflurane anesthesia (the MPP + Sevo group);


	(Group 6) ERβ antagonist PHTPP (4 mg/kg, IP) 30 min prior to sevoflurane anesthesia (the PHTPP + Sevo group);


	(Group 7) G-protein-coupled estrogen receptor (GPER) antagonist G-15 (5 μg/kg, IP) 30 min prior to sevoflurane anesthesia (the G-15 + Sevo group).




All study agents were dissolved in 33% DMSO plus 67% saline, which was the vehicle noted in Group 2. Therefore, equal volumes of DMSO and saline were used as vehicle. DMSO at these doses does not cause any detectable effects on hyperexcitatory EEG or serum corticosterone levels in neonatal rats (33). These concentrations/doses were chosen based on our published and preliminary findings and data in the literature (10, 30, 33, 36). Immediately after we completed EEG recordings, rats were sacrificed by decapitation while being anesthetized with sevoflurane and trunk blood and brain tissue samples were isolated.



Tissue Collection

After decapitation, the trunk blood samples were collected and centrifuged at 4°C, 1,000 g for 15 min, and kept at −80°C for hormone assays. The brains were removed from the skull onto ice pads. The hypothalamus was isolated by making an anterior cut at the level of the optic chiasm, a posterior coronal section anterior to the mammillary bodies, two sagittal cuts parallel to the lateral ventricles, and a dorsal horizontal cut at the level of the anterior commissure, as described previously (37). All tissue samples were placed in vials filled with RNAlater solution (Invitrogen, Carlsbad, CA, United States) and stored at −80°C.



Measurements of Serum T, E2, and Corticosterone Levels

Using commercially available kits and following the manufacturer’s instructions, we measured serum levels of hormones in trunk blood samples isolated from P5 rats immediately after we completed EEG recording. Serum T, E2, and corticosterone concentrations were measured using ELISA kits (582701, Cayman Chemical Company, Ann Arbor, MI, United States; EA100859, Origene Technologies Inc., Rockville, MD, United States; and 501320, Cayman Chemical Company, respectively).



Quantitative mRNA Measurements

We analyzed levels of mRNA for aromatase, Erα, Erβ, Nkcc1, and Kcc2 in the hypothalamus via reverse transcription-PCR (qRT-PCR) in a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, United States) as previously described by our laboratory (12). We extracted RNA from the samples using an RNeasy Plus Kit (Qiagen, Valencia, CA, United States), reverse transcribed with a high-capacity cDNA reverse transcription kit (Bio-Rad Laboratories, Hercules, CA, United States), and analyzed via qRT-PCR. Taqman probes specific for the above genes were obtained from Applied Biosystems (Carlsbad, CA): aromatase (Rn00567222_m1), Erα (Rn01430446_m1), Erβ (Rn00562610_m1), Nkcc1 (Rn00582505_m1), and Kcc2 (Rn00592624_m1). Data were normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA (Rn01775763_g1). Gene expression was calculated using the ΔΔCT method and data are presented as relative fold change from control animals.



Drugs

Sevoflurane (NDC: 0074-4456-04) was manufactured by AbbVie Inc. (North Chicago, IL, United States). The aromatase inhibitor formestane (CAS Number: 566-48-3) and the GABAAR inhibitor bicuculline methiodide (CAS Number: 40709-69-1) were purchased from Sigma-Aldrich (St. Louis, MO, United States). GPER antagonist G-15 [(3aS,4R,9bR)-4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolone] (CAS Number: 1161002-05-6) was purchased from Cayman Chemical Company (Ann Arbor, MI, United States). The ERα antagonist MPP (1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride) (CAS Number: 289726-02-9) and the ERβ antagonist PHTPP (4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]-pyrimidin-3-yl]phenol) (CAS Number: 805239-56-9) were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, United States).



Statistical Analysis

We conducted statistical analyses on raw data using SigmaPlot 14.0 software (Systat Software Inc., San Jose, CA, United States), which automatically checks if a data set meets test criteria (Shapiro-Wilk for normality test and Brown-Forsythe for equal variance test). Values are reported as mean ± SEM. Animal numbers in each experiment are presented in the respective figure legends. An independent t-test was used to compare sevoflurane-induced EEG seizures in male and female rat pups and the effects of G-15 on sevoflurane-induced EEG seizures and serum levels of corticosterone. Two-way ANOVA with treatment and sex as independent variables was used to analyze EEG seizures, levels of T, E2, and corticosterone, and mRNA levels for aromatase, Erα, Erβ, Nkcc1, and Kcc2 in the control and sevoflurane-exposed male and female rat pups. One-way ANOVA was used to analyze the effects of pretreatments with bicuculline, formestane, MPP, and PHTPP on sevoflurane-induced changes in EEG seizures, serum levels of T, E2, and corticosterone, and mRNA levels of aromatase, Erα, Erβ, Nkcc1, and Kcc2 in each sex. All multiple pairwise comparisons were done with the Holm-Sidak method. P < 0.05 was considered statistically significant. Statistical details are presented in the text and in figure legends. The sample sizes in this study were based on previous experience with the same animal model, experimental techniques, and measured variables (8–12, 30, 33).




Results


Effects of Sevoflurane in Male and Female Rat Pups

Episodes of epileptic seizures were found in the electroencephalograms of male and female P5 rats recorded during 1 h of sevoflurane anesthesia (Figures 2A, B). The differences in the number of episodes of EEG-detectable seizures (t(17) = 0.764; P = 0.455; Figure 2B), the total duration of seizures during 1 h of anesthesia (t(17) = 1.205; p = 0.245; Figure 2B), and the duration of a single episode (t(17) = 1.165; P = 0.260; Figure 2B) were not significant between the sexes. Immediately after we completed EEG recordings, the blood and brain tissue samples were collected to analyze serum levels of T, E2 and corticosterone and mRNA levels of aromatase, Erα, Erβ, Nkcc1, and Kcc2 in the hypothalamus. Two-way ANOVA revealed significant effects of treatment and significant treatment x sex interaction on serum levels of T. Anesthesia with sevoflurane increased serum levels of T in male pups only (Table 1, Figure 2C). In contrast to serum levels of T, both male and female pups anesthetized with sevoflurane had similarly increased serum levels of E2 (Table 1, Figure 2D), serum levels of corticosterone (Table 1, Figure 2E), and hypothalamic mRNA levels of aromatase, Erα, Nkcc1, and the Nkcc1/Kcc2 mRNA ratio, while hypothalamic mRNA levels of Kcc2 were decreased in both sexes. Anesthesia with sevoflurane did not affect hypothalamic mRNA levels of Erβ (Table 1, Figures 3A–F).




Figure 2 | Effects of sevoflurane in postnatal day 5 rats at the systemic level. (A) Illustration of the electroencephalogram (EEG)-detectable seizures in a male rat pup during sevoflurane anesthesia. Top trace: root mean square (RMS) of the EEG of a male rat before and during exposure to sevoflurane. The red horizontal line marks the occurrence of EEG-detectable seizures (1); corresponding section of the EEG is shown at expanded time scale in 1 (red trace); 1.1 (blue trace) shows at expanded scale the section of EEG recording marked by blue horizontal line in 1. (B) Histograms showing parameters of EEG-detectable seizures during 60-min exposure to sevoflurane of male (n = 10) and female (n = 9) rats. Plots showing the levels of serum testosterone (C), estradiol (D), and corticosterone (E) in trunk blood samples collected from male and female rats immediately after completion of EEG recordings during 2 h of baseline activity (the Control group) or 1 h of baseline activity followed by another hour during exposure to sevoflurane (the Vehicle + Sevo group). Data are means ± SEM from six rats/group. *P < 0.05 vs. the Control group.




Table 1 | Acute effects of sevoflurane in male and female P5 rat pups.






Figure 3 | Effects of sevoflurane in postnatal day 5 rats at the molecular level. Brain tissue samples were collected from male and female rats immediately after completion of electroencephalography (EEG) recordings during 2 h of baseline activity (the Control group) or 1 h of baseline activity followed by another hour during exposure to sevoflurane (the Vehicle + Sevo group). (A–F) The respective levels of aromatase mRNA, estrogen receptor α (Erα) mRNA, estrogen receptor β (Erβ) mRNA, Na+-K+-Cl− cotransporter (Nkcc1) mRNA, K+-Cl− cotransporter (Kcc2) mRNA, and Nkcc1/Kcc2 mRNA ratio in the hypothalamus of male and female rats. Data normalized against control are means ± SEM from six rats/group. *P < 0.05 vs. the Control group.





Effects of Pretreatments With Formestane and Bicuculline

Next, we studied sevoflurane-induced changes in EEG-detectable seizures, serum levels of T, E2 and corticosterone and hypothalamic expressions of aromatase, Erα, Erβ, Nkcc1, and Kcc2 in rats that were pretreated with the GABAAR antagonist bicuculline or the inhibitor of E2 synthesis formestane prior to the initiation of sevoflurane anesthesia. The number of episodes (F(2,23) = 18.788, P < 0.001), the total duration (F(2,23) = 22.505, P < 0.001), and the duration of a single episode (F(2,23) = 12.103, P < 0.001) of EEG-detectable seizures caused by sevoflurane were significantly diminished in the pretreated male rats (Figures 4A, B). Specifically, compared with male rats pretreated with the vehicle (the Vehicle + Sevo group), the total duration (P < 0.001, both the Bicuculline + Sevo and Formestane + Sevo groups), the number of episodes (P < 0.001, both the Bicuculline + Sevo and Formestane + Sevo groups), and the duration of a single episode (P < 0.001, the Formestane + Sevo group; P = 0.004, the Bicuculline + Sevo group) were reduced in rats pretreated with either agent. Also, there were between-subjects effects of pretreatments prior to exposure to sevoflurane on the total duration (F(2,20) = 9.496, P = 0.001) and the number of episodes (F(2,20) = 8.107, P = 0.003), but not on the duration of a single episode (F(2,20) = 1.930, P = 0.171) of EEG-detectable seizures caused by sevoflurane in female rat pups (Figure 4B). Again, significant reductions of the total duration (P = 0.004, both the Bicuculline + Sevo and Formestane + Sevo groups) and the number of episodes (P = 0.007, the Formestane + Sevo group; P = 0.006, the Bicuculline + Sevo group) were observed in female rats pretreated with bicuculline or formestane.




Figure 4 | Effects of bicuculline and formestane on sevoflurane-caused electroencephalogram (EEG)-detectable seizures and increases in serum levels of testosterone, estradiol and corticosterone in postnatal day (P) 5 rats. (A, B) Effect of bicuculline and formestane on sevoflurane-caused seizures in male and female rats. (A) examples of EEGs in sevoflurane-anesthetized P5 male rats that received vehicle, formestane, or bicuculline 30 min prior to initiation of sevoflurane anesthesia. (B) Histograms showing parameters of EEG-detectable seizures in male and female rats exposed to sevoflurane that received as pretreatment vehicle, bicuculline, or formestane. Data are means ± SEM from 10 males in the Vehicle + Sevo group, 8 males in the Bicuculline + Sevo group and in the Formestane + Sevo group, 9 females in the Vehicle + Sevo o group, 8 females in the Bicuculline + Sevo group, and 6 females in the Formestane + Sevo group. Animals in the Vehicle + Sevo groups are the same as in Figure 2. *P < 0.05 vs. the Vehicle + Sevo group in the respective sex. (C–E) Plots showing serum levels of testosterone, estradiol, and corticosterone in blood samples collected after completion of EEG recordings as in (B) Data are means ± SEM from six rats/group, five rats/group for estradiol measurements, except six males group in the Vehicle + Sevo group. *P < 0.05 vs. the Vehicle + Sevo group in the respective sex. The tissue samples in the Vehicle + Sevo groups are from the same animals as in Figures 2 and 3.



There were no between-subjects effects of bicuculline or formestane on the serum levels of T in males (F(2,15) = 0.459, P = 0.641; Figure 4C) and females (F(2,15) = 0.706, P = 0.509; Figure 4C). In contrast to serum levels of T, there were between-subjects effects of the pretreatments on serum levels of E2 in males (F(2,13) = 6.349, P = 0.012; Figure 4D). Pairwise multiple comparison analysis showed that bicuculline (P = 0.020 vs. the Vehicle + Sevo group) and formestane (P = 0.029 vs. the Vehicle + Sevo group) reduced serum levels of E2 in male rat pups. Similarly, effects of bicuculline and formestane on serum levels of E2 were found in females (F(2,12) = 17.842, P < 0.001; Figure 4D). Both bicuculline (P < 0.001 vs. the Vehicle + Sevo group) and formestane (P = 0.005 vs. the Vehicle + Sevo) reduced serum levels of E2 in female rat pups. Pretreatments with bicuculline or formestane had significant effects on serum levels of corticosterone increased by sevoflurane anesthesia in males (F(2,15) = 5.543, P = 0.016) and in females (F(2,15) = 11.780, P < 0.001; Figure 4E). Compared to the Vehicle + Sevo group, both bicuculline (P = 0.029, males; P = 0.012, females) and formestane (P = 0.027, males; P < 0.001, females) reduced serum levels of corticosterone (Figure 4E).

In the hypothalamic gene expression measurements, there was a statistically significant between-subjects effect of pretreatments on the hypothalamic levels of aromatase mRNA in males (F(2,15) = 3.893, P = 0.043; Figure 5A) and females (F(2,15) = 4.949, P = 0.022; Figure 5A). Pairwise multiple comparison analysis showed that compared to the Vehicle + Sevo group, formestane (P = 0.015, males; P = 0.009, females) but not bicuculline (P = 0.317, males, P = 0.557, females) ameliorated sevoflurane-induced increase in aromatase expression. Similarly, there was a statistically significant between-subjects effect of pretreatments on the hypothalamic levels of Erα mRNA in males (F(2,15) = 8.176, P = 0.004; Figure 5B), and females (F(2,15) = 5.208, P = 0.019; Figure 5B), but not on the hypothalamic levels of Erβ mRNA in males (F(2,15) = 0.168, P = 0.847; Figure 5C) and females (F(2,15) = 0.107, P = 0.899; Figure 5C). Pairwise multiple comparison analysis showed that compared to the Vehicle + Sevo group, formestane (P = 0.004, males; P = 0.030, females) and bicuculline (P = 0.028, males, P = 0.039, females) ameliorated the sevoflurane-induced increase in Erα expression.




Figure 5 | Effects of bicuculline and formestane on sevoflurane-induced changes in gene expressions in the hypothalamus of postnatal day (P) 5 rats. Brain tissue samples were collected from male and female rats immediately after completion of electroencephalography recordings in sevoflurane-anesthetized P5 rats that received vehicle (the Vehicle + Sevo group), formestane (the Formestane + Sevo group), or bicuculline (the Bicuculline + Sevo group) 30 min prior to initiation of sevoflurane anesthesia. (A–D) The respective levels of aromatase mRNA, estrogen receptor α (Erα) mRNA, estrogen receptor β (Erβ) mRNA, Na+-K+-Cl− cotransporter (Nkcc1)/K+-Cl− cotransporter (Kcc2) mRNA ratios in the hypothalamus of male and female rats. Data are means ± SEM from six rats/group. *P < 0.05 vs. the sevoflurane group in the respective sex. The tissue samples in the Vehicle + Sevo groups are from the same animals as in Figure 3.



There was a statistically significant between-subjects effect of pretreatments with formestane and bicuculline on the hypothalamic Nkcc1/Kcc2 mRNA ratios in males (F(2,15) = 6.487, P = 0.009; Figure 5D) and in females (F(2,15) = 4.578, P = 0.028; Figure 5D). The Nkcc1/Kcc2 mRNA ratios compared with the Vehicle + Sevo group were decreased by pretreatments with bicuculline or formestane in males (P = 0.019, the Bicuculline + Sevo group; P = 0.016, the Formestane + Sevo group) and in females (P = 0.049, the Bicuculline + Sevo group; and P = 0.001, the Formestane + Sevo group).



Effects of Pretreatments With Estrogen Receptor Antagonists

In males, there were statistically significant effects of pretreatments with estrogen receptor antagonists on the total durations of sevoflurane-induced seizures (F(3,22) = 12.824, P < 0.001; Figures 6A, B), the number of seizure episodes (F(3,22) = 9.614, P <0.001; Figure 6B), and the episode’s duration (F(3,22) = 4.577, P = 0.022; Figure 6B). Pairwise multiple comparison analysis showed that compared with the Vehicle + Sevo group, only the ERα antagonist MPP reduced the total durations of seizures (P < 0.001, the MPP + Sevo group; and P = 0.097, the PHTPP + Sevo group), the number of seizure episodes (P = 0.002, the MPP + Sevo group; P = 0.859, the PHTPP + Sevo group) and the episode’s duration (P = 0.019, the MPP + Sevo group; P = 0.244, the PHTPP + Sevo group). Similarly, in females there were statistically significant effects of pretreatments with estrogen receptor antagonists on the total durations of sevoflurane-induced seizures (F(3,22) = 6.918, P = 0.005; Figure 6B) and on the number of seizure episodes (F(3,22) = 47.277, P = 0.004; Figure 6B), but not on the episode’s duration (F(3,22) = 2.291, P = 0.125; Figure 6B). Again, pairwise multiple comparison analysis showed that compared with the Vehicle + Sevo group only the ERα antagonist MPP reduced the total durations of seizures (P = 0.010, the MPP + Sevo group; and P = 0.988, the PHTPP + Sevo group) and the number of episodes (P = 0.008, the MPP + Sevo group; and P = 0.989, the PHTPP + Sevo group).




Figure 6 | Effects of the estrogen receptor α (ERα) and β (ERβ) antagonists on sevoflurane-induced abnormalities in postnatal day (P) 5 rats. (A, B) Effects of the ERα antagonist MPP and ERβ antagonist PHTPP on sevoflurane-caused electroencephalogram (EEG)-detectable seizures in male and female rats. (A) examples of EEGs in sevoflurane-anesthetized P5 male rats that received MPP (the MPP + Sevo group), or PHTPP (the PHTPP + Sevo group) 30 min prior to the initiation of sevoflurane anesthesia. (B) Histograms showing parameters of EEG-detectable seizures in male and female rats exposed to sevoflurane that received as pretreatment vehicle (the Vehicle + Sevo group), MPP (the MPP + Sevo group), or PHTPP (the PHTPP + Sevo group). Data are means ± SEM from 10 males in the Vehicle + Sevo group, 8 males in the MPP + Sevo group, 7 males in the PHTPP + Sevo group, 9 females in the Vehicle + Sevo group, 8 females in the MPP + Sevo group, and 8 females in the PHTPP + Sevo group. Animals in the Vehicle + Sevo groups are the same as in Figure 2. *P < 0.05 vs. the Vehicle + Sevo group in the respective sex. (C) The Na+-K+-Cl− cotransporter (Nkcc1)/K+-Cl− cotransporter (Kcc2) mRNA ratios in the hypothalamus of male and female rats. Data are means ± SEM from 6 rats/group. *P < 0.05 vs. the Vehicle + Sevo group in the respective sex. The mRNA levels of aromatase in the male and female hypothalamus (D) and serum levels of corticosterone in males (E). Data are means ± SEM from six rats/group. *P < 0.05 vs. the Vehicle + Sevo group in the respective sex. The tissue samples in the Vehicle + Sevo groups are from the same animals as in Figures 2 and 3 .



Also, there was a statistically significant between-subjects effect of pretreatments with estrogen receptor antagonists on the hypothalamic Nkcc1/Kcc2 mRNA ratios in males (F(2,15) = 4.909, P = 0.023; Figure 6C) or in females (F(2,15) = 7.188, P = 0.006; Figure 6C). Pairwise multiple comparison analysis showed that compared with the sevoflurane group, only the ERα antagonist MPP ameliorated the effects of sevoflurane on the hypothalamic Nkcc1/Kcc2 mRNA ratios in males (P = 0.030, the MPP + Sevo group; and P = 0.600, the PHTPP + Sevo group, Figure 6C) and females (P = 0.006, the MPP + Sevo group; and P = 0.220, the PHTPP + Sevo group; Figure 6C).

Despite the ameliorating effects of pretreatments with formestane on sevoflurane-induced increases in the serum levels of corticosterone (Figure 4E) and hypothalamic expression of aromatase (Figure 5A), pretreatments with either MPP or PHTP did not alter these effects of sevoflurane (Figures 6D, E). To test whether the GPER, which is expressed in the hypothalamus, hippocampus, and cortex (25) can be involved in the mediation of these effects of sevoflurane, we have studied the effects of pretreatments with the GPER antagonist G-15 on sevoflurane-caused seizures and increases in serum levels of corticosterone in male rats. Compared with the Vehicle + Sevo group, pretreatments with G-15 had no effect on the total durations of sevoflurane-induced EEG-detectable seizures (33.1 ± 5.3 s, the Vehicle + Sevo group (n = 10), and 31.0 ± 10.1 s (n = 7), the G15 + Sevo group, t(15) = 0.200; P = 0.844), as well as on the sevoflurane-caused increase in the serum levels of corticosterone (192.232 ± 24.225 ng/ml, the Vehicle + Sevo group, and 192.205 ± 27.253 ng/ml, the G15 + Sevo group, n = 6/group, t(10) = 0.001; P = 0.999). All experimental findings are summarized in Table 2.


Table 2 | Summary of the findings of the effects of sevoflurane and the studied agents (pretreatments) on the effects of sevoflurane in postnatal day 5 male and female rats.






Discussion

The novel findings of this study are that during the sensitive period, when T/E2 are known to program permanent changes in the rodent brain (organizational effects), sevoflurane administered to neonatal rats increases the systemic levels of T in males, while it elevates the levels of E2 and upregulates crucial components of the E2 and GABAAR signaling pathways in both sexes. The findings of this study indicate that the sevoflurane-increased E2 levels, which are independent of the sevoflurane-increased systemic levels of T, are essential to mediate sevoflurane’s acute adverse effects, at least as they relate to measured gene expressions, EEG-detectable seizures, and stress-like corticosterone responses. Thus, despite the sevoflurane-caused increase in serum T levels in males, all other acute adverse effects of sevoflurane were similar in males and females. All of these acute adverse effects except the sevoflurane-caused increase in the systemic levels of T in males were deterred by pretreatments with the E2 synthesis inhibitor formestane.

Our findings, along with data in the literature, suggest that the brain is the source of heightened systemic levels of E2 in male and female pups anesthetized with sevoflurane. This possibility is consistent with the notion that the ovary, the main source of systemic E2 in females, is quiescent at this age (25, 26) and that both male and female rat pups have similar serum levels of E2 during this age period (38). Also, data in the literature show that removal at birth of the peripheral steroidogenic organs does not reduce the systemic levels of E2 and does not change the brain levels of E2 in rat pups (38). Our finding that the sevoflurane-induced increases in serum levels of E2 in both sexes, but not the sevoflurane-induced increases in serum levels of T in males, were reduced by pretreatments with bicuculline further supports the idea that there are different sources of the sevoflurane-induced increases in serum levels of E2 and T. Although bicuculline is considered poorly permeable through the blood-brain barrier, data in the literature (36) and our findings of the alleviating effects of bicuculline on sevoflurane-caused EEG-detectable seizures and changes in the hypothalamic expressions of estrogen receptors and Cl− co-transporters suggest that bicuculline methiodide induces central effects in neonatal rats. The latter may include the bicuculline methiodide-caused reduction in the systemic levels of E2 in sevoflurane-exposed rat pups. Finally, the sevoflurane-induced saturating levels of E2 synthesized de novo in the brain may be a reason for the lack of additive effects of E2 that can be synthesized through the aromatization of systemic T in the brain in male pups. All of these findings suggest that sevoflurane-increased levels of E2, which can be detected as elevated levels in the serum, are formed by E2 that is synthesized in the brain de novo. In future studies, it will be important to confirm or refute this possibility by measuring E2 and T levels in different regions of the brain in male and female pups anesthetized with sevoflurane.

If it is further confirmed that E2 synthesized in the brain de novo, but not E2 synthesized from systemic T, is involved in the mediation of the acute adverse effects of sevoflurane, this finding may be important for understanding the mechanisms of the developmental effects of sevoflurane. Moreover, it may be important for investigating the fundamental mechanisms of brain development and brain sexual differentiation in particular. It is known that T exerts lasting organizational effects in developing rodent brains (brain masculinization) primarily through its derivative E2 (23, 26). However, the relative roles of E2 synthesized from testis-derived T and E2 synthesized from T in the brain de novo are not fully understood (26, 38). Our findings suggest that at least in sevoflurane-anesthetized neonatal rats, the levels of E2 synthesized in the brain de novo may be high enough that the brain’s E2 synthesized from testis-derived T does not induce additional acute effects.

The sex hormone-regulated perinatally organized neurocircuitry is activated by the adult steroid hormone environment to express sex-appropriate behavior and physiology, including stress responsivity (39, 40). We have previously demonstrated that adult rats neonatally exposed to sevoflurane or other anesthetics that act through GABAARs not only have an elevated Nkcc1/Kcc2 mRNA ratio in the hypothalamus and hippocampus, but also exhibit behavioral deficiencies and exacerbated HPA axis responses to stress (8–12). These effects are more pronounced in males. The sevoflurane-induced changes in the systemic levels of T during the early postnatal period may contribute to the anesthetic-induced long-term sex-dependent abnormalities. Notably, although testis-produced T initiates organizational effects in male brain primarily through its aromatized metabolite E2 and subsequent activation of ERα, the androgen receptor-mediated effects of T are also required for T’s organizational effects (41, 42). The organizational T effects in perinatal brain emerge later. The relatively modest short-term effects of T in perinatal brain are followed by dramatic changes in gene expression and behavior in adulthood (43, 44). Of potential relevance, adult male rats, neonatally treated with exogenous T, had significantly decreased circulating T levels and increased aromatase and E2 levels (45). These levels are typically associated with exacerbated HPA axis responses to stress. In future studies, it will be important to investigate in detail the long-term effects of alterations in levels of T and E2 induced by neonatal anesthesia with sevoflurane and other GABAergic anesthetics.

The sevoflurane-induced increases in E2 levels may contribute to acute functional abnormalities induced by sevoflurane in neonatal rats (e.g., EEG-detectable seizures and heightened corticosterone levels) by enhancing excitatory GABAAR signaling in the cortex and in the HPA axis, respectively. The GABAAR-mediated acute effects of E2 are supported by our previously published findings that exogenous E2 potentiated sevoflurane-caused EEG-detectable seizures in rat pups and increased GABAAR-mediated currents in hippocampal slices from these animals (10). The alleviating effects of the pretreatments with bicuculline and formestane on sevoflurane-caused, EEG-detectable seizures and heightened serum levels of corticosterone found in this study further support the GABAAR-mediated effects of sevoflurane/E2. The findings in this study, however, suggest a much more complex involvement of E2 in the mediation of sevoflurane-induced adverse effects than just positive modulation of the GABAAR-based neurotransmission machinery. Sevoflurane increased not only the levels of E2, but also the mRNA levels of hypothalamic Erα and the Nkcc1/Kcc2 ratio. These effects were ameliorated by pretreatments with the inhibitors of GABAAR and E2 synthesis. The latter suggests a mediating role of GABAAR-dependent E2 synthesis in the transcriptional effects of sevoflurane. Interestingly, the mechanisms mediating sevoflurane-induced changes in gene expression of different components of the E2 pathway may be different. Thus, formestane, but not bicuculline, alleviated the sevoflurane-caused increase in the hypothalamic levels of aromatase. Future studies will be needed to uncover the mediating mechanisms of these effects. This study was not designed to elucidate how changes in gene expressions in each specific experimental group translate to changes in respective protein levels. For that reason, future studies will be needed to determine the relative role of sevoflurane-induced changes in the E2 pathway gene transcriptions in the acute and long-term developmental effects of the anesthetic.

Notably, ERα predominantly, but not exclusively, localizes to the brain regions involved in regulating sexual behavior such as the hypothalamus, whereas ERβ has a broader distribution in the neurons of the hippocampus, cerebral cortex, and amygdala, as well as in microglia and oligodendrocytes (26–29). Nevertheless, the antagonist of ERα, but not ERβ, not only reduced the sevoflurane-increased hypothalamic Nkcc1/Kcc2 mRNA ratio, but also depressed the sevoflurane-induced EEG-detectable seizures, which should predominantly reflect the brain’s cortical activity. In addition, sevoflurane induced an increase in the expression of ERα but not ERβ in the hypothalamus of male and female rat pups, pointing to ERα-specific adverse effects of neonatal sevoflurane. An unexpected and unexplained finding was that the antagonist of ERα, MPP, despite having alleviating effects on sevoflurane-induced EEG-detectable seizures, and the increase in hypothalamic Nkcc1/Kcc2 mRNA ratios did not affect sevoflurane-induced changes in serum levels of corticosterone and hypothalamic expression of aromatase. Although the aromatase inhibitor formestane alleviated these effects of sevoflurane, they were not sensitive to pretreatments with the antagonists of ERα, ERβ, and GPER. The latter is consistent with our previously reported observation that the nonselective estrogen receptor antagonist ICI182780 was also ineffective in preventing sevoflurane-caused increases in serum levels of corticosterone in neonatal rats (10). We studied the effects of the ERα, ERβ, or GPER selective antagonists using a single dose for each compound. Therefore, the possibility that treatment with higher doses of the ERα selective antagonist may still be effective against sevoflurane-induced changes in serum corticosterone levels and aromatase expression cannot be ruled out. However, the alleviating effects of MPP at this dose on sevoflurane-caused seizures and increases in the Nkcc1/Kcc2 mRNA ratio reduces the probability that higher doses of MPP will be effective against sevoflurane-caused increases in serum corticosterone levels and hypothalamic expression of aromatase.

In conclusion, this study provides evidence that sevoflurane increases systemic levels of T in male rat pups and E2 levels in males and females during the sensitive period of the organizational effects of T and E2. Our findings demonstrate that sevoflurane-increased levels of E2, which are independent of sevoflurane-increased systemic levels of T, are sufficient to mediate sevoflurane-induced corticosterone secretion, EEG-detectable seizures, and complex alterations in expressions of genes that are crucial for the E2 and GABAAR signaling pathways. In this study, we provided evidence that a specific estrogen receptor, ERα, is involved in the mediation of E2-dependent acute adverse effects of sevoflurane in neonatal rats.
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Still circa 25% to 30% of patients with epilepsy cannot be efficiently controlled with available antiepileptic drugs so newer pharmacological treatment options have been continuously searched for. In this context, a group of endogenous or exogenous neurosteroids allosterically positively modulating GABA-A receptors may offer a promising approach. Among endogenous neurosteroids synthesized in the brain, allopregnanolone or allotetrahydrodeoxycorticosterone have been documented to exert anticonvulsant activity in a number of experimental models of seizures—pentylenetetrazol-, bicuculline- pilocarpine-, or 6 Hz-induced convulsions in rodents. Neurosteroids can also inhibit fully kindled seizures and some of them have been reported to counteract maximal electroshock-induced convulsions. An exogenous neurosteroid, alphaxalone, significantly elevated the threshold for maximal electroconvulsions in mice but it did not potentiate the anticonvulsive action of a number of conventional antiepileptic drugs against maximal electroshock-induced seizures. Androsterone not only elevated the threshold but significantly enhanced the protective action of carbamazepine, gabapentin and phenobarbital against maximal electroshock in mice, as well. Ganaxolone (a 3beta-methylated analog of allopregnanolone) needs special consideration for two reasons. First, it performed better than conventional antiepileptic drugs, diazepam or valproate, in suppressing convulsive and lethal effects of pentylenetetrazol in pentylenetetrazol-kindled mice. Second, ganaxolone has been evaluated in the randomized, double-blind, placebo-controlled phase 2 trial in patients with intractable partial seizures, taking maximally 3 antiepileptic drugs. The initial results indicate that add-on therapy with ganaxolone resulted in reduced seizure frequency with adverse effect being mainly mild to moderate. Possibly, ganaxolone may be also considered against catamenial seizures. Some positive effects of ganaxolone as an adjuvant were also observed in children with refractory seizures and its use may also prove efficient for the management of neonatal seizures associated with hypoxic injury. Neurosteroids positively modulating GABA-A receptor complex exert anticonvulsive activity in many experimental models of seizures. Their interactions with antiepileptic drugs seem ambiguous in mice. Initial clinical data indicate that ganaxolone may provide a better seizure control in patients with drug-resistant epilepsy.
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Introduction

Epilepsy is a neurological disease which affects more than 70 million of the global population, 30% of whom are patients with refractory epilepsy (drug-resistant epilepsy) (1–3). Research conducted globally has invariably shown that, in terms of risk factors, epilepsy is hardly ever caused by a single determinant. A number of underlying causes are usually present, together with a genetic predisposition to the disease. Huge progress in terms of medical and pharmacological studies has facilitated the discovery of antiepileptic drugs (AEDs), which in one third of cases can suppress epileptic seizures, yet they do not affect in any way the root cause of the disease, so one cannot expect any improvements in the long-term prognosis of patients. Other solutions include surgical treatments, which might seem the most effective therapy. However, also in this case it has to be borne in mind that not every patient can undergo such a procedure (1, 4). In recent years other strategies in epilepsy treatment have emerged; however, there is still a great necessity for other options to be pursued, among which the most effective would be treatment impacting the etiopathogenesis of the disease, which would help to manage the condition, particularly in patients with refractory epilepsy (1, 2). Refractory seizures still affect about one third of patients with epilepsy in spite of a number of newer AEDs which appeared on the market over the last two decades (5). Consequently, there is a continuous search for more effective strategies and possibly neurosteroids could reduce the number of refractory epilepsy patients. When a newer or potential AED is evaluated, it is used in the form of an add-on therapy to the already existing antiepileptic treatment (6) and this is also the case with neurosteroids tried in patients with drug-resistant epilepsy (see below).



Methods

Literature search for this review was generally based on English language articles with a few exceptions. PUBMED databases were the main source of relevant papers and the search areas included: neurosteroids, neurosteroids and seizure activity, neurosteroids and AEDs, neurosteroids and epilepsy. Some references of particular importance were searched for in the most relevant publications extracted from PUBMED.



Neurosteroids

Among the endogenous and exogenous steroid compounds, it is possible to distinguish neurosteroids—compounds possessing the ability to modulate neuronal activity and affect the physiology of the central nervous system (CNS). There is a distinction between steroid hormones which are secreted outside the nervous system (by endocrine glands) and neurosteroids (7). The term neurosteroids was introduced by Baulieu in 1981. This name is usually given to steroids which are synthesised de novo from cholesterol in the CNS, mainly by the glial cells and by neuronal mitochondria through pathways which are independent of the endocrine system. At first, only the elevation of dehydroepiandrosterone sulfate (DHEAS) was observed that was found in high concentrations in the brain long after gonadectomy and adrenalectomy. Only at a later stage did it occur that DHEAS could be also synthesised in the brain. Other neurosteroids were discovered with time, including androstenedione, pregnenolone (with their sulfates and lipid derivatives) as well as tetrahydrometabolites of progesterone and deoxycorticosterone (DOC) (7). There are two groups of neurosteroids—natural (endogenous—produced in the brain) and exogenous (Figure 1).




Figure 1 | Neuroactive steroids. ALLO, allopregnanolone; DOC, deoxycorticosterone; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; SGE-516, 1-((3R,5R,8R,9R,10S,13S,14S,17S)-3-hydroxy-3,13-dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-(2H-1,2,3-triazol-2-yl)ethan-1-one.



Mechanism of neurosteroid action is connected with allosteric regulation of gamma-aminobutyric acid (GABA)-A receptors, N-methyl-d-aspartate (NMDA) receptors, alpha1 glycine receptors, sigma receptors and voltage-dependent calcium channels (8–11). Neurosteroids potentiate synaptic GABA-A receptor function and also activate δ-subunit-containing extrasynaptic GABA-A receptors that mediate tonic currents and thus may play an important role in neuronal network excitability and seizure susceptibility (12).

Depending on their concentration, neurosteroids can directly activate receptors (in the case of high concentrations) or act as potent positive allosteric agonists (in the case of low concentrations) (12–15). In addition, these compounds can have a positive or a negative impact on the modulation of GABA-A receptor activity. The mechanism based on positive modulation was observed in the case of such neurosteroids as allopregnanolone (5alpha-pregnan-3alpha-ol-20-one, ALLO), androsterone, progesterone, DOC, and tetrahydrodeoxy-corticosterone (THDOC). Through their binding to a specific place of the receptor, the above compounds bring about changes to its conformation, which results in the influx of Cl− ions into a neuron. Local hyperpolarization of the neuron which occurs in such situations leads to the inhibition of the cell’s activity (12, 16). Neurosteroids in fact allosterically modulate synaptic and extrasynaptic GABA-A receptors, exhibiting a greater potency for the latter, containing delta subunits. Positive modulators, acting on extrasynaptic GABA-A receptors, located in the dentate gyrus of the hippocampus, may reduce seizure susceptibility (17). The second group includes compounds (pregnenolone sulfate and DHEAS), which suppress the GABAergic response through the mechanism of negative GABA-A receptor activity modulation. The above mechanism is based on the inhibition of chloride current, resulting in cell depolarization and activation (18). Further studies have shown that intracerebroventricular pregnenolone sulfate enhanced the convulsive activity of peripherally administered NMDA in mice and this effect was possibly dependent on the elevated concentration of hippocampal alanine, a precursor of glutamate and a probable co-agonist at the NMDA receptors (19).

The existing evidence also points to sigma1 receptor as a possible target for neurosteroids. In fact, some neurosteroids were demonstrated to displace sigma1 receptor radioligands in vivo and in vitro (20). Moreover, steroid sulfate esters (DHEAS or pregnenolone sulfate) differentially affected NMDA-induced noradrenaline release from preloaded hippocampal slices (DHEAS was an enhancer whilst pregnenolone sulfate—an inhibitor). The inhibitory effect upon this parameter was shared by the high-affinity inverse sigma agonist and the sigma antagonist, haloperidol, attenuated the effect of steroid sulfate esters (21). The authors of this study conclude that DHEAS behaves as a sigma agonist whilst pregnenolone sulfate—as a sigma inverse agonist. Interestingly, progesterone behaved identically to haloperidol so it seems to be a sigma receptor antagonist (21).

Literature data draw attention to the effect of progesterone on calcium signaling—progesterone-calcium signaling hypothesis, which may explain therapeutic benefits of neurosteroids—a reduction of inflammation and edema, prevention of demyelination or inhibition of excitotoxic neuronal death. These detrimental effects are associated with significant elevations of the intracellular calcium concentration. Consequently, neuroprotection provided by progesterone seems dependent on the direct inhibition of voltage-gated calcium channels (22).



Neurosteroids and Seizure Activity


Progesterone and Its Metabolite

There are studies which indicate that neurosteroids might also be important when it comes to the epileptogenesis described as the latent period. The latent period, which is a seizure-free period, has been defined as interval between the effect of the primary brain insult and the onset of the first spontaneous seizure. During this time, pathological changes occur in the brain, converting the normal brain into one that generates seizures (23).

In studies conducted on rats in the pilocarpine model of status epilepticus, it was found that during the latent period of epilepsy a higher expression of cytochrome P450 cholesterol side-chain cleavage (P450scc) enzyme was noted. This enzyme takes part in the brain synthesis of neurosteroids (24). Cholesterol is delivered by translocator protein (TSPO) into mitochondria in which P450scc is located (in the inner mitochondrial membrane). Next, cholesterol is cleaved to produce pregnenolone and is metabolized to tissue-specific steroids by enzymes, which operate in the endoplasmic reticulum (24, 25). Blocking neurosteroid synthesis by finasteride (a 5alpha-reductase and neurosteroid synthesis inhibitor) in rats after status epilepticus induced by pilocarpine, resulted in terminating the latent period and moreover, finasteride was evidently proconvulsant in rats with spontaneous seizure activity occurring after the latent period (24). Finasteride was also tested upon the anti-epileptogenic activity of progesterone in the mouse hippocampus kindling model of epileptogenesis (26). The neurosteroid synthesis inhibitor completely inhibited the progesterone anti-epileptogenic effect (reflected by the retardation of the kindled seizures) which could suggest that this particular action of progesterone may be dependent upon ALLO (26). Seyle et al. (27) were probably the first to conduct this type of study, in 1942, in which they evaluated the progesterone activity in pentylenetetrazol animal model, using immature male rats, demonstrating the hormone’s anticonvulsant properties. In the subsequent years, other researchers also confirmed these results in studies conducted on both male and female rodents, using various progesterone doses and convulsive animal models, including the amygdala kindling model (28, 29), hippocampal kindling model (30), WAG/Rij rats, the genetic absence model (in this case, an increase in the number and duration of spike-wave discharges was demonstrated) (31) or kainate model (32). Billiar et al. (33), in turn, evaluated the distribution and metabolism of progesterone, the products of its metabolism, and estradiol, but this time they administered a constant infusion of [3H]- or [14C] progesterone and estradiol [3H] to female rhesus monkeys. The experiments showed that the hormone levels were significantly higher in the cerebral tissues than in the carotid arterial blood, with the estradiol concentration being highest in the anterior pituitary (20 times). In the case of progesterone, its lowered concentrations were observed in the “central gray (P less than 0.05); the concentration levels were the same for the amygdala, hippocampus, preoptic-anterior hypothalamus, cerebellum, hypothalamus, thalamus, and anterior pituitary; and were higher in the cervical spinal cord, optic chiasm, mesencephalon, medulla oblongata, and pons” (33), when compared with the control group. Many years of research have shown that the administration of exogenous progesterone results in its cerebral-tissue concentration’s being tripled when compared to peripheral tissue levels. In the case of the administration of both progesterone and its metabolite—5alpha-pregnan-3,20-dione (5alpha-DHP) to rats (iv administration), it was demonstrated that the compounds accumulated in the brain with the highest concentration in the hypothalamus and anterior pituitary regions, but in the cerebral cortex the concentration was very low (34). Whilst its high concentration in the anterior pituitary and hypothalamus is associated with gonadotropin release (34), the progesterone metabolite may possess an anticonvulsive potential. Actually, intravenous 5alpha-DHP reduced generalized and focal seizures in female fully kindled rats (35) and this effect was related to its interaction with GABA-A receptors (36).

Akula et al. (37) compared the anticonvulsant effect of progesterone (at doses of 20-80 mg/kg s.c). and AEDs on the intravenous pentylenetetrazol-induced seizure threshold in mice. All the studied compounds proved to have anticonvulsant dose-dependent effects. Moreover, it was shown that progesterone’s effect was stronger than that of tiagabine, GABA, adenosine, gabapentin, but weaker than that of clonazepam, diazepam, chlordiazepoxide, phenobarbital, carbamazepine, pentobarbital, pregabalin, and phenytoin (37).

Clinical data indicate that status epilepticus may be associated with a profound reduction in cerebrospinal fluid concentration of progesterone which was even 64% lower than in matched controls (38).



Allopregnanolone

Among the known neurosteroids, ALLO is the potent and the most thoroughly examined natural endogenous positive GABA-A receptor modulator (8). This compound is responsible for the maturing of the central nervous system, and a range of behaviour in adult life, which was proved by Mòdol et al. (39). It was found that ALLO stimulated myelinisation, synaptogenesis and displayed protective and trophic properties in relation to neurons, both during the development period and in the case of disorders (40–42). Extensive research has shown that disturbances in its levels play an important role in the pathomechanism of many diseases, including neurological and psychiatric disorders (43). By modulating the level of neurosteroids in rat neonates, it was revealed that ALLO modified exploratory and anxiety-like behaviour and disrupted aversive learning in the adult animals. (39).

Lévesque et al. (44) evaluated the effect of ALLO (at doses of 9.6-12.8 mg/kg/day) on interictal jumps and high frequency oscillations (ripples: 80-200 Hz, rapid ripples: 250-500 Hz) in the pilocarpine model of mesial temporal lobe epilepsy. It was determined that the neurosteroid significantly decreased the frequency of interictal spikes and fast ripples in the hippocampal CA3 field when compared to the control group. Others showed the anticonvulsant activity of the neurosteroid which attenuated behavioral and electrographic seizures in a model of status epilepticus despite benzodiazepine resistance (45). Interestingly, hippocampal ALLO concentration was significantly lowered in rats surviving kainate-induced status epilepticus when measured 9 weeks after (46). Human data seem in line with the results observed in rodents. Meletti et al. (38, 47) analyzed ALLO concentrations in samples of cerebrospinal fluid of patients with status epilepticus. There was a significant around 30% decrease in ALLO levels. In 2017, two cases of adults with super-refractory status epilepticus were reported, in whom the introduction of treatment with ALLO (at doses of 5.6 mg/h for 5 days in the form of 120 h continuous infusion) brought positive results (48).



Deoxycorticosterone

The next neurosteroid—DOC is a mineralocorticoid precursor whose anticonvulsant properties are connected with its enzymatic conversion to THDOC. The converted neurosteroid acts as a positive allosteric modulator of GABA-A receptors. It was found that DOC level can change under stress, because its synthesis is controlled by an adrenocorticotropic hormone. The above relationship can be explained by stress-dependent changes in the susceptibility to seizures, which are especially observed in children (49).

Anticonvulsant activity of DOC has been shown below (in the section devoted to the paediatric population). Interestingly, when evaluated in adult rats challenged with gamma-hydroxybutyric acid (a model of generalized absence seizures), THDOC potentiated seizure activity when given systemically or focally into thalamic ventrobasal nucleus (50).



Pregnenolone Sulphate

In the case of pregnenolone sulphate, the available results point to its proconvulsive activity. Maciejak et al. (19) revealed that an increase in the level of pregnenolone sulfate resulted in increased alanine concentration—a precursor of glutamate, which contributes to the development of seizures. A similar effect was obtained by Reddy and Kulkarni (18), who studied the impact of long-term pregnenolone sulphate and DHEAS (both at a dose of 10 mg/kg/day for 4 week) administration on convulsive activity in the mouse pentylenetetrazol model. A clear cut decrease in the seizure threshold was observed. In addition, the authors drew attention to the fact that the long-term administration of DHEAS resulting in the proconvulsive activity was prevented by long-term pretreatment with progesterone (at a dose of 5 mg/kg) or ALLO (at a dose of 0.1 mg/kg) (18).



Ganaxolone

Ganaxolone (3alpha-hydroxy-3beta-methyl-5alpha-pregnan-20-one; GNX) belongs to exogenous neurosteroids, and is the 3beta-methylated exogenous analogue of ALLO. GNX has a mechanism similar to its natural analogue, i.e. it is an allosteric modulator of GABA-A receptors (binds to both synaptic and extrasynaptic GABA-A receptors) (51, 52). In the case of the activation of synaptic GABA-A receptors, whereas the activation of extrasynaptic GABA-A receptors is connected with persistent or tonic inhibition (53). Additionally, it was confirmed that the neurosteroid did not activate classic nuclear progesterone receptors (54).

GNX displays anticonvulsive properties, which was found in many animal seizure models, including limbic seizures in the 6-Hz model, clonic seizures induced by pentylenetetrazol and bicuculline or amygdala-kindled seizures (54). Gasior et al. (55) in their experiments compared the activity of GNX with diazepam and valproate, in which they showed that GNX (effective doses of GNX predicted to protect 50% of the mice in this model [ED50]—3.45 mg/kg against the clonic phase), was the most effective anticonvulsant, because it decreased the convulsive activity (clonic and tonic seizures) and lethal effects of pentylenetetrazol. By comparison, diazepam displayed anticonvulsant activity involving tonic seizures and lethality, and valproate only suppressed the tonic attacks (55). These results were confirmed in behavioral and electrographic seizures in fully amygdala-kindled mice, representing a model of mesial temporal lobe epilepsy (56). Mares and Stehlíková (57) studied the activity of GNX (in 5–40 mg/kg doses) in another model—cortical epileptic afterdischarges. Rats (12, 18, and 25-day-old) were used for this study. The administration of GNX (at 40 mg/kg) inhibited progressive prolongation of cortical epileptic afterdischarges in 25-day-old rats and postponed it in 12-day-old rats. In 18-day-old rats, no significant protective effects of the drug were observed (56). GNX was also evaluated in WAG/Rij rats, a genetic model of absence epilepsy, following intracerebral injections (57). When administered bilaterally into nucleus ventralis posteromedialis, nucleus reticularis thalami, nucleus ventralis posterolateralis (thalamic nuclei), the occurrence of epileptic spike-wave discharges was worsened. However, when microinjected into the peri-oral region of the primary somatosensory cortex, GNX (at doses of 100, 200, 400 pmol and 1 nmol/side) suppressed spike-wave discharges. Practically, ALLO (at doses of 200, 400 pmol and 1 nmol/side) produced a very similar response. The effects of pregenenolone sulphate (at doses of 100, 200, 400 pmol and 1 nmol/side) were dose-dependent—the drug was generally proconvulsant at low doses and anticonvulsant at higher doses when microinjected into thalamic nuclei or somatosensory cortex (58).

GNX (at a dose of 1500 mg/day) has been also studied as an add-on therapy in randomized, placebo-controlled trials involving adult patients with partial onset epilepsy with or without secondary generalization. A Phase II trial was conducted in 147 refractory adults (100 females and 47 males in the age range of 18-69 years) (59). Out of 131 patients who completed the trial, 124 subjects were enrolled into the open-label extension study. The results of the trial were quite encouraging—GNX reduced by 18% mean weekly seizure frequency (vs a 2% enhancement in placebo group). Responder rates were evaluated as a percentage of patients in whom reduction of seizures reached at least 50%. The rates were 26 and 13% in GNX and placebo groups, respectively. A possibility that the observed beneficial results in patients on GNX could be dependent on gender or concomitant medication was excluded. Remarkably, GNX positive efficacy seems to be long-term which can be inferred from the open-label extension (59). Because of the adverse effects (mainly dizziness, fatigue and somnolence), 7% of GNX and 6% of placebo subjects had to discontinue treatment. Thirty six patients in the open-label extension continued GNX treatment for a longer period than one year and the observed adverse effects did not differ from those reported in the Phase II trial (58). Some more results from the open-label extension were published in 2013 (60). Among adverse effects observed in more than 10% of patients, were: headache (21%), convulsion (16%), fatigue (16%), fall (14%), nasopharyngitis (14%), dizziness (13%), contusion (12%), and nasal congestion (10%) (60). Detailed analysis of the results was published in 2017 (61). The authors indicate that generally, the adverse effects in the GNX group were mild to moderate. Among the untoward events leading to discontinuation in patients receiving GNX were: headache, lethargy and in placebo group: postictal psychosis, headache and convulsion. Clinical laboratory tests revealed no major disturbances—only in one patient on GNX mild thrombocytopenia was found which, however, did not result in treatment discontinuation (61).



Minaxolone and Alphaxalone

Other exogenous neurosteroids include minaxolone (2β,3α,5α,11α)-11-(dimethylamino)-2-(ethoxy-3-hydroxypregnan-20-one), and alphaxalone (5α-pregnan-3α-ol-11,20-dione)—compounds whose mechanisms of action are also based on positive interactions at the α1 glycine receptor. However, the respective EC50 values for minaxolone or alphaxalone were roughly 10 times higher compared to GABA-A receptors (62). Both minaxolone and alphaxalone proved to be effective anticonvulsant agents against pentylenetetrazol - and bicuculline-induced convulsions in rodents. In addition, moderate anticonvulsive activity was displayed by the latter in other models, including kindling and electroconvulsions in mice (63). Also, alphaxalone exerted distinct anticonvulsant effects against NMDA-induced convulsions in mice and reduced NMDA-produced mortality (64). This protective activity was shared by other positive modulators of GABA-A receptors—ALLO and androsterone. Interestingly, the ALLO precursor, 5α-pregnane-3,20-dione, was completely ineffective in this respect. However, this neurosteroid has nothing to do with GABA-A receptors (64). Another study, however, found alphaxalone ineffective against pentylenetetrazol-induced seizure activity in mice or amygdala-kindled seizures in rats (65). Aminophylline-induced convulsions in mice were also not affected by the neurosteroid (65). Apart from the evaluation of the anticonvulsant activity of alphaxalone per se, this compound was also combined with a number of AEDs in the maximal electroshock (MES)- and pentylenetetrazol-induced convulsions in mice. First, alphaxalone (at 2.5 mg/kg) was demonstrated to raise the threshold for electronvulsions but in this effective dose it surprisingly reduced the protective activity of valproate against MES and at 2.5-5 mg/kg, alphaxalone also negatively interacted with this AED in pentylenetetrazol-induced seizures. As regards other AEDs, the anticonvulsant activity of carbamazepine, phenobarbital, phenytoin and clonazepam was not modified by the neurosteroid against MES. Similarly, the protective action of clonazepam, ethosuximide and phenobarbital remained unchanged in the presence of alphaxalone. In aminophylline-induced convulsions and amygdala-kindled seizures the protective activity of conventional AEDs (including valproate) was not affected by alphaxalone (65).

Alphaxalone was also tried in a rat model of generalized absence seizures produced by gamma-hydroxybutyric acid (50). Following its systemic or focal administration into thalamic ventrobasal nucleus, an exacerbation of seizures was noted. However, no effect was observed following its administration into thalamic reticular nucleus (50).



Combination of Neurosteroids (Allopregnanolone and Ganaxolone) With Tiagabine or Midazolam

The examined combination of neurosteroids included ALLO and GNX with the GABA-reuptake inhibitor tiagabine or the benzodiazepine derivative - midazolam against tonic inhibition in dentate gyrus granule cells (DGGCs) or in the hippocampal kindling and 6-Hz seizure models (66). The authors provided evidence that combining individual neurosteroids with tiagabine in three standard proportions (1:1, 3:1 and 1:3) showed considerable synergism in their anticonvulsant action, and the pharmacological studies consistently pointed to the combinations’ anticonvulsant effect. Similar results were obtained in the case of neurosteroids combined with midazolam. The combination of tiagabine with GNX at a 1:1 dose ratio exerted the strongest effect. As noted by the authors, the possible mechanism behind this action may result from both the effects on extrasynaptic GABA-A receptors and tiagabine -induced increase in synaptic GABA concentration. In turn, when considering the combination of the neurosteroid with midazolam, such positive effects may be possibly related to their actions at both synaptic and extrasynaptic GABA-A receptors (66). Apart from assessing pharmacokinetic parameters (see below), Zolkowska et al. (67) also evaluated the efficacy of intramuscular ALLO and GNX (each at a dose of 3 mg/kg) in the treatment of status epilepticus induced by tetramethylenedisulfotetramine in mice. The experiments showed that both neurosteroids were effective, however, ALLO displayed slightly greater effectiveness and speed of action, which was probably connected with its greater GABA-ergic potency (67).

There are data on the pharmacokinetic properties of ALLO and GNX (67). Plasma and brain levels of ALLO and GNX were determined in naïve mice at various time points following intramuscular dosing (in both cases at a dose of 3 mg/kg). Maximum concentration values for ALLO and GNX (plasma Cmax) were 645 and 550 ng/mL, respectively. Brain levels rose more slowly and peaked at 10 min in both cases, the respective Cmax values being 845 ng/mL for ALLO and 1239 ng/mL for GNX. On the basis of all pharmacokinetic parameters, it was found that the peak brain concentrations and brain exposure (AUC) for both steroids, was approximately 3-fold the plasma exposure (additionally, GNX was shown to be higher than ALLO). In the first case, the probable cause is the slightly higher hydrophobicity of GNX than ALLO (logP values—5.423 and 5.042, respectively). In the second case, the authors indicate a higher lipophilicity of GNX as a probable cause (log P with 5.3 vs 4.9 for ALLO). Therefore, GNX initially concentrates in the brain to higher levels, being subsequently redistributed to fat tissue. Maintaining a more flatter distribution in the brain is another factor that may be responsible for the higher effectiveness of ALLO. The common feature of both neurosteroids is that both ALLO and GNX were highly bioavailable, indicating that they were almost completely absorbed following intramuscular injection (67).




Neurosteroids and Catamenial Epilepsy

One of the possible causes of refractory epileptic seizures in women might be disturbances in the levels of progesterone and estrogen. These hormones may affect the electrical excitability of neurons and thus the seizure threshold. It was found that in the case of concentration fluctuations during the menstrual cycle, these hormones contributed to seizure exacerbation, called catamenial epilepsy. It is a dominant a type of drug-refractory epilepsy found in women of reproductive age. The fact that the characteristic feature of catamenial epilepsy is increased frequency of seizures at specific and repetitive times in the menstrual cycle serves as confirmation of how important a role is played here by the hormones (68, 69).

It was confirmed that the menstrual cycle had 3 sensitive periods in which increased seizure activity could be observed. Such increased activity usually occurs perimenstrually (C1 pattern), at ovulation (C2 pattern), and during the luteal phase (C3 pattern). The C1 and C3 phases see a drop in progesterone concentration, and the C2 period—a pre-ovulatory surge in estrogen. A decrease in progesterone concentration reduces sensitivity to the inhibitory neurotransmiter—GABA (70). It is suggested that the fluctuations in GABA-A receptor subtypes (especially in extrasynaptic δ-GABA-A receptors) could be of importance as revealed in animal experiments (71, 72). It is suspected that the occurrence of this type of seizures in female patients is usually correlated with the discontinuation of neurosteroids, hence the idea to administer exogenous progesterone during the luteal phase, which is expected to eliminate the risk of a sudden drop in the hormone levels (68). However, the results of various research efforts, including randomised studies, appear to be discordant on that matter (70).

Progesterone is synthesised in the mitochondrial membranes of body cells, and in the cerebral tissue, in several stages, the first of which is homogenous, while the remaining stages can develop in various ways, which are different in the peripheral and central compartments. There is evidence that in the peripheral compartment, the 5 beta reduction pathway predominates, in turn in the central compartment—the 5 alpha pathway which is predominant in rats, monkeys, and humans (73).

At first it was believed that progesterone itself, in its basic form, possessed anticonvulsant properties, yet subsequent studies supported a notion that its anticonvulsant activity was most likely possible through its metabolism to other compounds. In addition, it is a known fact that progesterone and its secondary metabolites ALLO and 5alpha-DHP show anticonvulsant activity (73). Furthermore, this is supported by the fact that progesterone, through its neurosteroid derivative, ALLO, increases GABA-A receptor density in the brain, thus controlling possible seizures.

Animal studies were conducted in which the progesterone metabolism was blocked by finasteride which resulted in suppressing the anticonvulsant properties of this hormone (26).

It is very likely that the progesterone nuclear receptor does not participate in the anticonvulsant mechanism which is supported by double blind, placebo controlled and randomized studies by Dan-Haeri and Richens (74), conducted in a group of patients with catamenial exacerbation. The authors examined norethisterone—a compound which is similar to progesterone but has a stronger affinity to the progesterone nuclear receptor when compared to progesterone. However, these studies did not provide the primarily expected results, as it turned out that norethisterone did not possess anticonvulsant effects (74).

There is also a case of a woman with catamenial epilepsy, involving intractable complex partial and secondary generalized seizures and accompanying hormonal disorders, in whom seizure control could not be achieved, despite the administering of various AEDs, including barbiturates, carbamazepine, phenytoin and valproate. It was progesterone therapy which brought the expected therapeutic results, but only to the point at which the dermatologist ordered the treatment with finasteride (in view of the rapidly progressive male-pattern baldness). The additional therapy resulted in the recurrence of seizures, despite continued progesterone treatment, which again might suggest it is not the hormone which has anticonvulsant properties, but its metabolites are in fact anticonvulsant (75).

Herzog et al. (76, 77) conducted a randomized, double-blind, placebo-controlled, phase III, multicenter, NIH Progesterone Trial in which they examined the efficacy of adjunctive cyclic natural progesterone therapy in a group of almost 300 women who had been diagnosed with intractable partial seizures, with or without catamenial exacerbation. The patients in the study group were given progesterone at a dose of 200 mg 3 times a day for 12 months (from the 14th to the 25th day of each menstrual cycle). The dose was gradually reduced in the subsequent 3 days. The experiments showed that progesterone could be a very beneficial solution for women with perimenstrually exacerbated seizures; however, in the case of women with intractable partial epilepsy, cyclic progesterone is ineffective (76, 77).

A smaller study was conducted in 36 women with catamenial epilepsy—the patients experienced seizure activity throughout the second half of the menstrual cycle, accompanied by low serum concentrations of progesterone (78). Progesterone was administered at a daily dose of 50 mg starting from the day 16th and ending on day 25th of each cycle. The results were encouraging. There was a 55.9% decline in the seizure frequency (primary and secondary generalized seizures) and a 63.1% decline in the partial seizure frequency—no improvement was evident in 5 patients (78).

The case is more difficult to prove with estrogen, because this hormone displays both pro- (79–81) and anticonvulsant properties (82), its mechanisms of actions being not fully understood. It is suspected that estrogen works through intracellular estrogen receptors, ER-alpha and ER-beta, which are found in nuclei of some neurons, e.g. in the hippocampus. Despite the fact that they are not very numerous when it comes to this structure, they seem to have a strong influence on the formation of synapses by neurons that do not have high levels of nuclear estrogen receptors. It was observed that non-nuclear estrogen receptors can occur outside of the cellular nuclei in dendrites, presynaptic terminals, and glial cells, where estrogen receptors can connect to second messenger systems to regulate various cellular events and signals to the nucleus through transcriptional regulators such as CREB (83). A different research group suggested that estradiol affected the hippocampal dendritic spine density through the activation of specific NMDA receptors (80). Smejkalova and Woolley (81), in turn, demonstrated that the hormone potentiated excitatory neurotransmission through a presynaptic mechanism via increased glutamate release. Studies are available in which the authors point to antiepileptic, and even neuroprotective, effects of estrogen. The hormone decreases neuronal death during seizures through up-regulation of the prosurvival molecule—Bcl-2, anti-oxidant potential as well as protection of NPY interneurons (82). In addition, it was demonstrated that the examined steroids caused “the induction of dendritic spine proliferation on serotonin neurons thus thawing a profound effect on serotonergic transmission” by the activation of 5-HT3 and 5-HT1A receptors (82).

It is possible that androgens also display a bimodal character. Animal studies have shown that testosterone can cause convulsive episodes to be aggravated, but, on the other hand, it was demonstrated to possess anticonvulsant properties which was connected with its transformation to various metabolites. The first case is a testosterone metabolism to 5α-DHT by 5α-reductase, which is then reduced by 3α-hydroxysteroid oxidoreductase enzyme resulting in the synthesis of anticonvulsant metabolite 3α-androstanediol, a potent GABA-A receptor modulating neurosteroid (84). In the second case, reduction of testosterone by aromatase generates proconvulsant 17-β estradiol (84, 85). Tutka et al. (86), in their experiments, assessed the effects of androsterone on the anticonvulsant properties of AEDs against MES-induced convulsions in mice. It was shown that androsterone, when administered alone (80 mg/kg), elevated the seizure threshold. This was not observed at lower doses (5-40 mg/kg). When combined with AEDs, androsterone (at 40 mg/kg) significantly enhanced the anticonvulsant activity of phenobarbital, gabapentin and carbamazepine, but it did not affect the protective activity of phenytoin, lamotrigine, oxcarbazepine, topiramate, or valproate. The observed lack of androsterone’s effect on the brain total concentration of AEDs suggests that the positive effect of this neurosteroid was not connected with pharmacokinetic interactions (86). Effects of neurosteroids on seizure susceptibility have been summarized in Table 1.


Table 1 | Neurosteroids—mechanisms of action and effects on seizure activity.





Neurosteroids and Seizure Activity In The Pediatric Population (Human And Animal Data)

Epilepsy in children is a crucial problem, because its prevalence is greater than epilepsy in the adult population. This is associated with the increased susceptibility of immature cerebral tissue to spontaneous neuronal discharges. Due to the high risk of irreversible pathological changes, it is recommended to commence treatment as soon as possible. In addition, it has been shown that not only is an early start important, but also the appropriate type of treatment administered. The authors have proved that the introduction of the wrong AED therapy in the first line of treatment has long-term effects, including the reduction of the effectiveness of subsequent treatment courses with the appropriately selected AEDs (89). The treatment of neonates has proved to be extremely challenging, because epileptic seizures occurring in this group of patients are usually refractory to standard pharmacological treatment. There are cases in which AED administration can even aggravate the seizures (90). Consequently, there is a huge need to introduce new therapies which can be used in the youngest epilepsy patients.

Although ALLO possesses anticonvulsant properties, it is uncertain what effects it would display in children with epilepsy. With paediatric patients it should be borne in mind that GABA may become a depolarizing neurotransmitter in the brain, and GABAergic inhibition can be a result of both membrane hyperpolarization and a stimulus. In such a case GABA can act as both a stimulatory and an inhibitory neurotransmitter in an immature brain (91, 92).

The stimulating nature of GABAergic neurotransmission in the neonatal period can stem from, on the one hand, an increase in the level of Na+–K+–2Cl− co-transporter (importing Cl− inside the cell—NKCC1), and, on the other, a decrease in the level of K+–Cl− co-transporter 2 (mediating Cl− transport out of the cell, KCC2). As a result, a high level of chloride ions is noted inside a cell (93). The researchers are of opinion that the activity of NKCC1 was high in the hippocampal and cortical neurons, especially in the first week of life, in both rats and humans, and it gradually decreased with time which was particularly apparent from the 14th day of life (94, 95). It is believed that this is connected with the depolarizing to hyperpolarizing shift of GABA receptors, which starts around the 8-10th day of life and ends on the 14th day. This was proven in experiments on rat CA3 hippocampal pyramidal cells (94, 96). Kolbaev et al. (97) in their in vivo studies on the CA3 region of hippocampal slices from immature (postnatal day 4-7) rats, showed that synaptic GABAergic neurotransmission suppressed epileptic discharges, and, in turn, strengthened extrasynaptic GABAergic drive caused epileptiform activity. It is also important to note that δ-subunit expressing GABA-A receptors which participates in extrasynaptic GABAergic transmission, can be a potential target of neurosteroids, which was confirmed in a mouse model (98). Therefore, it is important to study the effects of ALLO on neuronal excitability in an immature brain. There are studies which show the anticonvulsant effect of ALLO in an immature brain. Sharopov et al. (99) examined the impact of ALLO on epileptiform activity in an in-toto hippocampus preparation of early postnatal mice (postnatal days 4-7). It was found that the neurosteroid, through a positive modulation of GABA-A receptors, did not show any impact on ictal-like epileptiform activity, however, an increase in interictal epileptiform events was observed. Additionally, based on studies using a patch-clamp, it was determined that ALLO prolonged the decay of GABAergic postsynaptic currents, but did not result in changes in the case of tonic GABAergic currents, which could result in an increase in the neuronal excitability of an immature brain (99).On the other hand, in the case of in vivo studies, results by Dhir and Chopra (13) should be taken into consideration. They examined the effects of a ALLO in 9-day-old rat neonates against seizures induced by kainic acid, pentylenetetrazol or 4-aminopyridine. Treatment with ALLO (5 and 10 mg/kg) delayed the occurrence of status epilepticus, but did not impact on the myoclonic jerks or the mortality rate in the kainic acid group. In the case of convulsions evoked by 4-aminopyridine, neurosteroid treatment—only at a higher dose of 10 mg/kg—contributed only to a delay in seizure activity. ALLO treatment (at 5 mg/kg) in the pentylenetetrazol group, resulted in the protection of rat neonates against seizures and death (13). Another research group evaluated the impact of neurosteroids (ALLO—at doses of 20, 30 and 40 mg/kg, pregnanolone and triethylammonium 3alpha-hydroxy-20-oxo-5alpha-pregnan-21-yl hydrogensuccinate (THDOC-conjugate—at 20 and 40 mg/kg) on rat neonates in 3 age groups: 12-, 18- and 25-day-old rats (in the case of ALLO treatment) and in two age groups: 12- and 25-day-old rats (in the case of other neurosteroids). Convulsions were induced through electrical stimulation using intracerebral electrodes. The experiments showed that all neurosteroids displayed anticonvulsant properties (the strongest effect was observed with pregnanolone) in 12-day-old rats, but only a tendency in 25-day-old ones. In turn, in the case of ALLO, no such tendency was observed in 18-day-old rats (100). Subsequent studies also assessed the effects of ALLO (at doses of 5 – 40 mg/kg) on convulsive activity in the pentylenetetrazol model, but this time the treatment involved 7-, 12-, 18-, 25- or 90-day-old rats (100). Similarly to the previous experiments, the neurosteroid supressed generalized tonic-clonic and minimal clonic seizures, in particular in the 12-day-old rat study group. The weakest anticonvulsant effect was, in turn, observed in the 90-day-old rat study group. The above results can be explained by the fact that the effects of ALLO lasted longer in young, than in adult rats (101). Other studies, also conducted by the same research team, evaluated the anticonvulsant properties of an analogue of ALLO—3alpha-hydroxy-21xi,22-oxido-21-homo-5alpha-pregnan-20-on (at 40 mg/kg) and GNX (at 60 mg/kg) in a group of 12- and 25-day-old rat neonates against pentylenetetrazol-induced convulsions. A similar activity by both neurosteroids was found, but a more-favourable result was observed in younger rats (102). Based on the above studies it can be concluded that neurosteroids are the most effective when used in 12-day-old rat neonates, which the authors explain by the increased sensitivity towards the anticonvulsant potential of neurosteroids in younger rats (100). It is worth noting that, despite the positive effects of neurosteroids in rat neonates, one-week-old animals were excluded from the above studies while their brains roughly resemble those of pre-term children (103). In the case of preterms, it is worth stressing that they are particularly prone to CNS disorders. The high concentration of neurosteroids in advanced pregnancy protects the fetal brain against hypoxia and supports the normal development of CNS. When the ALLO level decreases, it brings about overexcitability in the neurons and increases the risk of brain damage secondary to hypoxia. Following birth (both normal and preterm) the neurosteroid level is found to be lower, which is particularly unfavourable for a preterm (104).

Age-dependent effect was also evident for DOC which exhibited clear cut anticonvulsant effects in neonatal, infant, weanling and juvenile rats against PTZ-induced convulsions (87). DOC at low dose (10 mg/kg) lost its protective effect and its anticonvulsant activity after a high sedating dose (40 mg/kg) was significantly reduced after puberty (87). Further experiments provided evidence that this neurosteroid was effective against MES (87, 88) and hippocampal kindling in 15-day-old rats, too. Much higher doses of DOC were required for adult rodents (88). Interestingly, the anticonvulsant efficacy of DOC against PTZ was significantly reduced by finasteride, indicating that the neurosteroid acts via its metabolites, dehydrodeoxycorticosterone and THDOC (105). Actually, these metabolites were found effective against PTZ-induced convulsions in infant (15-day-old) rats (105).

Kaciński et al. (43) assessed the effects of ALLO on pseudoseizures in children. The children were divided into 3 groups: (I) children with pseudoseizures without treatment with AEDs; (II) children with pseudoseizures and treated with AEDs; (III) children without pseudoseizure attacks and no treatment with AEDs. The results showed no significant changes in ALLO levels, both before and after provoking pseudoseizures by placebo. It might point to the fact that during pseudoseizure attacks, in contrast to epileptic seizures, endogenous anticonvulsant and anxiolytic neurosteroid levels do not increase. In addition, the authors noted that the low ALLO level can intensify the stress response and contribute to the occurrence of pseudoseizures (43). Broomall et al. (106) were the first to describe two children with super-refractory status epilepticus. This disorder is characterized by resistance to benzodiazepine and barbiturate treatment, which is most probably connected to the internalization of synaptic GABA-A receptors. ALLO was used, and it made it possible to discontinue general anesthetic infusions (106). In their studies, Grosso et al. (107), suggest that circulating ALLO significantly increases in the post-ictal phase. They found no significant differences in the post ictal serum ALLO between patients with partial seizures and those with generalized seizures. They included three groups of subjects in the study. Group 1 consisted of 18 children affected by complex partial seizures. Group 2 consisted of 11 children presenting with generalized epilepsy. Group 3 consisted of 20 healthy age-matched subjects. Serum ALLO levels were assayed in the inter-ictal phase and within 30 min after an epileptic event (107). A possibility exists that a reduced blood ALLO concentration may be causally related to pathophysiology of protocadherin 19 female limited epilepsy (PCDH19-FE) which is actually a clear cut infantile onset syndrome with autism and intellectual disability in some cases. Genes, encoding enzymes involved in the metabolism of steroid hormones, were evaluated in transcriptomes of primary skin fibroblasts. Out of the AKR1C1-3 genes, significant changes were found in AKR1C3 in terms of reduced mRNA and protein concentrations in PCDH19-FE patients (108). Obviously, the reduced blood concentration of ALLO followed in these patients which could be responsible for the development of PCDH19-FE (108). Further studies on PCDH19-FE patients confirmed the earlier findings of Tan et al. (108), showing that the serum concentration of ALLO was significantly reduced not only in baseline but after stimulation with ACTH as well (109). Strikingly, the synthesis of pregnenolone sulphate was even more reduced than that of ALLO so a hypothesis that seizures could be generated by an assumed imbalance in the ALLO/pregnenolone sulphate ratio proved unlikely (109).

One of the first studies to evaluate the effect of GNX on convulsive activity in the paediatric population was conducted approximately 20 years ago. Kerrigan et al. (110) examined this neurosteroid in the population of children with refractory infantile spasms, or with continuing seizures following a prior history of infantile spasms (aged 7 months to 7 years). It was determined that GNX reduced the number and frequency of seizures from 25% to > 50%. In turn, Pieribone et al. (111) evaluated the anticonvulsive effects of GNX in children (aged 5-15) with highly refractory focal and generalized crypto-symptomatic epilepsy. The results confirmed that the neurosteroid produced anticonvulsive effects. In some patients, adverse events were observed; however, all of them were described as mild to moderate. Yawno et al. (112) suggested that GNX should also be administered in the case of convulsions in neonates and preterms. The author draws attention to the fact that the drug, on one hand, is very safe, because most probably it produces no negative effects on the neonates’ brains, and, on the other, it can prevent or considerably reduce the prevalence of permanent damage resulting from hypoxia, preterm birth, or epilepsy (112). Clinical research has been presented in Table 2.


Table 2 | Neurosteroids—clinical research.





Conclusions

It is evident that endogenous and exogenous neurosteroids may exert anti- or proconvulsant activity. As already indicated above, the anticonvulsant activity is associated with the positive modulation of GABA-A receptors and by the way, some anticonvulsant neurosteroids were documented to inhibit aspartate release from rat hippocampal slices (64). The anticonvulsant neurosteroids comprise for instance: androsterone, progesterone, ALLO, alphaxalone, GNX. In contrast, proconvulsant neurosteroids (pregnenolone sulfate or DHEAS) negatively modulate the function of GABA-A receptor complex. Modulation of seizure activity may be also associated with sigma receptors as a sigma receptor antagonist, rimcazole, lowered the convulsive threshold on one hand, but on the other, it potentiated the anticonvulsive activity of phenobarbital and valproate against MES in mice (113). When considering anticonvulsant effects of neurosteroids, progesterone block of voltage-operated calcium channels may be of importance as many agents expressing this mechanism of action express anticonvulsant activity (114). Modulation of seizures via glycine 1 receptors seems rather unlikely in vivo due to the relatively weak binding of neurosteroids to these receptors. A completely different situation may be encountered in absence seizures as revealed from WAG/Rij rats. The observed worsening of absence seizures in 6-month-old WAG/Rij rats may be associated with the up-regulation of thalamic α-4 and δ GABA-A receptor subunits which probably leads to an enhanced GABA-ergic inhibition of thalamic relay neurons (115).

Because intractable seizures generally require adjuvant treatments, interactions of neurosteroids with AEDs are of particular importance. Preclinical data point to the beneficial effects of androsterone when combined with carbamazepine, gabapentin and phenobarbital (86). Also, combinations of ALLO and GNX with tiagabine or midazolam were found highly effective against hippocampal kindling and 6 Hz-induced convulsions in mice (66). The results concerning alphaxalone are not that encouraging as this neurosteroid diminished the anticonvulsant activity of valproate against MES or pentylenetetrazol in mice. Unexpectedly, the total brain concentration of valproate was elevated by alphaxalone (65).

Clinical data are generally positive, pointing to progesterone as an effective drug against catamenial epilepsy (76–78). Nevertheless, the hormone is ineffective as regards intractable partial seizures in women (76). A very promising AED, GNX, has entered phase III study (116). It has shown a considerable efficacy as an adjuvant against infantile spasms (110), highly refractory epilepsy in children (111) and possibly ganaxolone will prove effective for the management of neonatal seizures following hypoxic injury (112). Positive results are also available from a trial conducted on adult patients with partial epilepsy (59–61).

Using neurosteroids in the paediatric population deserves special attention, especially in the period of the last semester of gestation up till the first several years after birth. This is actually the period of the intensive synaptogenesis (117). Experimental data obtained from immature animals clearly indicate the drugs enhancing GABA-mediated inhibition can induce massive neuronal apoptosis similarly to alcohol which is known to cause fetal alcohol syndrome (117).Whether neurosteroids via GABA-mediated events may cause remote clinical problems in the paediatric population due to the enhanced apoptosis is at present not known.
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Aging in women is associated with low estrogen, but also with cognitive decline and affective disorders. Whether low estrogen is causally responsible for these behavioral symptoms is not clear. Thus, we aimed to examine the role of estradiol in anxiety-like behavior and memory in rats at middle age. Twelve-month old female rats underwent ovariectomy (OVX) or were treated with 1 mg/kg of letrozole—an aromatase inhibitor. In half of the OVX females, 10 μg/kg of 17β-estradiol was supplemented daily for 4 weeks. Vehicle-treated sham-operated and OVX females served as controls. For behavioral assessment open field, elevated plus maze and novel object recognition tests were performed. Interaction between ovarian condition and additional treatment had the main effect on anxiety-like behavior of rats in the open field test. In comparison to control females, OVX females entered less frequently into the center zone of the open field (p < 0.01) and showed lower novel object discrimination (p = 0.05). However, estradiol-supplemented OVX rats had higher number of center-zone entries (p < 0.01), spent more time in the center zone (p < 0.05), and showed lower thigmotaxis (p < 0.01) when compared to OVX group. None of the hormonal manipulations affected anxiety-like behavior in the elevated plus maze test significantly, but a mild effect of interaction between ovarian condition and treatment was shown (p = 0.05). In conclusion, ovariectomy had slight negative effect on open-field ambulation and short-term recognition memory in middle-aged rats. In addition, a test-specific anxiolytic effect of estradiol supplementation was found. In contrast, letrozole treatment neither affected anxiety-like behavior nor memory.

Keywords: exploration, gonadectomy, masculinization, mood disorders, senescence


INTRODUCTION

Post-menopause is a life period in women accompanied by reproductive senescence, including decline in ovarian sex hormones (1). Besides physical changes (2), there are many mental and psychological disorders related to post-menopausal syndrome, such as depression, anxiety or dementia (3–6). The underlying mechanism of age-related cognitive decline and anxiety is unclear, but the role of estrogen loss is considered (7–10). However, most of the post-menopausal symptoms may result from the aging process as well as from loss in ovarian endocrine function (11). To analyze the causal effect of menopause-related decline in sex hormone production, further experimental studies are needed.

In animal experiments, the bilateral removal of ovaries—ovariectomy—is the most used tool to mirror the post-menopausal state of women (12). It has been shown that ovariectomy causes impaired learning and memory indicated by longer latency time to find a platform and less time spent in the target zone in the Morris water maze, and by lower recognition index in the novel object recognition and object placement tasks (13–16). Similarly, there are numerous data showing anxiogenic effect of ovariectomy in several tests, such as open field, elevated plus maze or light-dark box (16–20). On the other hand, estradiol replacement in the surgical model of menopause may improve cognitive functions and decrease anxiety-like behavior in rodents (14, 21–31).

Inhibition of aromatase leads to decreased estrogen production as well, while it increases gonadotropin releasing hormone or luteinizing hormone, and causes hyperandrogenism (32–34). Animal studies using pharmacological aromatase inhibitors - e.g., letrozole, and aromatase knock-out mice have suggested that aromatase has a role in cognitive functions (35). Neurobehavioral studies have found that aromatase inhibition may result in decreased spine and synaptic density in forebrain, impaired spatial memory, recognition memory, and contextual fear memory (36, 37). On the contrary, letrozole treatment in middle-aged females may increase neurogenesis in the hippocampus (38). Although letrozole might be efficient for treatment of infertility at reproductive age, e.g., in women with polycystic ovary syndrome (39), its most common clinical application is in postmenopausal women suffering from breast cancer (40).

Natural menopause in women occurs typically at midlife, i.e., 50 years (41). Therefore, studies performed in middle-aged rats are valuable and important for understanding the causal relationship between estrogen deficiency and psychological features of post-menopausal syndrome. Although there are published studies on the effect of ovariectomy (29, 30, 42–44) and estradiol treatment (21–23, 25, 29, 31) on memory and anxiety-like behavior in middle-aged (~12-month old) and old rodents (>18-month old), studies on such behavioral effects of letrozole treatment are rare (45).

In this study, we consider that ovariectomy is accompanied by decreased production of ovarian sex hormones including androgens, while inhibited aromatization of testosterone may lead to its excess. Thus, our main goal was to compare and explore the causal effect of both, surgical and pharmacological inhibition of estrogen production on anxiety-like behavior and memory in middle-aged rats. We hypothesized that if estrogen deficiency is the main cause of cognitive dysfunction and anxiety in middle-aged females, both ovariectomy and letrozole-treatment will impair memory and induce higher anxiety-like behavior in comparison to controls. In addition, we aimed to examine whether estradiol supplementation may improve memory and attenuate anxiety in middle-aged ovariectomized female rats.



METHODS


Animals

Female Wistar rats (n = 42, 12-month old, weighing 362 ± 52 g) were used in the experiment. Twelve-weeks old animals were purchased from Velaz (Prague, Czech Republic), and maintained under standard conditions (temperature 25 ± 2°C and humidity 55 ± 10%) with a 12:12 light-dark cycle, and housed in groups, 4-5 per cage (w:38 × l:60 × h:20 cm). Except the duration of behavioral testing, animals had ad libitum access to food and water. The experiment was approved by the local Ethics committee and performed according to the Slovak legislation.



Ovariectomy

Twelve-months old female rats underwent either ovariectomy (OVX, n = 21) or sham surgery (F, n = 21). The procedures were performed under general anesthesia using intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). A single ventral transverse incision of 1–1.5 cm was made at the middle abdominal region. The uterine horns and vessels were ligated on both sides, the ovaries were cut, and the remaining tissue was placed back into the abdominal cavity. The muscle and skin layers were sutured with absorbable silk (size 4-0).



Hormonal Treatment

Five weeks after surgery, females were randomly divided into several treatment groups. For 4 weeks, sham-operated females were treated with an aromatase inhibitor, letrozole, in a dose of 1 mg/kg (Sigma-Aldrich, Darmstadt, Germany; F+LET, n = 11), and OVX females with 17β-estradiol in a dose of 10 μg/kg (Sigma-Aldrich, Darmstadt, Germany; OVX+E, n = 11). Vehicle-treated F and OVX groups received olive oil in a volume of 1 ml/kg (Olivae Oleum Raffinatum, Galvex, Banská Bystrica, Slovak Republic). The treatments were administered once daily, between 3 and 5 p.m., by subcutaneous injection.



Behavioral Testing

During the last week of treatment, the animals were tested for locomotor activity, anxiety-like behavior and memory using a battery of behavioral tests. The behavioral phenotyping of rats was carried out in three consecutive days (one test per day), between 8 and 12 a.m., in the fixed order from the least to the most stressful, i.e., open field, novel object recognition, and elevated plus maze test. Each test was recorded using a camcorder placed above the apparatus in the middle of the testing room. All observed parameters were analyzed using the image and video processing system EthoVision XT 10.0 (Noldus Information Technology, Wageningen, Netherlands).


Open Field Test

Open field test was performed to assess locomotor activity and anxiety-like behavior of animals. A square shaped (100 × 100 cm) apparatus was used, virtually divided into a center (40 × 40 cm) and border zone, which was slightly illuminated with white light (25 lx). Animals were placed individually into the center zone, and were allowed to freely explore the arena for 5 min. Time spent in and number of entries into the center zone, as well as distance to the wall indicating thigmotaxis was monitored as indexes of anxiety-like behavior.



Novel Object Recognition Test

The novel object recognition test was conducted in the familiar apparatus and under the same condition as the open field test. During the training phase, the animals were exposed to two identical objects (two green plastic or two transparent glass bottles) for 5 min. Total time of interactions with any of the objects was analyzed to assess explorative behavior. One hour later, one of the two objects was swapped for a novel object with a different shape, material and color as the familiar one, and the animals were returned into the arena for another 5 min. To avoid any preference of side or features, the objects (green plastic/transparent glass bottle) were randomly selected as familiar or novel, as well as the position of the novel object in left or right side was systematically altered between the trials. To assess memory, novel-object discrimination was calculated as following: interaction with novel object/(interaction with novel + familiar object)*100. The animals were excluded from analysis, if the object exploration during the training and/or during the testing was below 5% (<15 s from 5 min).



Elevated Plus Maze Test

A plus-shape apparatus elevated to a height of 60 cm above the floor was used to assess anxiety-like behavior. The arena consisted of two opposite open with 100–110 lx illumination and two opposite closed arms with 3–5 lx illumination, extending from central platform. Animals were placed onto the central platform facing to an open arm, and allowed to explore the maze for 5 min. The open-arm preference was evaluated as the number of entries into [open-arm entries/total entries] and time spent in the open arms [time on open arms/(time in open + closed arms)] relative to entries and time in any of the arms.




Uterus Weight and Testosterone Concentration

To verify the effect of surgery and hormonal replacement, uterus weight and testosterone concentration were assessed. At sacrifice of the animals, blood was taken from abdominal aorta and the uterus was dissected. Uterus weight was measured on an analytic scale, and adjusted to body weight (46). Blood samples were centrifuged at 2,400g for 5 min, and plasma samples were stored at −20°C until analysis. The concentration of testosterone in plasma was measured using a commercial ELISA kit (DRG Diagnostic, Marburg, Germany) with 0.029 nmol/L analytical sensitivity, and <5% inter- and intra-assay coefficients of variations.



Statistical Analysis

For statistical analysis GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA) was used. Data were analyzed using two-way ANOVA – one factor being ovarian condition (sham, OVX) and the other factor being additional treatment (control, letrozole in sham groups or estradiol in OVX group). Bonferroni multiple comparison post hoc test was used to compare mean of each group with means of every other groups. P-values have been adjusted to account for multiple comparison bias. Differences were considered statistically significant when p < 0.05. Data are shown as mean plus standard deviation (SD).




RESULTS

To confirm the endocrine changes induced by ovariectomy, estradiol supplementation and letrozole treatment, uterus weight and plasma testosterone were measured. There was a main effect of ovarian condition [F(1, 37) = 17.0, p < 0.001], a main effect of treatment [F(1, 37) = 40.7, p < 0.001] and a significant interaction between these two factors [F(1, 37) = 153, p < 0.001] on uterus weight (Figure 1A). In comparison to the F group, the weight of the uterus was significantly lower in OVX (p < 0.001) as well as in F + LET group (p < 0.001). OVX + E females had a higher uterus weight when compared to OVX group (p < 0.001), F group (p < 0.001) or F + LET group (p < 0.001).


[image: Figure 1]
FIGURE 1. Uterus weight adjusted to body weight (A) and testosterone concentration in plasma (B). Data are presented as mean + SD. ***p < 0.001 in comparison to F group, $$$p < 0.001 in comparison to F + LET group, ###p < 0.001 in comparison to OVX group; n = 9–11/group; F, females; F + LET, letrozole-treated females; OVX, ovariectomized females; OVX + E, estradiol-treated ovariectomized females.


A main effect of ovarian condition [F(1, 36) = 98.1, p < 0.001], a main effect of treatment [F(1, 36) = 11.1, p < 0.01], and a significant interaction between ovarian and treatment condition [F(1, 36) = 10.2, p < 0.01] was observed also on concentration of testosterone (Figure 1B). Both, the OVX (p < 0.001) and OVX + E groups (p < 0.001) had lower, while F + LET group had higher (p < 0.001) concentration of testosterone in comparison to control F group. The F + LET group had higher testosterone than OVX (p < 0.001) and OVX + E group (p < 0.001). OVX + E did not differ from OVX in testosterone concentration (p > 0.99).

A significant interaction between ovarian condition and treatment was found [F(1, 37) = 18.5, p < 0.001], but neither ovarian condition [F1, 37=1.03, p = 0.32] nor treatment [F(1, 37) = 1.41, p = 0.24] had a main effect on the number of entries into the center zone in the open field test (Figure 2A). OVX group entered less frequently into the center zone than F group (p < 0.01). The number of entries was higher in OVX + E when compared to OVX (p < 0.01). F + LET (p = 0.19) and OVX + E (p > 0.99) groups were comparable to F. In addition, the F + LET group neither differed from OVX group (p = 0.80) in center-zone entries.


[image: Figure 2]
FIGURE 2. Anxiety-like behavior assessed in the open field test by number of entries into the center zone (A), time spent in the center zone (B), and mean distance to the walls (C). Data are presented as mean + SD. **p < 0.01 in comparison to F group, ##p < 0.01 and #p < 0.05 in comparison to OVX group; n = 9–11/group; F, females; F + LET, letrozole-treated females; OVX, ovariectomized females; OVX + E, estradiol-treated ovariectomized females.


On anxiety-like behavior assessed by time spent in the center zone in the open field test (Figure 2B), a significant main effect of treatment [F(1, 37) = 5.02, p < 0.05], and a significant interaction between ovarian condition and treatment [F(1, 37) = 4.60, p < 0.05] was found, while no effect of ovarian condition alone was observed [F(1, 37) = 2.60, p = 0.12]. OVX + E group spent more time in the center zone in comparison to the OVX group (p < 0.05), F group (p = 0.05) and F + LET group (p = 0.06). Neither OVX (p > 0.99) nor F+LET (p > 0.99) groups differ from F. In addition, the OVX group was comparable to F + LET group (p > 0.99).

There was a main effect of treatment [F(1, 37) = 5.37, p < 0.05], and a significant interaction between ovarian condition and treatment [F(1, 37) = 7.02, p < 0.05], but no effect of ovarian condition [F(1, 37) = 0.04, p = 0.84] on thigmotaxis assessed by distance to the walls during the open-field exploration (Figure 2C). Animals in OVX + E group explored the arena farther from the walls in comparison to the animals in OVX group (p < 0.01). No other differences were found between the groups (OVX vs. F: p = 0.62; F + LET vs. F: p > 0.99; OVX + E vs. F: p = 0.47; F + LET vs. OVX: p = 0.90; OVX + E vs. F + LET: p = 0.26).

In the elevated plus maze test, no significant main effect of ovarian condition [F(1, 37) = 2.41, p = 0.13] or treatment [F(1, 37) = 0.87, p = 0.36], and a statistically non-significant interaction between ovarian condition and treatment [F(1, 37) = 3.94, p = 0.05] was found on the number of entries onto the open arms (Figure 3A). Similarly, neither ovarian condition [F(1, 38) = 2.13, p = 0.15], nor treatment [F(1, 38) = 0.52, p = 0.47], nor interaction between these two factors [F(1, 38) = 1.27, p = 0.27] affected anxiety-like behavior assessed by time spent on the open arms (Figure 3B).


[image: Figure 3]
FIGURE 3. Anxiety-like behavior assessed in the elevated plus maze test by number of entries onto the open arms (A) and time spent on the open arms (B). These parameters are expressed as percentage of total entries made into or time spent in the closed + open arms, respectively. Dashed line indicates equal frequency and time exploring open and closed arms. Data are presented as mean + SD. n = 10–11/group; F, females; F + LET, letrozole-treated females; OVX, ovariectomized females; OVX + E, estradiol-treated ovariectomized females.


In the training phase of the novel object recognition test (Figure 4A), no effect of ovarian condition [F(1, 29) = 2.69, p = 0.11] or treatment [F(1, 29) = 2.67, p = 0.11], and neither a significant interaction between these two factors [F(1, 29) = 0.07, p = 0.80] was shown, while some animals had to been excluded from analysis (n = 5 in F + LET group and n = 4 in OVX group) due to a low object-exploration time. To assess short-term recognition memory, we analyzed novel-object discrimination in the testing phase of the novel object recognition test (Figure 4B). Animals exploring the objects for <15 s during the training and/or in testing phase have been excluded from analysis (n = 1 in F, n = 5 in F + LET, n = 4 OVX, n = 1 OVX + E). There was a significant main effect of ovarian condition [F(1, 27) = 5.40, p < 0.05], but no significant effect of treatment [F(1, 27) = 0.24, p = 0.63] or an interaction between ovarian condition and treatment [F1, 27 = 1.09, p = 0.30] on novel object discrimination. Based on the post-hoc test, the OVX group (p = 0.05) exhibited lower discrimination of the novel object when compared to F group.


[image: Figure 4]
FIGURE 4. Exploratory behavior assessed by total time spent exploring the objects during the training period (A) and recognition memory assessed by novel-object discrimination during the testing period in the novel object recognition test (B). Novel-object discrimination is expressed as percentage of total time spent exploring the novel and familiar objects. Dashed line indicates equal time spent exploring novel and familiar objects. Data are presented as mean + SD. n = 6–11/group; F, females; F + LET, letrozole-treated females; OVX, ovariectomized females; OVX + E, estradiol-treated ovariectomized females.




DISCUSSION

In this experiment, ovariectomy in middle-aged females had a slight effect on open-field ambulation and on recognition memory. On the contrary, letrozole treatment had no effect either on anxiety-like behavior or memory in females. Estradiol supplementation in OVX females had test-specific anxiolytic effect in the open field test, but no effect on memory in the novel object recognition task.

There is some evidence indicating that ovariectomy in young-adult females has anxiogenic effect (16–20). However, there is little data on the effect of ovariectomy on anxiety in middle-aged rats (44). Extensive research has been dedicated to examine anxiolytic effect of estradiol in young-adult OVX females (27, 47–52), while only few studies are available on the effect of estradiol on anxiety-like behavior in aged OVX (21) or gonadally intact females (53). Recently, lower anxiety-like behavior was found in 16–18-months old OVX females when compared to the intact counterparts 14 weeks after ovariectomy in elevated plus maze and light-dark box test (44). On the contrary, we found only a mild effect of ovariectomy on anxiety-like behavior in 12-month-old females in open field or in elevated plus maze test assessed 8 weeks after surgery. The differences might be caused by different age and/or length of ovarian hormone deficiency (54, 55). In our experiment, lower number of entries into the center zone was observed in OVX females when compared to the sham-operated F group, while these two groups were comparable in time spent in the center zone or in distance to walls during the open-field ambulation. However, OVX + E group entered more frequently and also spent more time in the center zone, as well as showed lower thigmotaxis in comparison to OVX females. It is possible that ovariectomy decreases exploratory behavior (13) without any effect on anxiety-like behavior in the open field, while estradiol treatment in OVX females may rescue this impairment in exploration and may decrease anxiety-like behavior as well (21). These results indicate differences in molecular mechanisms of endogenous and exogenous estrogens (28). On the other hand, estradiol treatment did not affect anxiety-like behavior of OVX rats in the elevated plus maze test. The time period between ovariectomy and hormone replacement (21), as well as the length of estradiol treatment (56) are crucial factors modulating anxiolytic effect of estradiol. Hormonal changes may down- or up-regulate the expression of specific estrogen receptor subtypes, which mediate either anxiogenic or anxiolytic effect (57). Thus, the age- and ovariectomy-related changes in expression pattern of estrogen receptors, and the sensitive time-window for estrogen action in different brain regions underlying anxiety should be examined to better understand the test-specific effect of estradiol in aging OVX rats (58).

A large number of studies have shown that ovariectomy may induce cognitive dysfunction in young (13–16) and also in middle-aged rats (29, 30, 43), while estrogens may improve learning and memory performance following ovariectomy in both, young (15, 24, 59–61) and middle-aged females (21–23, 25, 29, 31). However, OVX females in our experiment exhibited mild memory impairment only, and the estradiol-treated group did not outperform vehicle-treated OVX rats. Discrepancies between our and previously published results may arise again from differences in length of exposure to endogenous ovarian hormones (30), in delay period between ovariectomy and estradiol supplementation (21, 62–64), and in dose and frequency of treatment (65). Furthermore, the effect of age should be considered. Age-dependent changes have been shown in estrogen signaling in memory-related brain regions (66, 67), indicating an age-dependent effect of ovariectomy and estrogen supplementation on cognitive functions in rats (68–70). On the contrary, there is some evidence indicating that estradiol treatment in young adult (5-month old) and old (24-month old) ovariectomized mice may improve memory in object recognition task in the same manner (71). The type of memory assessed by different tasks should also be taken into account. Most of the published experiments in middle-aged rats use tasks for hippocampal-dependent spatial memory (29, 30, 30, 43), while in our experiment the non-spatial recognition memory was examined. Moreover, the published studies examining the effect of estradiol on cognition in females are mostly focused on long-term consequences, particularly on memory consolidation (64), but rarely on memory perception or acquisition as we did in our experiment. In contrast to spatial and fear memory tested in the Morris water maze, radial arm maze, T-maze or Pavlovian learning tasks, recognition memory assessed in the novel object recognition test does not include stress stimuli, such as shock, food deprivation or swimming (72, 73). As shown, ovariectomy in middle-aged rats may induce several alterations in hippocampal gene expression influencing neurogenesis, synaptic plasticity and immune modulation (74). However, recognition memory may involve other crucial circuits besides hippocampus, e.g., medial prefrontal cortex (75, 76). To better understand the mechanisms for impaired spatial and recognition memory, further studies are required examining the effect of ovariectomy on expression pattern of specific genes in cognition-associated brain regions in middle-aged female rats.

It should be noted that aging (77) as well as letrozole-treatment (78) and ovariectomy (79) increase luteinizing hormone (LH) production. Many age-related disorders, including the Alzheimer's disease, have been attributed to this LH excess (77). However, it has been shown that the LH rise is smaller if ovariectomy is performed at old age in comparison to the effect of ovariectomy performed in young adulthood (79). This may explain differences between our results obtained from middle-aged rats and previously published data from young-adult ovariectomized females, although LH was not assessed in our study.

Ovariectomy induces loss of ovarian hormones, including estrogens, androgens as well as progesterone (80). On the contrary, inhibition of testosterone aromatization decreases peripheral estrogen production, while the concentrations of other sex hormones, such as testosterone and progesterone, might be maintained, increased and decreased, depending on the dose of the inhibitor - e.g. letrozole (78). To distinguish between the effect of estrogen- and androgen deficiency, we examined the consequences of both ovariectomy and letrozole-treatment in middle-aged rats. While ovariectomy had some mild effect on behavior of females in the open field and novel object tests, treatment with letrozole did not affect either anxiety-like behavior or memory of female rats. Similarly, Chaiton et al. (38) did not found any effect of chronic letrozole treatment on depressive-like behavior in middle-aged female mice (38). In addition, our findings are in line also with our previous results showing that letrozole may induce anxiety in males but not in female aging rats (45). The differences between behavioral consequences of ovariectomy and letrozole treatment indicate that other ovariectomy-induced endocrine changes besides estrogen deficiency, such as altered concentration of progesterone (81), androgen (82) or gonadotropins (18) may underly the observed effect of ovariectomy. The strength of this study is the use of both, surgical and pharmacological tools to induce estrogen deficiency. More importantly, the treatments were initiated at middle-age of rats, which may be more relevant to mirror estrogen loss associated with aging than ovariectomy in adult females. The main limitation is that young-adult animals were not included in the study to investigate the age-dependent effect. Furthermore, only testosterone was assessed in plasma. Immunoassays are not applicable to measure estradiol concentration in rodents, so, it was estimated indirectly via uterus weight (46). Nevertheless, as previously shown, hippocampal and not circulating estradiol is associated with age-related memory functions in female rats (83). Last but not least, there is a need to examine age-associated alterations in estrogen and androgen signaling pathways in relevant brain regions.



CONCLUSION

In this experiment, we found that ovariectomy, but not letrozole, may attenuate open-field ambulation and slightly impair recognition memory in middle-aged females. Our findings indicate different neurobehavioral consequences of surgically induced estrogen deficiency and pharmacological inhibition of estrogen production. Although we failed to show the anxiogenic effect of ovariectomy, we found that exogenous estradiol may reduce anxiety-like behavior in middle-aged ovariectomized rats, at least in the open field. On the contrary, it seems that ovariectomy may impair short-term memory, but estradiol treatment does not improve it. Thus, we conclude that endocrine changes induced by ovariectomy and aromatase inhibition affect the brain differently, and the molecular mechanisms activated by exogenous estradiol may differ from the signaling pathways of endogenous estrogens. For future experiments elucidating the role of estrogen in postmenopausal syndrome, we suggest to consider some methodological issues, such as age-related changes in the neuroendocrine system or type of manipulation used to induce estrogen deficiency.
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The enzyme aromatase catalyzes the final step in estrogen biosynthesis, converting testosterone to estradiol, and is expressed in the brain of all mammals. Estrogens are thought to be important for maintenance of cognitive function in women, whereas testosterone is thought to modulate cognitive abilities in men. Here, we compare differences in cognitive performance in relation to brain aromatase availability in healthy men and women. Twenty-seven healthy participants were administered tests of verbal learning and memory and perceptual/abstract reasoning. In vivo images of brain aromatase availability were acquired in this sample using positron emission tomography (PET) with the validated aromatase radiotracer [11C]vorozole. Regions of interest were placed bilaterally on the amygdala and thalamus where aromatase availability is highest in the human brain. Though cognitive performance and aromatase availability did not differ as a function of sex, higher availability of aromatase in the amygdala was associated with lower cognitive performance in men. No such relationship was found in women; and the corresponding regression slopes were significantly different between the sexes. Thalamic aromatase availability was not significantly correlated with cognitive performance in either sex. These findings suggest that the effects of brain aromatase on cognitive performance are both region- and sex-specific and may explain some of the normal variance seen in verbal and nonverbal cognitive abilities in men and women as well as sex differences in the trajectory of cognitive decline associated with Alzheimer’s disease.

Keywords: aromatase, [11C]vorozole, estrogen, testosterone, cognition, PET, amygdala, human brain


INTRODUCTION

The last and obligatory step in estrogen biosynthesis in all organs and species is catalyzed by the enzyme aromatase (estrogen synthase, Cyp19 gene product), which converts the androgens androstenedione and testosterone, to the estrogens, estrone, and estradiol (Simpson et al., 2002). In reproductively competent women, the ovary is the primary source of circulating estrogens (Simpson, 2003). In both sexes, a major site of extra-gonadal estrogen synthesis is the brain, and it is characterized by widespread but heterogeneous aromatase availability (Biegon et al., 2010a, 2015; Azcoitia et al., 2011; Takahashi et al., 2018). A recent study revealed some region- and sex-specific associations between aromatase availability in the human brain and personality characteristics (Takahashi et al., 2018). To date, however, there are virtually no in vivo human studies testing the relationship between brain aromatase availability in the human brain and basic cognitive functions. The potential role of aromatase in cognition is supported by animal studies and studies in women with breast cancer reporting that administration of aromatase inhibitors (AIs) is linked to cognitive dysfunction (Rosenfeld et al., 2018). The most common deficits in women were seen in executive function and verbal episodic memory performance, although the effects of aromatase manipulation on neurobehavioral function in both animals and humans appeared to be sexually dimorphic (Shay et al., 2018). Further support of the role of aromatase in human cognition comes from postmortem studies in humans, which demonstrate region-specific changes in aromatase levels in Alzheimer’s disease (Ishunina et al., 2005; Prange-Kiel et al., 2016), suggesting that aromatase may be implicated in normal as well as pathological variations in learning and memory.

The development and application of positron emission tomography (PET) tracers for aromatase have afforded the ability to measure its availability in different brain regions noninvasively in the living human brain (Biegon et al., 2010a, 2015; Takahashi et al., 2018). With the use of this technology, it has been demonstrated that the regional distribution pattern of [11C]vorozole is heterogeneous with the highest levels of aromatase availability found in the thalamus and amygdala. In the present study, PET with [11C]vorozole was used to measure aromatase availability in the bilateral amygdala and thalamus of healthy men and women. Blood levels of testosterone and estrogen were also obtained. Participants completed tests of verbal learning and memory and perceptual reasoning in order to explore differing domains in cognitive functioning that utilize both verbal and nonverbal abilities, exploring a sex-specific aromatase–cognition association.



MATERIALS AND METHODS


Participants

The study population comprised 27 healthy adult participants (men, n = 12; women, n = 15), age 21–67 years. All individuals provided written informed consent prior to study participation in accordance with the Institutional Review Board and the Radioactive Drug Research Committee of Stony Brook University/Brookhaven National Laboratory. Participants were excluded for (1) recent or current use of gonadal steroids (including hormonal contraceptives); (2) cigarette smoking (Biegon et al., 2010b, 2012, 2015), recreational drug use, and medications affecting brain function; (3) neurological, psychiatric, or metabolic disorders; and (4) pregnancy in women. During the screening visit, premenopausal women reported the date of their last menstrual period, and PET scans were scheduled to coincide with the early follicular stage.

Verification of Hormonal Status on Study Day: On the day of the PET study, blood samples were obtained and sent to an outside laboratory (ARUP) for measurement of hormone levels. In men, free testosterone and estradiol levels were obtained to exclude hypogonadism. Serum estradiol (E2) concentration was determined by tandem mass spectrometry (TMS). In order to calculate free testosterone (fT), total testosterone and sex hormone binding globulin (SHBG) were measured by quantitative electrochemiluminescent immunoassay. Adult male reference intervals for fT (47–244 pg/ml) and E2 (10.0–42.0 pg/ml) were provided by ARUP. In women, progesterone and luteinizing hormone (LH) were additionally measured to verify the stage of the menstrual cycle as well as menopausal status. Five of the 15 women were postmenopausal, defined as age above 50 and more than 12 months since the last menstrual period by self-report and confirmed by high levels of LH, and low estradiol and progesterone in the postmenopausal range. Reference values for the various hormones supplied by ARUP included the following: LH females: follicular: 2.4–12.6 IU/L; mid-cycle: 14.0–95.6 IU/L; luteal: 1.0–11.4 IU/L; postmenopausal: 7.7–58.5. Estradiol: follicular phase, 27–122 pg/ml; mid-cycle phase, 95–433 pg/ml; luteal phase, 49–291 pg/ml; postmenopausal, <41 pg/ml. Progesterone: cycle days reference interval (ng/ml) 1–6, ≤0.17; 7–12, <1.35; 13–15, ≤15.63; 16–28, ≤25.55; postmenopausal: ≤0.10 IU/L).



Cognitive Tests

Participants completed the California Verbal Learning Test-Second Edition (CVLT-II) (Kramer et al., 2000) by the standard method. The CVLT-II is an individually administered test assessing episodic verbal learning and memory. It measures recall and recognition of two word-lists containing 16 words each recalled over immediate and delayed memory trials. There are five presentation trials followed by an immediate recall of the first list (A), followed by a one-time presentation and immediate recall of the interference list (B). Measures of free and semantically cued recall are obtained after the trial with List B (Short Delay free or cued recall), followed by a 20-min delay (Long Delay Free or Cued Recall) during which the participant cannot engage in verbal tasks. After the delay, a recognition trial is completed during which the participant is asked to identify the items from List A from a larger list that contains distractor words. Following another 10-min delay, a forced-choice trial is administered. We chose select outcome variables aimed at indexing learning through memory [total recall over the five learning trials of list A (Trials 1–5), Short and Delayed Cued Recall, and Short and Delayed Free Recall] as the primary measures of learning on the CVLT-II (Elwood, 1995).

Participants also completed the Matrix Reasoning subtest of the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999), which is designed to assess nonverbal abstract problem solving, spatial, and inductive reasoning and is considered a general estimate of nonverbal intelligence. In addition, the word reading subtest of the Wide Range Achievement Test-3 (WRAT-3) (Wilkinson, 1993), an estimate of verbal intelligence also considered to be a valid measure of education level, was administered to ascertain letter and word decoding abilities (Wilkinson, 1993; Manly et al., 2002).



Positron Emission Tomography Scans

The PET images were acquired over a 90-min period using a whole-body positron emission tomograph (Siemen’s HR1, spatial resolution 4.5 mm × 4.5 mm × 4.8 mm, at the center of field of view). Radiotracer synthesis, image acquisition, and PET data analysis were carried out as previously described (Kim et al., 2009; Biegon et al., 2010a). Briefly, subjects were administered [11C]vorozole (3–8 mCi; specific activity >0.1 mCi/nmol at the time of injection) intravenously. A metabolite-corrected arterial plasma input function for [11C]vorozole was obtained from arterial blood samples withdrawn every 2.5 s for the first 2 min (Ole Dich automatic blood sampler) and then at 3, 4, 5, 6, 8, 10, 15, 20, 30, 45, 60, and up to 90 min (end of study).



Image Analysis

Time frames were summed over the 90-min scanning period. The summed PET images were co-registered with structural three-dimensional magnetic resonance images of the same subject when available, using PMOD software (PMOD Technologies, Zurich, Switzerland) to confirm the anatomical location of tracer accumulation (Figure 1, right panel). Regions of interest (ROIs) were placed bilaterally on the summed image and then projected onto the dynamic images to obtain regional time activity curves. Regions occurring bilaterally (i.e., at a distance from the midline) were averaged. Carbon-11 concentration in each ROI was divided by the injected dose to obtain the % dose/cm3. A two-compartment model was used to estimate the total tissue distribution volume, VT, which includes free and nonspecifically bound tracer as well as specifically bound tracer (Innis et al., 2007). The four model parameters of the two-compartment model were optimized to obtain the best fit to the ROI data for each participant (Flannery et al., 1990; Innis et al., 2007; Biegon et al., 2010a; Pareto et al., 2013; Logan et al., 2014).


[image: image]

FIGURE 1. Aromatase availability in the amygdala and cognitive performance in men and women. The PET image on the right (coronal plane, overlaid on MRI) shows the regional distribution of tracer uptake at the level of the amygdala (red circles). The image was pseudocolored using the rainbow scale, with purple/blue at the low end and orange/red at the high end. The graphs on the left show the regression lines between a verbal (top left) and nonverbal (bottom left) task performance and aromatase availability in the amygdala (VT) in men (blue circles) and women (empty circles).




Statistical Analysis

Statistical analyses were conducted using SPSS Statistics software (Version 25, IBM). Independent t-tests were used to determine if men and women differed on age, education estimates, cognitive performance, and aromatase availability. The scores on cognitive performance, as well as aromatase availability in the ROIs, were normally distributed; thus, our primary analyses were five general linear models such that sex (categorical), aromatase availability in the amygdala or thalamus (continuous), and their interaction were entered to predict each of five memory outcomes (CVLT-II outcome: Trials 1–5, Long and Short Delay Free and Cued Recall). The same approach was taken for the Matrix Reasoning subtest. A general linear model was used such that sex (categorical), amygdala or thalamus aromatase availability (continuous), and their interaction were entered to predict the estimate of perceptual reasoning. Next, we performed two-tailed Pearson correlations between aromatase availability in the amygdala or thalamus and cognitive performance both across the whole sample and as a function of sex. We further tested the difference in regression slopes between the separate test-by-sex correlations. The cognitive tests use normative data that have been stratified based on age and/or education level(s) as these factors have been found to be consistently correlated with performance, supporting our approach of separate sex by test correlations. Age and education were used as covariates in these analyses, as increasing age and lower education are associated with poorer performance on tasks of verbal learning and memory (Wilkinson, 1993). For education, we used the raw score on the Reading subtest of the WRAT (Manly et al., 2002) as a valid indicator of grade level (Wilkinson, 1993). Finally, we tested whether plasma testosterone and estradiol levels in our sample affected the aforementioned analyses. For this purpose, first, we conducted partial correlations between the cognitive test scores, aromatase availability, and blood measures of estradiol and testosterone. Second, we entered estradiol and testosterone levels in our general linear models to test whether their presence changes the models. All analyses were considered significant at the p < 0.05 threshold.



RESULTS

There were no significant differences between men and women in age, education estimates, and aromatase availability in the amygdala and thalamus (Table 1). Likewise, there were no differences between men and women on their performance on the verbal or nonverbal cognitive tasks (Table 2). However, amygdala aromatase availability correlated with cognitive performance scores (Table 3). Analyses showed that in men only, lower amygdala aromatase availability was associated with better performance on the CVLT-II—recall following a short or long delay (r = -0.57 to -0.66, p < 0.05). Indeed, the interaction of correlation trend lines, sex × aromatase availability in the amygdala predicted free recall performance following a short delay (free: F1,22 = 5.76, p = 0.025; cued: F1,22 = 6.51 p = 0.018, Figure 1 top left). Similar results were found for recall after a long delay (free: F1,22 = 4.85, p = 0.038) with a trend for Long Delay Cued Recall (F1,22 = 3.16, p = 0.089). The same pattern was revealed on the nonverbal test, Matrix Reasoning (F1,21 = 5.32, p = 0.035) (Figure 1, bottom left). In the thalamus, there were no correlations between aromatase availability and cognitive performance in men or women (men, r = -0.08 to 0.30, p > 0.35; women, r = -0.46–0.25, p > 0.09). Plasma levels of estradiol and testosterone did not correlate with aromatase availability in either the amygdala or thalamus, nor with any of the cognitive test scores (p > 0.05). Furthermore, adding blood measures of estrogen and/or testosterone to the aforementioned general linear models did not change the results.


TABLE 1. Age, reading ability, and aromatase availability in the brains of men and women.
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TABLE 2. Comparisons between male and female performance on tests of perceptual reasoning and verbal learning and memory.
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TABLE 3. Results of Pearson’s correlations between aromatase amygdala availability and measures of abstract reasoning and verbal learning and memory.
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DISCUSSION

Here, we have used [11C]vorozole, a thoroughly validated radiotracer for brain aromatase (3; 6; 18, 21; 22) in conjunction with PET to examine the relationship between aromatase availability in high-density regions (amygdala and thalamus) and cognitive abilities in healthy subjects. Our data show that brain aromatase availability predicted individual differences in verbal and nonverbal cognitive performance in men but not in women. Men with lower amygdala levels of aromatase had better recall for a list of words (Short Delay Free and Cued Recall and Long Delay Free Recall), on the CVLT-II. Similarly, men with lower aromatase in the amygdala also performed better on the Matrix Reasoning test. These effects were not dependent on plasma levels of estradiol and testosterone.

Animal studies suggest that brain aromatase availability is higher in males than in females and is modulated by changes in testosterone levels (Abdelgadir et al., 1994). As in our previous studies on this cohort (Biegon et al., 2010a, 2015), there were no statistically significant differences in aromatase availability in the amygdala as a function of sex, in line with previous human studies that reported comparable levels of brain aromatase and gene expression in men and women (Steckelbroeck et al., 1999; Stoffel-Wagner et al., 1999). There were also no significant effects of age or hormonal status on aromatase in the brain or any other organ beside the ovary, confirming the organ- and tissue-specific regulation of aromatase expression (Bulun and Simpson, 1994; Biegon et al., 2010a, 2015). Imaging studies suggest that even in the absence of behavioral sex differences, there are clear sex-dependent activations in regions of the brain associated with memory tasks (De Vries, 2004; Gillies and McArthur, 2010), which could be attributed to sex-linked levels of estrogens, androgens, and their receptors in the brain (Cahill, 2006). Therefore, it is not unexpected that despite the absence of sex-based differences in the amygdala aromatase availability and in cognitive performance, the relationship between the two is nonetheless sexually dimorphic.

In this regard, it is important to note that aromatase activity, while giving rise to estrogen, also decreases testosterone levels. In humans, testosterone has been shown to enhance spatial performance in men, whereas estradiol has been shown to enhance verbal memory in women (Matousek and Sherwin, 2010). Furthermore, postmortem studies in brains of men who died with Alzheimer’s disease consistently show large declines in testosterone levels, which correlated with levels of amyloid, a disease pathological marker (Rosario et al., 2004, 2011).

An additional compelling reason to support the sex-specific relationship between aromatase in the amygdala and cognitive function in our cohort, composed of mostly premenopausal women, is that in men, in whom circulating estrogen levels are low, aromatase-dependent production of estrogens from androgens is the main source of estrogens in the brain. This is not true in reproductively competent women, in whom brain levels of estrogen derive from local production as well as peripheral estrogens produced in the ovary, which diffuse freely into the brain. Since ovarian and brain aromatase expression are regulated independently (Rosario et al., 2004) via organ-specific promoter control (Golovine et al., 2003; Rosario et al., 2011), it is to be expected that androgenic and estrogenic modulation of brain function will be regional as well as more tightly correlated with local aromatase availability in men relative to women (Bulun et al., 2003; Golovine et al., 2003).

Our results further suggest that extra-gonadal (i.e., brain) estrogen synthesis and testosterone metabolism, mediated by aromatase, is implicated in verbal and nonverbal cognitive processes and therefore reveals a previously unappreciated sex-dependent relationship between aromatase and cognitive function in humans. Men with lower amygdala levels of aromatase, expected to result in lower estrogen and higher testosterone levels, had better recall for a list of words on the CVLT during short and long delay following encoding. These findings also resonate with a report showing that aromatase inhibition before and during a learning task improved working memory in male rats (Alejandre-Gomez et al., 2007). To date, there have been very few in vivo studies of brain aromatase and behavior in humans, yet recently published studies show that individual differences in brain aromatase availability are associated with individual differences in personality traits, with some sex-specific findings (Takahashi et al., 2018; Biegon et al., 2020). This is the first in vivo study to show that individual differences in aromatase availability correspond to cognitive performance, including memory. While the amygdala is a brain region best known for modulation of emotion, it is also thought to play a major role in higher cognition (Schaefer and Gray, 2007; Janak and Tye, 2015), and some of these effects are sex-dependent (Cahill, 2010; Carre et al., 2013; Shvil et al., 2014). Based on several studies and theories in the last decades, it is asserted in the literature that amygdala function is implicated in long- and short-term memory, abstract reasoning, and attention vigilance during mentally demanding cognitive tasks such as used in this paper. Even in the absence of emotion triggers during neutral cognitive tasks, attention vigilance and suppression of emotion are needed, implicating the amygdala in the output of every cognitive demand [(for good reviews, see Schaefer and Gray (2007) and Janak and Tye (2015)]. Lastly, robust sex differences have been reported in the functional connectivity of the human amygdala, specifically cortical connections, (Kilpatrick et al., 2006) further suggesting that the effects of varying levels of aromatase in the human amygdala on cognitive function are also likely to be sex-dependent. Notably, we have not observed significant sex difference in verbal learning and memory in our relatively small cohort, although better performance on CVLT in women is a consistent finding across age groups (Kramer et al., 2003; McCarrey et al., 2016; Graves et al., 2017). However, the absolute difference is also consistently small (∼10%, ibid), and studies reporting this difference as significant need a much larger sample (more than 400 subjects/sex, ibid).



CONCLUSION

This study used PET with [11C]vorozole to document for the first time the association between availability of aromatase in the amygdala and individual differences in cognition in healthy men and women. We demonstrate a clear sex-specific relationship between aromatase levels in the amygdala and cognitive performance, showing that men with lower aromatase availability in the amygdala had better verbal memory and spatial reasoning performance than men having higher amygdala aromatase availability. These findings also suggest that the cognitive impact of brain aromatase is both region- and sex-specific, potentially contributing to the normal variation of cognitive performance in healthy men and women.
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Mounting experimental evidence demonstrate that sex neuroactive steroids (neurosteroids) are essential for memory formation. Neurosteroids have a profound impact on the function and structure of neural circuits and their local synthesis is necessary for the induction of both long-term potentiation (LTP) and long-term depression (LTD) of synaptic transmission and for neural spine formation in different areas of the central nervous system (CNS). Several studies demonstrated that in the hippocampus, 17β-estradiol (E2) is necessary for inducing LTP, while 5α-dihydrotestosterone (DHT) is necessary for inducing LTD. This contribution has been proven by administering sex neurosteroids in rodent models and by using blocking agents of their synthesis or of their specific receptors. The general opposite role of sex neurosteroids in synaptic plasticity appears to be dependent on their different local availability in response to low or high frequency of synaptic stimulation, allowing the induction of bidirectional synaptic plasticity. The relevant contribution of these neurosteroids to synaptic plasticity has also been described in other brain regions involved in memory processes such as motor learning, as in the case of the vestibular nuclei, the cerebellum, and the basal ganglia, or as the emotional circuit of the amygdala. The rapid effects of sex neurosteroids on neural synaptic plasticity need the maintenance of a tonic or phasic local steroid synthesis determined by neural activity but might also be influenced by circulating hormones, age, and gender. To disclose the exact mechanisms how sex neurosteroids participate in finely tuning long-term synaptic changes and spine remodeling, further investigation is required.
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INTRODUCTION

Sex neurosteroids are a group of cholesterol-derived molecules that are synthesized de novo within the central nervous system (CNS) where they are able to exert local effects (Baulieu, 1981; Baulieu and Robel, 1990). Among these, estrogens and androgens influence the general development of neural circuits, motor adaptation, learning, memory (Luine and Frankfurt, 2012), emotional behavior (Altemus, 2017), and cognition (Luine, 2014), and they are implicated in some psychiatric disorders (Bangasser and Valentino, 2014) modulating the function of different areas of the brain such as the hippocampus, the amygdala, the vestibular and cerebellar systems, and the nucleus striatum (Beauchet, 2006; Andreescu et al., 2007; Colciago et al., 2015; Bender et al., 2017; Diotel et al., 2018; Mohamad et al., 2018; Wagner et al., 2018; Dieni et al., 2020; Luine and Frankfurt, 2020).

These actions have a major role in the induction and maintenance of neural connections during development and the entire life-span by directing synaptogenesis, dendritic spine formation, and functional long-term potentiation (LTP) or long-term depression (LTD) of synaptic transmission.

Enzymes responsible for the biosynthesis of neurosteroids from cholesterol are present in the nervous system (Mensah-Nyagan et al., 1999; Giatti et al., 2019). Testosterone is synthesized through conversion of cholesterol into pregnenolone, a neurosteroid that is subsequently metabolized, leading to formation of 5α-dihydrotestosterone (DHT) or 17β-estradiol (E2) by the action of the 5α-reductase or P450 aromatase enzymes, respectively. The local concentration of these neurosteroids was found to be significantly higher in some areas of the CNS (e.g., hippocampus) in respect to blood, where they bind to specific estrogen receptors (ERα, ERβ, and multiple isoforms) or to androgen receptors (AR) (Mukai et al., 2006; Hatanaka et al., 2015). These receptors are largely distributed in the CNS and their activation can elicit diverse genomic and non-genomic cell functions.

Besides the genomic effects that occur within hours, leading to up- or downregulation of gene transcription, E2 and DHT, the most active metabolite of testosterone, can also activate rapid intracellular signaling pathways, acting within seconds or minutes via extranuclear membrane-associated forms of receptors (Kawato, 2004). In neurons, membrane effects of E2 may lead to the stimulation of different enzymes such as phospholipase C (PLC) and protein kinase C (PKC) that in turn stimulate the production of IP3 and the elevation of intracellular calcium levels. These molecules may rapidly change the function of neurons by acting as second messengers leading to the activation of further enzymatic cascades including the src kinase and the MAPK/ERK pathway (Evinger and Levin, 2005; Srivastava, 2012; Murakami et al., 2018). As in the case of estrogens, evidence has been accumulated to involve rapid responses to androgens, dependent or independent on ARs (Foradori et al., 2008). Many cellular responses to androgens are transcription independent; in fact, activated ARs are able to associate with molecular substrates in the cytoplasm and the inner layer of the cell membrane to activate intracellular kinase cascades (Soma et al., 2018).

The activation of neural network within the CNS might produce rapid behavioral changes by stimulating estrogenic or androgenic sex neurosteroid signaling and rapidly modulating the enzyme function involved in the induction of long-term synaptic plasticity. Accordingly, the consolidation of hippocampal memory might be facilitated within minutes after treatments with estrogenic and androgenic neurosteroids or with agonists of their receptors, enhancing the performance on hippocampal memory tasks, as reported in experiments performed with rats and mice (Luine et al., 2003; Aubele et al., 2008; Benice and Raber, 2009; Inagaki et al., 2010, 2012; Babanejad et al., 2012; Phan et al., 2012, 2015; Jacome et al., 2016).

Here, we will review evidence supporting the immediate involvement of the most neuroactive estrogenic and androgenic neurosteroids, namely E2 and testosterone/DHT, in the induction of neuronal synaptic plasticity, the capability of neuronal circuitries to modify their function in response to environment-triggered electric signals. The electrophysiological actions of E2 and DHT on long-term synaptic plasticity will be presented.



NEURAL E2 INFLUENCES HIPPOCAMPAL LTP

The role of E2 acting as a neurosteroid in memory formation has been described since the late 1980s and has been recently confirmed by different research groups (Ooishi et al., 2012; Di Mauro et al., 2015; Fester and Rune, 2015; Hasegawa et al., 2015; Lu et al., 2019; Tozzi et al., 2019). These studies were guided by the major general evidence that inhibition of E2 synthase (P450 aromatase) activity produced hippocampal-related memory deficits both in women and in female rodents (Bayer et al., 2015; Tuscher et al., 2016). They also pointed out that E2, synthesized in the CNS, regulates cognition and behavior independently of gender, assigning to the neural E2 signaling system a general modulator role of CNS function (Moradpour et al., 2006; Saldanha et al., 2011; Bailey et al., 2013, 2017; Tuscher et al., 2016; Fester et al., 2017). In the hippocampus, E2-mediated synaptic activity was found to be related with memory formation and early and late influence of E2 on long-term electrophysiological synaptic effects and on dendritic spine formation has been described in animal models (Kramar et al., 2009).

The question how E2 can regulate the physiology of neurons involved in memory is still a matter of debate. E2 can directly influence the electric membrane properties of neurons or it can affect synaptic transmission, with synaptic changes suggested to be strongly correlated to functional modifications of nervous system networks. For example, E2 administration changed very rapidly the neuronal excitability and the synaptic responses of hippocampal pyramidal neurons, also triggering both short- and long-term effects on glutamate-mediated signaling (Wong and Moss, 1991, 1992). These rapid effects, occurring a few minutes after administration of this neurosteroid, strongly suggest major non-genomic mechanisms of action for E2-dependent facilitation of LTP (Warren et al., 1995; Cordoba Montoya and Carrer, 1997; Good et al., 1999). Electrophysiological recordings of hippocampal rat slices evidenced that E2 facilitation of LTP is mediated by NMDAR currents with effects both in males and females (Foy et al., 1999), as confirmed by pharmacological inhibition of the E2- and NMDA-dependent LTP using GluN2B-containing NMDA receptor antagonists (Smith and McMahon, 2005, 2006). The action of the E2-mediated modulation of NMDAR-dependent LTP was found to involve several intracellular protein kinases and membrane-associated targets, as suggested by experiments where incubation of hippocampal slices with blockers of ERs, MAPK/ERK, PKA, PKC, PI3K, NR2B, or CaMKII did not allow the induction of LTP in the presence of known E2 concentrations (Hasegawa et al., 2015). However, most of the studies exploring the influence of hippocampal E2 on synaptic memory involved experimental protocols where E2 was applied exogenously, an approach that may have limited the possibility to determine the exact source of neural E2, leaving unsolved the question whether LTP induction in physiological conditions needs the presence of the E2 neurosteroid. An important advance in the knowledge on the E2 origin and the mechanism of E2-mediated LTP was provided by studies using an electrophysiological and pharmacological approach of investigation that involved the use of drugs inhibiting the E2 synthesis or blockers of the ERs in animal models. Electrophysiological experiments aimed at investigating local mechanisms of LTP induction by using blocking agents of E2 synthesis were first performed in brain slices of male rats containing the medial vestibular nuclei (Grassi et al., 2009). Here, it has been found that the acute pharmacological inhibition of P450 aromatase with letrozole or the acute blockade of ERs (Grassi et al., 2009) with ICI 182780 (Scarduzio et al., 2013) prevented the LTP induction. This approach was then extended to the hippocampus where the role of locally synthesized E2 was demonstrated in male rats by measuring the effect of blockade of the E2 synthesis or receptors on the synaptic field potentials evoked in the CA1 region (Grassi et al., 2011; Pettorossi et al., 2013a). In fact, the LTP amplitude was markedly reduced under block of E2 synthesis or receptors, suggesting a facilitatory role of E2 on LTP. Further experiments performed in single hippocampal pyramidal neurons evidenced that in most of the neurons of the CA1 region, E2 is necessary for inducing LTP because pharmacological ER blockade fully prevented this form of synaptic plasticity (Tozzi et al., 2019). These studies also allowed to explore the role of ER subtypes on LTP induction. The use of selective ERα and ERβ inhibitors demonstrated that these ERs are both involved, as the ERα blocker MPP and the ERβ blocker PHTPP were both individually able to reduce LTP and were able to fully prevent it when applied together (Tozzi et al., 2019). The role of E2 synthesis on hippocampal LTP was further explored in male rats with experiments inhibiting the P450 aromatase activity (Tanaka and Sokabe, 2012, 2013; Hojo et al., 2015) and more recently by proving that ERα stimulation is able to induce LTP (Clements and Harvey, 2020). The role of E2 in the LTP induction has also been confirmed in mice knock-out for the P450 aromatase of both sexes, providing direct evidence that in the hippocampus, neuron-derived E2 is able to rapidly regulate the P450 aromatase-dependent Akt-ERK and CREB-BDNF signaling, essential for normal expression of LTP and synaptic plasticity (Lu et al., 2019).

The influence of E2 on LTP induction was generally observed in the hippocampus of adult male rats; however, different research groups pointed to age-dependent effects, with E2-dependent LTP observed only in young animals (Foy et al., 1999; Bi et al., 2000; Hojo et al., 2008). The influence of E2 on LTP has been also hypothesized to be gender specific. When E2 synthesis was chronically inhibited with letrozole, the LTP induction was prevented in female rats but not in males. This gender-dependent effect was paralleled by reduction of spine formation (Vierk et al., 2012; Fester and Rune, 2015). However, in a subsequent paper, the same group provided evidence that P450 aromatase inhibition by letrozole, applied acutely, prevented LTP induction both in male and female animals, confirming a more general role of E2 in hippocampal LTP (Vierk et al., 2012).



MODULATION OF P450 AROMATASE AFFECTS LTP INDUCTION

The pharmacological prevention of hippocampal LTP by inhibition of the E2 synthesis or of the ERs activity suggests that E2 is required during the induction phase of LTP, when neuronal afferences are activated by electrical stimulation. P450 aromatase is expressed at hippocampal level and it has been shown that its activation depends on neuronal activity (Kimoto et al., 2001; Hojo et al., 2004, 2008; Balthazart et al., 2006). Whether the P450 aromatase activity is responsible for a tonic synthesis of local E2 or is dependent on neural phasic inputs has not been established yet. Experimental evidences show that different high- or low-frequency stimulations in the rat hippocampus may account for bidirectional synaptic plasticity, with the synthesis of estrogen and androgens directly implicated in synaptic potentiation or depression, respectively (Tozzi et al., 2019). For example, whereas the inhibition of P450 aromatase impedes LTP induced by high-frequency stimulation, the concomitant presence of exogenous E2 allows a full LTP expression in a dose-dependent manner (Di Mauro et al., 2015, 2017). Moreover, while low-frequency stimulation normally depresses synaptic transmission (LTD), in the presence of exogenous E2, it is able to induce LTP. These evidences confirm that in the rat hippocampus E2 is a key factor for eliciting LTP and suggest that different stimulating frequency patterns might modulate the P450 aromatase activity and the local E2 neo-synthesis to sustain LTP (Di Mauro et al., 2015, 2017).

Different research groups described a relation between changes of intracellular Ca2+ concentrations and P450 aromatase activity, implying the modulation of E2 synthesis (Balthazart et al., 2005; Fester et al., 2016). However, the precise mechanism by which neuronal electrical activity may lead to a Ca2+-dependent increase or decrease of E2 synthesis is still unknown. Exogenous glutamate application and K+-induced membrane depolarization have been suggested to trigger neuronal calcium-induced calcium release from intracellular Ca2+ stores, leading to enhancement of Ca2+ concentrations. This has been shown to lead to the activation of Ca2+-dependent kinases, P450 aromatase phosphorylation, and subsequent inhibition of E2 synthesis (Balthazart et al., 2001, 2003, 2005; Balthazart and Ball, 2006; Charlier et al., 2015; Fester et al., 2016). Moreover, a mechanism involving the action of extracellular E2 on NMDAR and on voltage-activated Ca2+ channels has been proposed to regulate E2 synthesis by influencing P450 aromatase activity (Zhao et al., 2005; Fester et al., 2016; Figure 1). Other investigators suggested a different scenario, describing a direct role of the NMDAR activation in the enhancement of intracellular Ca2+ with opposite effects on P450 aromatase activity. It has been reported that NMDAR activation triggers Ca2+-dependent kinases activity and increases E2 synthesis by P450 aromatase stimulation (Hojo et al., 2004; Figure 1). One possible explanation that might account for these opposite findings is the different experimental modality employed to stimulate neurons. Different glutamate receptors’ activation and velocity of Ca2+ entry into the cell may lead to opposite phosphorylation–dephosphorylation processes. The induction of LTP under the enhanced E2 availability was prevented by an inhibitor of calcium–calmodulin-dependent protein kinase II (CaMKII), suggesting that E2 is able to potentiate NMDA receptor function inducing an increase of postsynaptic Ca2+ concentration that in turn activates CaMKII leading to LTP induction (Hasegawa et al., 2015; Figure 1).
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FIGURE 1. Involvement of neural 17β-estradiol (E2) and 5α-dihydrotestosterone (DHT), produced by testosterone (Test), in the induction of hippocampal high-frequency stimulation (HFS)–dependent long-term potentiation (LTP) and low-frequency stimulation (LFS)–dependent long-term depression (LTD). (A) The HFS-mediated glutamate (Glut) release stimulates large Ca2+ influx into dendritic spines through NMDA receptors. Ca2+ can activate calmodulin, PKC, and MAPK leading to phosphorylation (green symbols) of AMPA and NMDA glutamate receptors triggering LTP. Ca2+ is suggested to also stimulate P450 aromatase (ARO) activity increasing or decreasing the synthesis of E2, according to specific inputs to NMDARs and the Ca2+-dependent enzymes involved. After HFS, the synthesis of E2 may be locally enhanced and E2, released by presynaptic terminals and by the glia, may bind to membrane-gathered estrogen receptors (ERs) and to induce LTP through MAPK stimulation. (B) Graph showing the time course of the excitatory postsynaptic current (EPSC) amplitudes as percentage of the baseline, before and after an HFS is delivered to Schaffer collaterals in patch-clamp experiments from rat hippocampal CA1 pyramidal cells in control conditions (green time-course plot) and in the presence of the ER blocker ICI 182780 (10 μM, ICI) applied for the duration of the experiment (blue time-course plot). Note the LTP induced in control conditions but not in the presence of the ER blocking agent ICI. Superimposed representative traces showing an EPSC recorded before and 40 min after the HFS protocol in control conditions (green) and in the presence of ICI (blue). Scale bars: 10 ms; 50 pA. (C) LFS allows modest Ca2+ inflow into the postsynaptic neuron through NMDARs. Low Ca2+ levels are suggested to stimulate the 5α-reductase (RED)-dependent biosynthesis of DHT from testosterone (Lu et al., 2019). The locally synthesized DHT together with DHT released by presynaptic terminals and glia is suggested to activate membrane-gathered androgen receptors (AR) leading to the activation of calcineurin and to the dephosphorylation (red symbols) of different targets involved in LTD including the NMDAR. (D) Time-course graph of the EPSC amplitudes, before and after an LFS in control conditions (green time-course plot) and in the presence of the AR blocker flutamide (10 μM, Flu) applied for the duration of the experiment (blue time-course plot). Note the LTD induced in control conditions but not in the presence of the AR blocking agent Flu. Superimposed representative traces showing an EPSC recorded before and 40 min after the LFS protocol in control conditions (green) and in the presence of Flu (blue). Scale bars 10 ms; 50 pA. Modified by Tozzi et al. (2019).




INVOLVEMENT OF NEURAL E2 ON HIPPOCAMPAL LTD

The involvement of neural E2 on the scaling down of synaptic transmission, as in the case of LTD, has also been explored because the ability of E2 to modify synaptic plasticity via long-term depression may be an additional mechanism by which E2 can enhance learning and memory. In fact, E2 might act to improve memory by suppressing forgetting via an LTD-based mechanism.

Brain aging is generally associated to a decreased ability of memory processing and, in aged rats, to a facilitated hippocampal LTD. Accordingly, LTD amplitude was found to be larger in aged rats than in adults, and interestingly, treatments with E2 was reported to prevent this enhanced LTD in these aged animals but not in adults (Foy, 2001). Hippocampal LTD can be elicited by modest Ca2+ inflows entering into neurons via NMDA or metabotropic group I glutamate (mGluI) receptors (Shiroma et al., 2005). Interestingly, it has been found that the threshold for the induction of the NMDAR-dependent LTD could be enhanced or lowered by the stimulation of ERα or ERβ, respectively, confirming the role of ERs on LTD induction (Ooishi et al., 2012). Moreover, experiments also using ERα- and ERβ-knock-out mice confirmed that E2 may be able to rapidly enhance hippocampal LTD, presumably by a NMDAR- and ERα-dependent mechanism of action (Mukai et al., 2007; Murakami et al., 2015). However, electrophysiological experiments conducted in the presence of inhibitors of the E2 synthesizing enzyme or of the ERs suggested a minor role of E2 in hippocampal LTD because in the presence of these drugs, hippocampal LTD of male adult rats remained unchanged (Pettorossi et al., 2013a; Di Mauro et al., 2015, 2017).



ANDROGENS AFFECT HIPPOCAMPAL LTP AND LTD

It is well known that testosterone and its more active metabolite DHT attenuate mild cognitive impairment in men, suggesting a role of androgens in sustaining synaptic memory (Hogervorst et al., 2004; Pike et al., 2006; Kang et al., 2014; Pan et al., 2016). The concentration of these neurosteroids appears to be positively related with hippocampal synaptic spine density, suggesting that androgens are required for hippocampus-related cognitive performances (Moffat et al., 2002; Ooishi et al., 2012). The effects of androgens on the induction of hippocampal LTP and LTD has been recently examined by using drugs able to inhibit ARs or the 5α-reductase, the enzyme catalyzing the conversion of testosterone into DHT. Experimental findings demonstrated that in the rat CA1 hippocampal area, LTD is fully prevented under pharmacological blockade of either the AR or the 5α-reductase. These pharmacological actions, however, were unable to influence LTP in the same brain region and suggest that in the hippocampus, androgens sustain LTD but not LTP induction (Grassi et al., 2011; Grassi et al., 2013; Pettorossi et al., 2013a; Di Mauro et al., 2015; Di Mauro et al., 2017; Tozzi et al., 2019; Figure 1). Accordingly, ARs were found to be expressed in the hippocampus at the postsynaptic level (Tabori et al., 2005; Hatanaka et al., 2009), implying that ARs may participate in androgen-induced LTD.

Because testosterone may be converted either into E2 or DHT, depending on the prevalence, respectively, of the P450 aromatase or 5α-reductase synthesizing activity, it is suggested that the modulation of these biosynthetic pathways might in turn promote LTP or LTD in neurons (Di Mauro et al., 2015, 2017). Moreover, it is possible that the conversion of testosterone into DHT might limit the E2 neo-synthesis and the consequent possibility to induce LTP. Moreover, it has been hypothesized that a specific frequency of neuronal stimulation might drive hippocampal metabolism of testosterone toward conversion into E2 or DHT to sustain, respectively, LTP or LTD induction (Di Mauro et al., 2015).

Long-term depression in neurons may be based on different mechanisms, most of them implying an NMDAR-, mGluR- or endocannabinoid-dependent signaling. Ca2+ is suggested to play a role in LTD entering into neurons by glutamate receptors such as NMDARs during synaptic electric stimulations. Low-frequency stimulations (LFS) would produce low Ca2+ increases through NMDARs in the postsynaptic dendritic spines (Figure 1). After Ca2+-calmodulin formation, sequential activation of protein phosphatase 2B (calcineurin), dephosphorylation of inhibitor-1, activation of protein phosphatase 1 (PP1), and dephosphorylation of ser845 on the AMPAR subunit GluA1 would lead to internalization of AMPARs from the synapse, changes of the conductance properties of these receptors ultimately inducing LTD (Mulkey et al., 1994). However, how androgens are involved in LTD induction has been poorly investigated. It has been proposed that LFS-induced LTD is established in the hippocampus via DHT binding to synaptic ARs on delivery of LFS, leading to calcineurin activation and NMDAR suppression, resulting in a decreased presence or dephosphorylation of AMPARs (Hasegawa et al., 2015).



ESTROGENIC AND ANDROGENIC SEX NEUROSTEROIDS AFFECT VESTIBULAR LTP AND LTD

The vestibular system is responsible for stabilizing the eyes and the body in space and is crucial for self-motion perception. It is involved in several plastic phenomena like the visuo-vestibular calibration (Lisberger and Miles, 1980), the vestibular compensation (Smith and Curthoys, 1989; Dutia, 2010), and the responsiveness to intense stimulation (Massot et al., 2012; Pettorossi et al., 2013b). Because LTP and LTD expression have been demonstrated in the vestibular nuclei and are likely involved in these adaptive responses (Grassi et al., 1995), the contribution of sex neurosteroids has been explored in medial vestibular nucleus (MVN).

Medial vestibular nucleus neurons express the E2 synthesizing enzyme P450 aromatase and both estrogen and androgen receptors. Specifically, immunoreactivity for ERα, ERβ, and AR have been found in these neurons, most of them co-localizing ERβ and AR (Grassi et al., 2013). Electrophysiological studies in rat MVN neurons showed that E2 affects synaptic transmission and neuronal excitability facilitating both the LTP of the primary vestibular afferents and the intrinsic membrane excitability (Grassi et al., 2007, 2009, 2010). Specifically, during LTP, E2 depresses the spontaneous action potential discharge in both regular (A type) and irregular (B type) discharging neurons, while the synaptic response to vestibular nerve stimulation is increased in B type neurons with a net effect of enhancement of the signal-to-noise ratio of synaptic response in these neurons, relative to resting activity of all MVN neurons. These combined effects may be necessary to specifically enhance the dynamic properties of neuronal activation of vestibular circuits. Interestingly, pharmacological inhibition of E2 synthesis by letrozole or antagonism of ERs by ICI 182780 was reported not only to prevent the induction of LTP but also to unmask LTD of synaptic plasticity, suggesting that the level of neural E2 is a key modulator of MVN neurons’ synaptic plasticity, being able to shift LTP into LTD according to the local availability of this neurosteroid (Grassi et al., 2009, 2010).

Because MVN neurons have been reported to also express androgens, it is plausible that androgens play an important role in LTD induction of synaptic plasticity also in MVN, as demonstrated in other brain regions such as the hippocampus. In fact, it has been shown that the pharmacological antagonism of ARs abolishes this form of synaptic plasticity in MVN neurons, as observed by electrophysiological recordings (Scarduzio et al., 2012, 2013). However, differently from what was observed in the hippocampus, the reduction of DHT synthesis from testosterone by pharmacological inhibition of 5α-reductase did not affect LTD, suggesting a more direct effect of testosterone and/or a greater sensitivity of MVN neurons to this neurosteroid with respect to DHT (Scarduzio et al., 2012, 2013).



NEURAL E2 AFFECTS CEREBELLAR LTP AND LTD

The cerebellum participates with the vestibular system to most of the adaptation observed in the gaze stability with multiple synaptic plasticity mechanisms (Lisberger and Miles, 1980). In particular, together with the vestibular nuclei, it is responsible for the vestibulo-ocular reflex calibration (Hogervorst et al., 2004). In this encephalic structure, the encoding gain increase and decrease adaptation is thought to be mediated by LTP occurring at the parallel fiber–Purkinje cell synapses (PF-LTP) and by LTD (PF-LTD) at the same or different synapse subset, respectively (Hansel et al., 2001; Boyden and Raymond, 2003; Boyden et al., 2004; Coesmans et al., 2004; Broussard et al., 2011).

The cerebellum expresses ERs, ARs, and the synthesizing enzymes for E2 and androgens (Sakamoto et al., 2003; Tsutsui et al., 2011; Hedges et al., 2012). The first evidence of the influence of neural E2 in cerebellar learning has been provided by a study in which synaptic plasticity at the Purkinje cell and the VOR adaptation was examined in ovariectomized mice, in ERβ knock-out female mice, and in male mice, after the administration of E2 (Andreescu et al., 2007). These authors found that E2 had relevant impact on the expression of VOR gain-down adaptation and regulated cerebellar synaptic plasticity influencing PF-LTP. First, it was shown that E2 enhanced the LTP amplitude at the PF–Purkinje cell synapse, while leaving LTD unaffected. Second, in Purkinje cells, ERβ activation by E2 significantly improved the gain-decrease adaptation of the VOR (Andreescu et al., 2007). In a subsequent study, the impact of E2 in the cerebellar synaptic plasticity was examined by pharmacological inhibition of E2 synthesis in male rats both in vitro at the PF–Purkinje cell synapses and in vivo evaluating the VOR adaptation (Dieni et al., 2018a,b). The application of the P450 aromatase inhibitor letrozole in the flocculus of cerebellar slices prevented the PF-LTP without affecting the PF-LTD impeding the adaptive gain reduction of the VOR. Together with the sex neurosteroid-mediated bidirectional vestibular synaptic plasticity, the cerebellum participates in the visuo-vestibular calibration of the VOR. It is likely that E2 facilitates the gain-increase of VOR by acting at the level of the vestibular system and the gain-down regulation by acting at the level of the cerebellum (Dieni et al., 2018a,b).



NEURAL E2 AFFECTS STRIATAL LTP

Neural E2 exerts an important role in LTP induction in the nucleus striatum with E2 receptors diffusely expressed in the basal ganglia (Creutz and Kritzer, 2004; Krentzel et al., 2019). Electrophysiological experiments performed in neurons of the dorsal striatum of the male rat showed that E2 synthesis and ER activation are required for the induction of LTP in both spiny projection neurons (SPNs) and cholinergic interneurons because the pharmacological inhibition of P450 aromatase or antagonism of ERs completely prevented the LTP induction of SPNs with no effect on LTD or synaptic depotentiation (Tozzi et al., 2015). Because striatal dopamine (DA) release is critical for LTP induction in this brain structure (Calabresi et al., 2007) and based on the evidence that striatal LTP depends on E2 local synthesis, the interaction between E2 and DA in controlling SPNs’ LTP was explored. Tozzi et al. (2015) suggested that the E2 and DA signaling systems converge on the stimulation of the cAMP–PKA intracellular pathway to facilitate LTP induction in striatal neurons via a cooperation between the D1 DA receptor and the ERs (Tozzi et al., 2015). These findings were also supported by experiments showing a possible facilitatory influence of E2 in the dorsal striatum where DA release has been demonstrated to be potentiated by E2 (Song et al., 2019).



NEURAL E2 AFFECTS LTP IN THE AMYGDALA

17β-estradiol is suggested to play a role in synaptic plasticity also in the amygdala, a brain structure where the presence of P450 aromatase has been reported (Zhao et al., 2007; Bender et al., 2017). The amygdala is considered a core nucleus of “emotional” memory and for the responses to emotion (Pape and Pare, 2010). Accordingly, dysfunction of its neuronal networks is implicated in pathological conditions such as depression and post-traumatic stress disorder (Tovote et al., 2015). Depression-like symptoms have been observed in women under treatment with P450 aromatase inhibitors providing evidence of the importance of the E2 signaling system in the amygdala-related physiology (Gallicchio et al., 2012).

In a recent study, Bender and colleagues (Bender et al., 2017) explored the possible influence of the E2 in the LTP induction of neurons of the basolateral amygdala, a brain region characterized by important synaptic plasticity and by the presence of P450 aromatase both in male and female rodents. Here, the authors found that, beside the effect on the spine density, pharmacological inhibition of P450 aromatase prevented the LTP induction in amygdala slices of female rodents but not in males. The gender-specific role of E2 in LTP of amygdala neurons points to the importance of conducting further studies in the field to better understand the sex-related differences observed in mood disorders and to take into account the side effects of P450 aromatase inhibitors.



THE ROLE OF CIRCULATING HORMONES

Whether circulating sex hormones affect the long-term synaptic changes induced by electrical neuronal activity in the brain is an intriguing possibility. E2 synthesized in the CNS may be affected by the estrous cycle in rodent, as reported in the rat hippocampus where neural E2 levels changed according to different phases of the cycle (Kato et al., 2013). Neural E2 changes were suggested to result by indirect access of fluctuating hematic progesterone into the brain and its subsequent conversion into E2 (Kato et al., 2013) or by changes of the phosphorylation status of P450 aromatase depending on fluctuation of different kinases related to synaptic plasticity (Balthazart and Ball, 2006; Hojo and Kawato, 2018). The resulting effect of neural E2 fluctuations appeared to be correlated in the rat hippocampus with the induction of LTP or LTD together with changes of dendritic spine density. In fact, it has been shown that the LTP amplitude changes are depending on the estrum phase in the hippocampus (Warren et al., 1995). Subsequent comparative studies on the occurrence and amplitude of LTP were performed in vestibular neurons of male and female rats (Pettorossi et al., 2011). Specifically, while HFS protocol was able to consistently induce LTP in male rats within seconds (fast-developing LTP), in females HFS protocol produced fast and slow LTP or even LTD. The amplitude and occurrence of LTP depended on the estrous phases, with minor probability to induce fast LTP in proestrus (Pettorossi et al., 2011). This effect might depend on the marked structural changes of the neurons during the estrous cycle, but it might also be a result of the influence of circulating hormones in the synthesis of the neurosteroids. It has been found, in fact, that the acute administration of testosterone that induces LTP in male can induce LTD in female only during the proestrus phase (Grassi et al., 2012). This suggests that in the presence of high levels of circulating E2 (proestrus), the conversion of testosterone into E2 is inhibited, whereas the synthesis of DHT is facilitated.

The interesting data obtained by analyzing the long-term responses in vestibular nuclei prompt to extend this study to the hippocampus by using a similar approach for understanding how memory and learning could be correlated with the expression of the neural synaptic plasticity. Changes in the thresholds of the induction of long-term phenomena might vary with behavioral changes, as reported in EEG experiments in women (Sumner et al., 2018).



DENDRITIC SPINE REMODELING IS ASSOCIATED TO HIPPOCAMPAL E2-DEPENDENT LTP

Most of the studies on the role of sex neurosteroids in hippocampal synaptic plasticity demonstrated that E2 facilitates LTP induction and enhances dendritic spine formation. E2 has been reported to increase apical dendritic spine formation in projections that are closed to presynaptic terminals on hippocampal CA1 pyramidal cells. It has been reported that this action is achieved by activation of genomic ERs, most likely the ERα (Gould et al., 1990; Woolley et al., 1990, 1996; Woolley and McEwen, 1993; Murphy and Segal, 1996; Woolley, 1998; Hao et al., 2003; MacLusky et al., 2005). Accordingly, ERs activation is able to either decrease GABAergic inhibition (Murphy et al., 1998; Rudick and Woolley, 2001) and increase NMDAR expression and function (Weiland, 1992; Warren et al., 1995; Gazzaley et al., 1996; Cordoba Montoya and Carrer, 1997; Woolley et al., 1997; Good et al., 1999; Cyr et al., 2000, 2001; Bi et al., 2001; Rudick and Woolley, 2001), ultimately increasing the spine density of neurons. Hippocampal LTP have in fact been correlated to the simultaneous increase of both the spine density and the NMDAR-dependent synaptic transmission (Smith and McMahon, 2005, 2006), suggesting that E2 during LTP formation is able to trigger both morphological and functional changes. Synaptic changes induced by E2 during LTP were reported to affect the structure of neuronal circuitry by increasing the polymerization of filamentous actin proteins in the dendritic spines (Kramar et al., 2009) and by rapidly enhancing their head structure and density via activation of ERα, but not ERβ (Ooishi et al., 2012).

The morphological and electrophysiological changes triggered by E2 during LTP may be part of the same E2-dependent mechanism. Synergic effects consisting of formation of new spines and stabilization of synaptic strength in active mature synapses have in fact been reported to be necessary for long-term synaptic consolidation of neurotransmission (Toni et al., 1999; Yang et al., 2008). However, an alternative possibility considers the functional and structural events happening during E2-dependent LTP formation as two distinct phenomena, according to experiments of acute or chronic inhibition of E2 synthesis (Vierk et al., 2012; Fester and Rune, 2015).

Overall, even if it is possible to hypothesize that initial structural changes of dendritic spines induced by E2 precede a full LTP induction, the idea that neural E2 is able to trigger LTP more rapidly than any possible change of synaptic structure is likely to occur. In this scenario, the induction of LTP of synaptic transmission, involving the increased synthesis or availability of E2 during neuronal activity, might represent the early phase in the process that allows subsequent spine formation and consolidation (Yang et al., 2008; Kato et al., 2013; Dickens et al., 2014).

Interestingly, neural androgens may also increase spine structure suggesting that the machinery at the basis of synaptic plasticity needs structural improvement either for the induction of the E2-mediated LTP and for the induction of androgen-mediated LTD (Leranth et al., 2004; Hatanaka et al., 2009).

Thus, sex neurosteroids are suggested to influence long-term synaptic plasticity by complex mechanisms of action, with estrogens and androgens producing opposite effects on LTP and LTD induction, respectively, and both of them being responsible for the enhancement of dendritic spine formation. This reveals a multifaceted mechanism at the base of neurosteroid influence in synaptic plasticity. In fact, estrogens and androgens have opposite effects in the long-term synaptic events, being the LTP induced by E2 and the LTD by androgens, whereas both neurosteroids enhance dendritic spine formation.

Beside their contribution in synaptic plasticity, the evidence reported in this review of the literature underly the involvement of these molecules in the regulation of several behavioral aspects that are related to the motor system function, to emotional manifestations and cognition.
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Progestogens' (e.g., progesterone and its neuroactive metabolite, allopregnanolone), cognitive effects and mechanisms among males are not well-understood. We hypothesized if progestogen's effects on cognitive performance are through its metabolite allopregnanolone, and not actions via binding to traditional progestin receptors (PRs), then progesterone administration would enhance performance in tasks mediated by the hippocampus and cortex, coincident with increasing allopregnanolone concentrations, brain derived neurotrophic factor (BDNF) and/or muscimol binding of PR knock out (PRKO) and wild-type PR replete mice. Experiment 1: Progesterone (4 mg/kg, subcutaneously (SC; n = 12/grp), or oil vehicle control, was administered to gonadally-intact adult male mice PRKO mice and their wild-type counterparts and cognitive behaviors in object recognition, T-maze and water maze was examined. Progesterone, compared to vehicle, when administered post-training increased time investigating novel objects by the PRKO and wild-type mice in the object recognition task. In the T-maze task, progesterone administration to wild-type and PRKO mice had significantly greater number of spontaneous alternations compared to their vehicle-administered counterparts. In the water maze task, PRKO mice administered vehicle spent significantly fewer seconds in the quadrant associated with the escape platform on testing compared to all other groups. Experiment 2: Progesterone administered to wild-type and PRKO mice increased plasma progesterone and allopregnanolone levels (n = 5/group). PRKO mice had higher allopregnanolone levels in plasma and hippocampus, but not cortex, when administered progesterone and compared to wild-type mice. Experiment 3: Assessment of PR binding revealed progesterone administered wild-type mice had significantly greater levels of PRs in the hippocampus and cortex, compared to all other groups (n = 5/group). Wild-type mice administered progesterone, but not vehicle, had increased BDNF levels in the hippocampus, but not the cortex, compared to PRKOs. Wild-type as well as PRKO mice administered progesterone experienced significant increases in maximal GABAA agonist, muscimol, binding in hippocampus and cortex, compared to their vehicle-administered counterparts. Thus, adult male mice can be responsive to progesterone for cognitive performance, and such effects may be independent of PRs trophic actions of BDNF levels in the hippocampus and/or increases in GABAA activity in the hippocampus and cortex.

Keywords: brain-derived neurotrophic factor, prefrontal cortex, allopregnanolone, hippocampus, object recognition, T-maze, memory


INTRODUCTION

Our understanding of progesterone, a gonadal hormone that is produced primarily by the ovaries in females, as well as progestin receptors (PRs) functioning, has primarily come from studies in females (1–3). Although progesterone has always been considered a “female-typical hormone,” adult male rodents produce progesterone in the testes and adrenal cortex (4, 5). Male rodents have circulating levels of progesterone around 1.5–2 ng/mL (6, 7), compared to a range of 3–35 ng/mL in females that is seen throughout the estrous cycle (8). Males, compared to females, have higher levels of steroid receptor co-activators, which enhance steroid hormone action in many brain regions (9). Of note, across species, both males and females have early exposure to maternal progesterone, by which brain functioning is organized. “Male-typical” hormones, such as androgens are derived from a cholesterol-based pro-hormone, progesterone. Thus, despite conceptualization of progesterone as a female hormone, the extent to which adult males respond to progesterone is an important question.

Progesterone can exert beneficial effects for cognitive performance; however, most of the work on progesterone's cognitive effects has involved female subjects. Compared to other treatments, progesterone to rodents assessed in the Morris water maze reduced latencies to the hidden platform, increased platform crossings, and time spent swimming in the quadrant area where the platform had been during training (10). Progesterone improved reference memory acquisition and reversal learning in the Morris water maze task, compared with vehicle treatment (11). In addition, young and aged rodents administered progesterone, or its neuroactive metabolite, allopregnanolone, performed significantly better in the object recognition, object placement, T-maze, and water maze tasks compared to other groups (12, 13). Progesterone can have memory-enhancing effects among young adult mice in condition place preference, inhibitory avoidance and other tasks that may be mediated by several brain regions, including the hippocampus, prefrontal cortex (PFC), amygdala, nucleus accumbens, and cerebellum (14, 15). Thus, progesterone has beneficial effects to improve cognitive performance of female rodents across a variety of tasks. The question remains about the responsiveness of males to progesterone on cognitive performance.

To understand the role and brain targets of progestogens for cognitive performance among males, different mechanisms of actions of progesterone and its metabolic allopregnanolone should be considered. Unlike allopregnanolone, progesterone binds with high affinity to intracellular PRs (16). Progestin receptors have been localized to brain targets for learning/memory effects of progesterone in the hippocampus (17) and the frontal cortex (18). However, progesterone may be exerting its effects through its metabolite, allopregnanolone, which has greater affinity for γ-aminobutyric acid (GABAA) receptors. Allopregnanolone alters functioning of many neurotransmitter targets, rather than binding to PRs, when in physiological concentrations (19–21). Female mice, administered allopregnanolone or those that were administered progesterone and could metabolize this to allopregnanolone, performed significantly better in the object recognition, object placement, T-maze and water maze tasks compared to female mice administered vehicle (12). In addition, rodents administered allopregnanolone, perform better in the water maze, a delayed nonmatching-to-sample Y-maze task, object recognition and object placement tasks, and conditioned aversion tasks and have enhanced conditioned place preference compared to controls (22–27). Moreover, PR knockout (PRKO) mice, which lack PRs throughout development (28), have been used. For example, young and/or aged PRKO and wild-type mice have increased sexual responding, decreased anxiety-like behavior, and enhanced cognition following progesterone administration, despite PRKO mice having low levels of cortical PR binding (29, 30). Cognitive enhancement among both PRKO and wild-type mice administered progesterone suggests that PRs are not necessary for progesterone's beneficial effects on cognitive performance. Thus, progesterone's beneficial effects across various cognitive tasks may be related to the capacity to produce allopregnanolone, rather than actions at PRs among females. Of interest is the effects among males.

Another non-PR target to be considered is brain-derived neurotrophic factor (BDNF). BDNF is produced both in neurons and glial cells (31, 32). BDNF is of interest as a marker of neural plasticity, which may play a role in synaptic plasticity and learning/memory (33, 34). There is strong evidence to support the role of BDNF in synaptic plasticity and cognitive function (35) and as such, alterations in its function and/or expression have been implicated in the pathophysiology of aged-related neurodegenerative diseases including Alzheimer's disease, Parkinson's disease, seizure disorder, major depression (34, 36–45), and a variety of stressors/events [e.g., ischemia, hypoglycemia, stressor exposure, etc. (46, 47)]. Restoring BDNF expression and/or function may be therapeutic. Furthermore, there is evidence that progesterone and other hormones have enhancing effects on BDNF expression. BDNF levels are increased and are associated with administration of progesterone and/or cognitive enhancement (12, 33, 34, 48–53). Thus, BDNF may play a role for cognitive enhancement following progesterone administration.

An important question is the responsiveness of progesterone in a mouse model that should be less sensitive to progesterone effects (adult males, low levels of progesterone, and no PRs). Notably, young males in some cases do not respond to progesterone as females do. For example, duration spent immobile in the forced swim task is not reduced with progesterone administration in young males to the same extent that it is in age-matched females; this sex difference is no longer apparent in aged mice (54). We hypothesized if progesterone's effects on learning/memory are through its metabolite allopregnanolone, and not due to traditional actions via binding to PRs, progesterone administration post-training will enhance performance in tasks mediated by the hippocampus and cortex, coincident with increasing allopregnanolone concentrations in the hippocampus and cortex, and increase BDNF levels or activity of GABAA receptors of both PRKO and wildtype mice. To test this, gonadally-intact male wild-type and PRKO mice were administered progesterone and/or oil vehicle and exp 1: cognitive behaviors (object recognition, T-maze and Water maze), exp 2: neuroendocrine factors (plasma, hippocampal and cortical progesterone and allopregnanolone levels), and trophic factors, PR binding, BDNF levels in the hippocampus and cortex, and GABAA activity in the hippocampus and cortex were assessed.



METHODS AND MATERIALS

The methods utilized for animal husbandry, determination of WT vs. PRKOs, drug administration, behavioral testing, euthanasia and tissue collection in the murine subjects in this study were approved by the Institutional Animal Care and Use Committee at the University at Albany.


Animal Housing

Subjects were adult (8–10 weeks old), male mice. Mice were group-housed (4–5 per cage) in polycarbonate cages (26 × 16 × 12 cm) in a temperature-controlled room (21 ± 1°C) in the core Laboratory Animal Care Facility at the University at Albany. The housing room was on a 12/12-h reversed light cycle (lights off 8:00 a.m.-8:00 p.m.). Mice had continuous access to Purina Mouse Chow and tap water in their home cages and were assessed during their dark phase. There were 50/12-13 mice group in one cohort and 20/5 mice group in another cohort. The first cohort of 5 per group was done to examine physiological measure around 15 generations of back crossings to bring the PRKO mice from their 129 background strain onto the c57UA strain, which were c57 mice that had been subjected to random and frequent fire alarms with changes in air pressure for 4 years.



Mouse Strain and Genotyping

PRKO mice that were back crossed onto a c57 background are not distinguishable based upon any obvious phenotypic or behavioral characteristics from c57 controls. As such, another member of the laboratory conducted genotyping, as described below, and randomly assigned them to groups, which were unknown to the individuals that were testing the animals. Subjects were wild-type (+/+) or (-/-) PRKO mice, congenic on C57BL/6 background, that were derived from heterozygous (+/–) breeder pairs from a colony that was maintained at the University at Albany. These mice were developed by Bert O'Malley's laboratory [Baylor College of Medicine, Houston, Texas; (29, 55)]. Typical polymerase chain reaction (PCR) methods, modified from Jackson Laboratory's published protocol, were utilized to determine the genotype of mice (54, 56). Briefly, genomic DNA was isolated from tail snips and analyzed by PCR. PCR was performed by denaturing the DNA at 95°C for 5 min, followed by 30 cycles of amplification: 94°C for 1 min, 60°C for 1 min, 72°C for 1 min, and a final primer extension step at 72°C for 10 min. The following PR specific primers were used: P1 (5′TAGACAGTGTCTTAGACTCGTTGTTG-3′), P2 (5′GATGGGCACATGGATGAAATC-3′), and a neo gene specific primer, N2 (5′GCATGCTCCAGACTGCCTTGGGAAA-3′). Primers were obtained from Integrated DNA Technologies (Coralville, IA). Bands of ~565 and 500 base pairs were amplified for wild-type and PRKO mice, respectively. PRKO and wild-type mice were randomly assigned to receive progesterone or vehicle as described below. The individual who was testing the animals was blind to the genotype of all animals and the vehicle or progesterone administration condition.



Progesterone Administration

Crystalline progesterone was obtained from Steraloids, Newport, RI and dissolved in vegetable oil vehicle. Intact male mice were randomly assigned to receive progesterone (4 mg/kg) or vehicle (vegetable oil) by subcutaneous injection (SC) in the nape of the neck 1 h before behavioral testing in the T-maze, immediately after training in the single trial of the object recognition task, and after the last training trial in the water maze (57).



Behavioral Testing

Wild-type and PRKO mice were assigned to one hormone condition (vehicle or progesterone) and then, tested once per week in each of the behavioral tasks described below. Behavioral data were collected simultaneously by an experimenter (T-maze), the Any-Maze tracking system (Stoelting, Wood Dale, IL; object recognition), and/or both methods (water maze). On the day when mice were trained and tested, they were transported in their home-cages on a cart to the testing area. Mice were singly-housed in a clean cage immediately before training and until the last testing trial, when they were returned to their home-cage in the vivarium.


Object Recognition

In the object recognition task, mice were trained with two identical objects, i.e., a plastic toy block or a bottle, that were placed in an open field. The objects used were those that mice showed a high and similar degree of investigating during a single, 3 min training trial (58). There were no significant differences between genotypes or treatment group for time spent investigating objects during training in the object recognition task [left object: WT: 12.1 ± 2.2 s (SEM), PRKO: 10.2 ±1.4 s (SEM); right object: WT: 11.1 ± 1.9 s (SEM), PRKO: 11.9 ±2.3 s (SEM); training data are from mice that were trained before receiving treatment]. The durations spent within 5 cm of the object, directly in contact, investigating and/or orienting toward the objects were automatically recorded using Any-Maze for the training and testing trials. Immediately after training, mice were injected with vehicle and/or progesterone. Mice were tested in this task 4 h after training. During testing, there was a novel object and a familiar object (i.e., the object that mice had been trained with) and mice freely explored in the testing chamber for 3 min. The duration of time the mice spent exploring the familiar and novel objects were recorded.



T-maze

Spontaneous alternation was assessed in the T-maze, which has a clear Plexiglas start box connected to a start arm (30.5 × 9 × 7 cm) and two goal arms (17.8 × 9 × 7 cm). Mice were placed in the start box 1 h after vehicle or progesterone treatment. The door was opened and following one forced trial (where either the left or right side was blocked in a random fashion), the number of spontaneous alternations made to each goal arm was assessed for 13 consecutive trials (max latency = 900 s). Each of the 13 trials consisted of the mouse fully returning to the start arm and then, entering the right or left goal arm (13, 59). Data were hand-collected by an experimenter and videos of trials were recorded using Any-Maze or a video-camera. The index of performance in this task is the number of successful alternating trials out of 13 possible trials.



Water Maze

The water maze was filled with 25°C tap water and was made opaque by the addition of white non-toxic tempera paint. Mice were habituated to the maze by allowing them to swim in the water maze with the hidden platform (8 × 8 cm) in it. After 1 min, mice were placed on the hidden platform for 10 s. Following habituation, mice were trained in twelve 1-min trials which were organized into 3 blocks of 4 trials with a randomized starting position in the maze represented during each of these 4 trials in the block. There were 3 different starting positions in the maze. In each trial, mice had 60 s to find the clear platform in the opaque water (hidden platform). Latencies to find the platform and distance traveled were recorded simultaneously by the experimenter and the Any-Maze tracking program. Each block of trials had a 30 min inter-trial interval. Mice were injected with vehicle or progesterone immediately after the last training trial. Before the probe trial to assess spatial memory, the hidden platform was removed from the water maze. Thirty minutes following vehicle or progesterone administration, mice were returned to the water maze at a random position. The latency to return to the quadrant that had the platform, and the duration of time spent in that quadrant, were the indices of cognitive performance in this task. Immediately after the probe trial, mice were tested in a cued trial of the water maze to assess their ability to swim to a platform in the maze. During this trial, the latency of mice to swim to a platform that is made visible and cued is determined to rule out the ability to perform the task (13, 30). There were no differences between groups in these measures (data not shown).




Tissue Collection

Immediately after testing in the water maze, mice were euthanized by cervical subluxation and decapitation. Whole brains were collected from mice and stored frozen at −70°C until brain regions were processed for enzyme-linked immunosorbent assays (ELISA), progesterone, allopregnanolone, BDNF, PR binding and muscimol binding. The cortex and hippocampus were grossly dissected from the whole brain on ice prior to steroid and BDNF measurement.



Sample Preparation

The cortex and hippocampus were dissected out and homogenized with a pestle in 500 microliters of distilled water in a microcentrifuge tube and centrifuged for 10 min at 3,000 x g. Protein concentrations in each sample were measured using a Nanodrop Spectrometer (Thermo Scientific, Federal Way, WA).



Allopregnanolone, Progesterone and BDNF ELISAs

Analyses of allopregnanolone and progesterone were per standard methods of the ELISA kits purchased from Arbor Assays (Ann Arbor, MI). Fifty microliters of homogenized sample were added to each well.

Analyses of BDNF were per standard methods of the Emax Immunoassay system [Promega, Fisher Scientifics; (12, 60, 61)]. Brain homogenates were homogenized in 10 microliters of cell lysis buffer (Qiagen) with a pestle in a microcentifuge tube. Fifty microliters of these prepared homogenates were diluted in 4 volumes of Dulbecco's Phosphate-Buffered Saline (Fisher Scientific). Diluted samples were acid-treated by adding 1 microliter of 1 N HCl, incubating for 15 min at room temperature, and then neutralizing the samples by adding 1 microliter of 1 N NaOH.

For allopregnanolone, progesterone and BDNF ELISA, 50 microliters of prepared Detection Reagent A was immediately pipetted into wells. Plates were shaken, mixed and incubated for 1 h at 37°C. Samples were then aspirated and washed 3 times with 350 microliters of 1x wash buffer. Any remaining liquid from all wells was removed completely by snapping the plate onto absorbent paper. Next, 100 microliters of prepared Detection Reagent B was pipetted into each well and incubated for 30 min at 37°C. Plate was then aspirated and washed 5 times with 350 microliters of 1x wash buffer and any remaining liquid was removed from wells by snapping the plate onto absorbent paper. Then, 90 microliters of substrate solution was pipetted into each well and incubated for 15–25 min at 37°C and placed in the dark where the liquid turned blue. Lastly, 50 microliters of stop solution was pipetted into each well and gently tapped. The addition of the stop solution turned the liquid yellow. Immediately after, the plate was read at 450 nm on a microplate reader (Bio-tek, Thermo Scientific, Federal Way, WA).



Progestin Receptor Binding

Progestin receptors in hippocampus and cortex were investigated in n = 5 mice per group to confirm that backcrossing PRKOs to make them congenic on our c57UA strain did not alter their brain levels of progestin receptors. We used the tritiated synthetic competitive binding assay as previously described (54, 55) with RU5020 (promegestrone; 17α, 21-dimethyl-19-nor-pregna-4,9-diene-3,20-dione), which has a Kd of 0.4 nM for progestin receptors (62). Progestin receptors are found in pituitary, reproductive tract and most estrogen receptor-containing brain regions (62). There are also progestin receptor sites in brain areas lacking estrogen receptors, such as the cerebral cortex, which are similar to those induced by estradiol.



Muscimol Binding

As per our previous methods (63), tissues were thawed and resuspended in 0.05 M Tris-HC1 buffer to a protein concentration of 0.8 mg protein per tube in a final volume of 0.5 ml. [3H] muscimol (NET 574, spec. act. 14.72 Ci/mmol, New England Nuclear, Boston, MA, USA) at 10–100 nM concentrations was added and incubation was continued at 4°C for 30 min. Non-specific binding was determined by addition of 1 mM cold GABA as a displacer of bound [3H] muscimol. The bound and free fractions were separated by vacuum filtration through GF/C glass filters and washed twice very quickly with 0.05 M Tris buffer [89]. Filters were placed in scintillation vials to dry overnight. The next day, scintillation cocktail was added and the vials were counted for radioactivity and degradations per minute were calculated. The Emax of specific muscimol binding was used as the variable of interest.



Statistical Analyses

For all measures except the T-maze task, two-way ANOVAs were used to determine effects of hormone condition (vehicle or progesterone) and genotype (wild-type or PRKO). Two subjects were removed from the main cohort, as they varied more than 2 standard deviations from the mean in their group. One subject was from the wild-type progesterone group and the other was from the wild-type prko group. This resulted in an equal number of observations across groups (n = 12/group) and no question as to the adherence of the assumptions of the premises of the ANOVAs. A X2-square test of independence with Yates correction was performed to examine the relationship between progesterone and genotype and the ability to alternate in the T maze. The α level for statistical significance was p ≤ 0.05. Fisher's post-hoc tests were used to examine group differences.




RESULTS


Progesterone to PRKO and Wild-Type Male Mice Enhances Object Recognition

Progesterone administered mice spent significantly more time with the novel object during testing in the object recognition task. Wild-type and PRKO mice administered progesterone spent more time spent with the novel object compared to their vehicle administered counterparts [(F(1, 44) =22.88, P < 0.001) see Figure 1, top]. There were neither effects of genotype, nor significant interactions of genotype and progesterone, for time spent with the novel object during testing.


[image: Figure 1]
FIGURE 1. Results from the vehicle wildtype mice are represented by white bars, P4 wildtype by stippled bars, vehicle PRKO by black bars, and P4 PRKO mice are represented by diagonally striped bars. There are 12 animals per experimental group. The top panel represents mean time (in secs) spent with novel object (±S.E.M.). Wildtype or PRKO male mice administered P4 had enhanced cognitive performance in the object recognition task compared to vehicle administration among wild-type and PRKO mice. The middle panel indicates the mean number of spontaneous alternations (±S.E.M.) in the T-maze out of 13 trials. Wildtype or PRKO male mice administered P4 had ac greater number of spontaneous alterations in the T-maze compared to vehicle administered groups. The bottom panel represents the mean number of seconds spent in the quadrant (±S.E.M.) where the hidden platform had been in previous trials. PRKO vehicle mice spent significantly less time in the quadrant than did all other groups.




Progesterone to PRKO and Wild-Type Male Mice Results in More Spontaneous Alternation in the T-maze Task

A chi-square test of independence was performed to examine the relationship between progesterone and genotype and the ability to alternate in the T maze. The relationship between these variables was significant, according to X2 with Yates correction (4, N = 48) = 8.9, p = 0.02. Mice, irrespective of wild type or PRKO, administered progesterone made significantly greater number of alternations in the T-maze than did vehicle-administered mice. Indeed, progesterone administered mice made approximately twice the number of spontaneous alternations than did their vehicle-administered counterparts. See Figure 1, middle.



Progesterone to PRKO and Wild-Type Male Mice in the Water Maze Task

Hormone condition and genotype interacted, such that PRKO, vehicle-administered mice had longer latencies to find the quadrant where the platform had been, compared to all other groups [F(3, 44) = 22.87, P < 0.0001]. Progesterone and genotype also interacted in that PRKO, vehicle-administered mice, spent less time in the quandrant where the platform had been located compared to all other groups [F(3, 44) = 13.56, P < 0.0001] See Figure 1, bottom. There were no significant differences for the time spent in the quadrant of the hidden platform during the probe trial and the latency to find the platform in the cued trial indicating initial performance variables were not a factor (data not shown).



Progesterone Increased Plasma Progestogens in PRKO >Wild-Type Male Mice

Progesterone condition and genotype significantly interacted to influence circulating plasma progesterone [F(1, 16) = 69.77, P < 0.0001] and allopregnanolone [F(1, 16) = 28.59, P < 0.0001]. PRKO mice administered progesterone had significantly higher circulating progesterone (see Figure 2, top left) and allopregnanolone (see Figure 2, top right) levels compared to all other groups.


[image: Figure 2]
FIGURE 2. The results from the vehicle wildtype mice are represented by white bars, P4 wildtype by stippled bars, vehicle PRKO by black bars, and P4 PRKO mice are represented by diagonally striped bars. The top left panel represents plasma progesterone levels (n = 5/group) whereas the top right panel represents plasma allopregnanolone levels (n = 5/group). Progesterone administration significantly increased progesterone and allopregnanolone levels for PRKO > wild-type male mice. The middle panel represents central levels of progesterone in the hippocampus left side and cortex right side (n = 17/ this and all other brain groups). The bottom panel represents central levels of allopregnanolone in the hippocampus left side and cortex right side (n = 17/group). Progesterone administration significantly increased hippocampal and cortical progesterone and allopregnanolone levels for both wild-type and PRKO male mice.




Progesterone and Genotype Interacted With Progestogens in Cortex Not Hippocampus

Progesterone [F(1, 64) =405.86, P < 0.01] and genotype [F(1, 64) =5.27, P < 0.05] conditions significantly influenced hippocampal levels of progesterone. Progesterone administration produced hippocampal levels of progesterone around 3.25 ng/g compared to vehicle 0.58 ng/g. PRKOs had mean levels of progesterone around 2.1 ng/g compared to wild-types 1.8 ng/g (see Figure 2, middle right).

Progesterone condition and genotype significantly interacted to influence cortical progesterone levels [F(1, 64) = 4.80, P < 0.03]. PRKO mice had significantly higher levels of progesterone in the cortex (see Figure 2, middle left) compared to all other groups.



Progesterone Has Effects Irrespective of Genotype to Alter Central Allopregnanolone

Progesterone [F(1, 64) = 202.10, P < 0.0001] condition significantly influenced hippocampal levels of allopregnanolone. Progesterone administration produced hippocampal levels of allopregnanolone around 5.2 ng/g compared to vehicle 1.4 ng/g (see Figure 2, bottom left).

Progesterone [F(1, 64) =80.67, P < 0.0001] condition significantly influenced cortical levels of allopregnanolone. Progesterone administration produced cortical levels of allopregnanolone around 2.6 ng/g compared to vehicle 1.3 ng/g (see Figure 2, bottom right).



Progesterone Increased Progestin Receptor Binding Sites in Hippocampus and Cortex Cortex of Wild-Type but Not PRKO Male Mice

Progesterone condition significantly interacted with genotype to influence [3H] RU5020 Emax moles/g in the hippocampus [F(1, 16) =12.14, P < 0.001]. Progesterone administration produced increased PR binding to ~3.5 moles/g compared to all other groups, which averaged 1.7 (see Figure 3, top left).
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FIGURE 3. The vehicle wildtype mice results are represented by white bars, P4 wildtype by stippled bars, vehicle PRKO by black bars, and P4 PRKO mice are represented by diagonally striped bars. The top panel represents Emax progestin receptor binding (n = 5/group) in the hippocampus in the left panel, and cortex in the right panel. Only wild-type mice administered progesterone showed significant increases in progestin receptor binding. The middle panel represents BDNF levels (n = 12/group) in the hippocampus in the left panel, and cortex in the right panel. BDNF levels were only increased in progesterone administered wild-type mice in the hippocampus. The bottom panel represents maximum muscimol binding (n = 5/group) in the hippocampus in the left panel, and cortex in the right panel. Both wild-type and PRKO male mice administered progesterone showed significant increases in the maximal binding of the GABAa agonist mucimol.


Progesterone condition significantly interacted with genotype to influence [3H] RU5020 Emax N/g in the cortex [F(1, 16) =252.11, P < 0.0001]. Progesterone administration increased PR binding to ~4.3 moles/g among wild-types compared to all other groups, which averaged 2.2 (see Figure 3, top right).



Progesterone Increased BDNF Levels in Hippocampus but Not Cortex of PRKO and Wild-Type Male Mice

There was a significant main effect of progesterone to increase BDNF levels in the hippocampus [F(1, 46) =4.70, P < 0.008] irrespective of genotype (see Figure 3, middle left).

Progesterone, compared to vehicle administration, increased BDNF levels in the hippocampus. There was neither an effect of genotype, nor an interaction between genotype and hormone condition. These effects were not observed in the cortex (see Figure 3, middle right).



Progesterone Increased E max Muscimol Binding in Cortex of PRKO and Wild-Type Male Mice

Progesterone administration significantly enhanced maximal 3H muscimol binding in the hippocampus irrespective of genotype [F(1, 16) =2,030.41, P = 0.0001]. See Figure 3, left. There was no difference between muscimol binding of wild-type and PRKO mice.

Progesterone administration significantly enhanced maximal 3H muscimol binding in the cortex irrespective of genotype [F(1, 16) =2,202.02, P = 0.0001]. See Figure 3, right. There was no difference between muscimol binding of wild-type and PRKO mice.




DISCUSSION

This study generally supports our a priori hypothesis that progesterone, compared to vehicle, to male PRKO and wild-type mice could improve cognitive performance. In the water maze task, wild-type mice tended to outperform PRKO mice, where wild-type mice had shorter latencies to find the hidden platform compared to PRKO mice. However, in the object recognition and T-maze tasks, progesterone improved performance in both the PRKO and wild-type mice. Progesterone administered to wild-type and PRKO mice higher progesterone levels in the hippocampus and cortex. On the contrary, PRKO mice had higher allopregnanolone in the hippocampus and cortex compared to wild-type mice. Moreover, wild-type, but not PRKO, mice had higher BDNF levels in the hippocampus with progesterone administration compared to vehicle administration. No differences were seen in the cortex for progesterone to increase BDNF levels. Yet, muscimol binding in cortex was similarly increased in wt and PRKO mice administered progesterone. Thus, progesterone's actions in wild-type and PRKO male mice to enhance cognitive performance may be associated with allopregnanolone and/or BDNF expression, in the hippocampus, or cortical increases in allopregnanolone and GABAA activity.

In the present study, progesterone improved cognitive performance in the object recognition and T-maze task among wild-type and PRKO mice. This finding extends previous published data. Progesterone treatment immediately post-training enhances object recognition in young (14), middle-aged, and aged (64) mice. Also, progesterone administration to young and/or aged mice improved cognitive performance in these tasks (13, 60). However, in the water maze task, wild-type mice tended to outperform PRKO mice. There are beneficial effects of post-training progesterone on spatial memory consolidation in the Morris water maze in mice (64). In addition, it has been previously observed that aged wild-type mice outperform PRKO mice (57). Although, PRKO mice have reduced levels of PR binding (65, 66), there are significant increases in cognitive behavior of progesterone administered PRKO and wild-type mice concomitant with increased levels of allopregnanolone in the hippocampus (29). Progesterone can also have beneficial effects in other behaviors. For example, progesterone has beneficial effects for sexual behavior, motivation, anxiety, response to drugs of abuse (24) and also, depressive-like behaviors (54). Thus, progesterone exerts beneficial effects on cognition as well as other behaviors.

Progesterone can also have neuroprotective effects in the brain. The neuroprotective effects of progesterone have been demonstrated in rodent models of neurodegeneration (67), brain ischemia/stroke (68–71), and traumatic brain injury (TBI) (72–78). Moreover, progesterone limits the extent of tissue damage and the impairment of motor functions in an animal model of stroke (77). Furthermore, progesterone has neuroprotective and cognitive enhancing effects however progesterone also can have beneficial effects in other disorders (i.e., Alzheimer's, Parkinson etc.). Thus, progesterone can have neuroprotective and cognition enhancing, which support the purpose of such investigations.

BDNF levels were increased in the hippocampus with progesterone administration to wild-type, but not PRKO, mice compared to vehicle administration. As such, these findings add and extend the literature on interactions between progesterone and growth factors. In support, progesterone failed to elicit an increase in BDNF in PRKO mice but induced an increase in BDNF levels of wild-type mice (79). This evidence has suggested that classical intracellular/nuclear PR would be the principle mediator of the effects of progesterone on BDNF expression because this effect was inhibited by the pharmacological inhibitor of PRs, Mifepristone, and was lost in PRKO mice (79). In addition, levels of BDNF in the cortex and hippocampus were lowest among mice administered a synthetic progestin, medroxyprogesterone acetate, that does not act like progesterone to induce allopregnanolone synthesis, suggesting a downstream role of this growth factor (12, 79). Indeed, progesterone increased BDNF levels; however, this may only be possible by way of its metabolite, allopregnanolone. Furthermore, among young cycling rodents, manipulation of allopregnanolone synthesis in the midbrain alters expression of BDNF in the hippocampus (61). Others have noted that allopregnanolone alters BDNF expression in other limbic structures, such as the amygdala and hypothalamus, in addition to the hippocampus (80). Together, production of allopregnanolone in the hippocampus may be required for progesterone's mnemonic effects to increase BDNF levels.

In the present study, allopregnanolone levels were increased in the hippocampus and cortex of PRKO and wild-type mice. This may be due to increased activity of the stress axis, which can interact to alter circulating and brain levels of steroids (e.g., neurosteroids), particularly among mice. Though PRKO mice had increased levels of allopregnanolone, this was not associated with increased BDNF levels, which support the notion that PRs may not be involved for cognitive improvements with progesterone administration. It must be noted that levels of allopregnanolone and progesterone are very low in male mice, but they are not completely absent. This may be because there can be de novo synthesis of allopregnanolone in the brain itself, in addition to metabolism of circulating progesterone. Indeed, it may be that these levels of allopregnanolone were produced via actions in the hippocampus, cortex and/or other regions in this circuit involved in the behaviors observed. Another consideration is that the behavioral effects of PRKO mice may be less related to effects on production of allopregnanolone, or even other steroids that can be derived in the periphery or brain (progesterone), but may relate more to different rates of clearance of neuroactive steroids. Moreover, these effects may be related to increased rates of progesterone conversion to allopregnanolone, which is known to increase following environmental stressors (e.g., cold water swim, restraint) as well as social challenges (e.g., mating) and mitigates stress responding [reviewed in (24, 81, 82)]. Furthermore, this may explain the difference that was shown in the water maze task (latency to find the platform). The water maze requires a high degree of physical activity (swimming), remembering where a hidden escape platform is located in the pool, and a probe trial. Although this was not directly tested in the present study, the water maze task may be associated with an increased stress response in PRKO mice, which could lead to higher levels of allopregnanolone in circulation among both progesterone and vehicle administered mice. Thus, clearance of neurosteriods and/or stress responsiveness may play an important role in allopregnanolone production. Further investigation of this is substantiated.



CONCLUSION

In conclusion, progesterone can have beneficial effects for cognitive performance among males. An important piece to this story may be progesterone's metabolite, allopregnanolone, and effects on BDNF levels in the hippocampus or GABAA receptors in the cortex.



IMPLICATIONS

Progesterone and its neuroactive metabolite, allopregnanolone, cognitive effects' among males is not well-understood and is addressed in this study. Progesterone (4 mg/kg, or oil vehicle SC) administered post-training in hippocampus and/or cortex tasks to wild type or mice lacking functional nuclear PRs. In the water maze task, wild-type mice tended to outperform PRKO mice. Progesterone enhanced performance of irrespective of genotype in the water maze, object learning and T-maze. Progesterone, but not vehicle, increased progesterone and allopregnanolone levels of wild-type and PRKO mice; albeit, PRKO mice had higher allopregnanolone levels than did wild-type in the hippocampus and cortex. Wild-type mice administered progesterone, but not vehicle, had increased BDNF levels in the hippocampus compared to PRKOs. Thus, male mice can be responsive to progesterone for learning/memory, and such effects do not require PRs, but may be associated with allopregnanolone and BDNF levels in the hippocampus or GABAA activity in the cortex.
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Objective

Serum hormone deficiencies during menopause transition may affect spontaneous brain activity and global cognition. The purpose of this study was to explore the differences in spontaneous brain activity between premenopausal and perimenopausal women, and to investigate the associations between spontaneous brain activity, serum hormone levels and global cognition.



Methods

Thirty-two premenopausal women (47.75 ± 1.55 years) and twenty-five perimenopausal women (51.60 ± 1.63 years) underwent resting-state functional MRI (fMRI) scan. Clinical information including Mini-Mental State Examination (MMSE), levels of estradiol (E2), free testosterone, progesterone, prolactin, follicle-stimulating hormone and luteinizing hormone were measured. Regional homogeneity (ReHo) was used to evaluate spontaneous brain activity alterations between perimenopausal and premenopausal women. Correlation analysis was used to investigate the associations between brain functional alterations and clinical measures in perimenopausal group.



Results

The results demonstrated increased ReHo value in the right lingual gyrus (LG) and decreased ReHo value in the right superior frontal gyrus (SFG) in perimenopausal women compared with premenopausal women. In perimenopausal group, ReHo of the right LG showed a negative correlation with level of E2 (r = -0.586, p = 0.002), ReHo of the right SFG showed a positive correlation with level of E2 (r = 0.470, p = 0.018) and MMSE (r = 0.614, p = 0.001).



Conclusions

The results demonstrated that women approaching menopause suffered from altered functions in brain regions related to cognitive function, working memory, the results also revealed a direct association between levels of E2 and brain functions in perimenopausal women.
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Introduction

Perimenopause, also known as menopause transition, is the period between declined ovarian function and permanent cessation of menstruation in women (1). Erratic fluctuations in hormone levels lead to various physical manifestations which include hot flashes, night sweats, vasomotor dysfunction and vaginal dryness (2, 3). Indeed, perimenopause is regarded as “a window of vulnerability” for women (3). In addition, as the transition into menopause, many women experience cognition decline and memory loss (4). The most critical change during menopause transition is the fluctuation of hormone levels, especially the drop of estrogen levels (1, 5). There is growing evidence that serum hormone levels have effect on cognition and memory during menopause transition (6). Previous studies have investigated the effects of hormone therapy on cognition in women approaching menopause, and have found that women had better cognitive and memory performance in relevant tasks after hormone therapy (7). Hormones act throughout several cellular and molecular processes which can alter structure and function of the central nervous system via hormone receptors (1, 8). In the brain, hormone receptor expressions have been found in the cerebral cortex and limbic systems (8, 9). Hormones and neurosteroids also play critical roles in neural plasticity in the brain as well (10, 11).

In the recent decade, neuroimaging techniques have been applied to investigate alterations of the brain in women during menopause transition (1, 10, 12–14). Functional magnetic resonance imaging (fMRI), as a popular tool in neuroscience, has been used to study brain functional changes in women during menopause transition (1, 12). Specifically, fMRI has been applied to evaluate therapeutic effect of hormone therapy on cognitive function of women during menopause transition and have revealed that women during menopause transition may benefit from certain hormone therapy in terms of cognitive control, verbal and working memory (14–16). In addition, fMRI studies have also revealed functional activations in premenopausal and postmenopausal women related to sexual arousal (17–19). A previous study by our group revealed that perimenopausal women experienced altered intrinsic functional connectivity in regions related to sexual function (1).

For most fMRI studies related to women in menopause transition, the studies focused on brain functional changes under stimuli or after hormone therapy (14–19), few studies have focused on the hormonal fluctuations during menopause transition and its effect on spontaneous brain activity. Regional homogeneity (ReHo), one of the measures in resting-state fMRI, has been used to quantify the synchronization of a given voxel with its neighboring voxels (20). Unlike functional connectivity which involves in distant temporal correlations of fMRI signals, ReHo focuses on functional coherence of regional neural activity (21). Using ReHo analysis, researchers have identified brain functional alterations associated with Parkinson’s disease, depressive disorder, schizophrenia, etc. (22, 23). In this study, we aimed to find the differences in spontaneous brain activity between premenopausal and perimenopausal groups, and to explore the association between serum hormone levels and spontaneous brain activity in perimenopausal women. Regional homogeneity (ReHo) was used to quantify spontaneous brain activity, correlation analysis was used to evaluate the association between ReHo values, serum hormone levels and cognitive function.



Materials and Methods


Participants

This cross-sectional study received full approval from the Medical Ethics Committee of the Shandong First Medical University in accordance with the Declaration of Helsinki. All participants gave their written, informed consent before participating in this study. From June 2017 to January 2018, premenopausal and perimanopausal women were recruited by the Second Affiliated Hospital of Shandong First Medical University. Enrollment criteria for perimenopausal women included: (1) 45 - 55 years old, (2) more than 12 years of formal education, (3) right-handedness, (4) heterosexuality, (5) perimenopause was diagnosed according to the Stages of Reproductive Aging Workshop (STRAW) +10 staging system: persistent difference in consecutive menstrual cycle variable length was larger than 7 days or interval of amenorrhea was larger than 2 months (24). Enrollment criteria for premenopausal women included: (1) 45 - 55 years old, (2) more than 12 years of formal education, (3) right-handedness, (4) heterosexuality, (5) premenopause was diagnosed based on the diagnosis criterion of STRAW +10 staging system: having a regular ovulation day according to the rhythm method. Exclusion criteria for the enrolled women were: (1) history of psychiatry or neurological disorders, (2) hormone or steroid treatment in a month prior to the study, or oral contraceptive use in a month prior to the study, (3) use of antihistamines, ranitidine, black cohosh, or other drugs that modulate ovarian steroid secretion in a month prior to the study, (4) dysfunction of organs including heart, liver or kidney, (5) endocrine diseases, (6) premenstrual syndrome or premenstrual dysphoric disorder, (7) MRI contradictions. At last, 32 premenopausal women (47.75 ± 1.55 years) and 25 perimenopausal women (51.60 ± 1.63 years) were finally recruited. Upon enrollment, all subjects received a routine body examination including routine blood test, urine test, chest and abdominal CT, routine gynecological examination to rule out any possible effect on the bioavailability of steroids and brain function.



Measurement of Cognitive Function and Serum Hormone Concentrations

Cognitive function was evaluated by the Mini-Mental State Examination (MMSE). In terms of serum hormones, the concentrations of six hormones included estradiol (E2), prolactin (PRL), luteinizing hormone (LH), follicle-stimulating hormone (FSH), free testosterone (free-T) and progesterone (P) were measured during the early follicular phase (3-5 days after menstrual onset). Participants were instructed to have a good night sleep before the test. The test was carried out between 8:30 and 9:30 a.m. Venous blood samples were obtained from all subjects via vein puncture. The levels of E2, PRL, LH, FSH, free-T and P were measured using chemiluminescent immunoassay method by E170 Immunology Analyzer (Roche, Brussels, Belgium).



fMRI Acquisition and Processing

A 3.0T MR scanner (Discovery MR 750, GE, Milwaukee, US) with 8-channel head array coil was used to acquire fMRI data. Participants were scanned in a supine, head-first position with cushions on both sides and at top of the head to control head motion. T1-weighted structural images were obtained via 3D-BRAVO sequence with the following parameters: repetition time (TR) = 6.656 ms, echo time (TE) = 2.928 ms, inversion time = 450 ms, field of view (FOV) = 240 mm × 240 mm2, slice thickness = 1 mm, slice gap = 1 mm, matrix = 256 × 256, number of signal averages = 1, flip angle (FA) = 12°, and 176 sagittal slices. Before resting-state fMRI scan, participants were instructed to open their eyes, calm breathing, keep a clear consciousness and not to engage in any specific thinking activity. To acquire resting-state fMRI data, echo-planar imaging sequence was used with the following parameters: TR = 2000 ms, TE = 30 ms, FOV = 240 mm × 240 mm2, matrix = 64 × 64, slice thickness = 3.5 mm, slice gap = 1.2 mm, FA = 90°, scan duration = 480 s (240 volumes) and 33 axial slices.

Data Processing & Analysis for Brain Imaging (DPABI, http://rfmri.org/dpabi) was used for fMRI data preprocessing, regional homogeneity (ReHo) calculation and statistical analysis. Data preprocessing included the following steps: (1) The first 10 volumes of the fMRI data were removed to preserve steady-state data only. (2) The remaining fMRI volumes were corrected for timing differences and for head motion. Subjects with head motion more than 1 mm, head rotational motion larger than 1° or framewise displacement more than 0.5 mm were excluded from further analysis. 9 participants were excluded and they were contacted for fMRI rescans. Finally, all the enrolled women passed the thresholds. (4) The individual fMRI images were spatially registered to the Montreal Neurological Institute (MNI) standard space using Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra algorithm. (5) Nuisance covariates including head motion parameters, white matter and cerebro-spinal fluid signal were regressed out from each subject’s fMRI time series. (6) A band-pass filter (0.01-0.08 Hz) was used to reduce low-frequency drifts and high-frequency noise.

After data preprocessing, ReHo map for each woman was calculated. In the present study, ReHo value of each voxel was calculated as the Kendall’s coefficient concordance (KCC) of this voxel with its adjacent 26 voxels (20). ReHo value close to 1 means a given voxel and its adjacent voxels are more consistent, vice versa (20). Then, ReHo maps were spatially smoothed with a Gaussian kernel (full width half maximum = 6 mm).



Statistical Analysis

SPSS 20.0 was used for statistical analysis. Independent t-test was used for comparisons of age, education and MMSE between premenopausal and perimenopausal women. Mann-Whitney U test was used to compare serum hormone levels between the two groups. The threshold for significance was set at p < 0.05.

Comparison of ReHo maps between premenopausal and perimenopausal women was carried out using the statistical module of DPABI. Specifically, general linear model was used to detect whether there were differences in ReHo maps between the two groups. Age was treated as a nuisance covariate and was adjusted using linear regression. Gaussian random field (GRF) correction with voxel level p < 0.001 and cluster level p < 0.05 (two-tailed) was used to control false positives. In addition, effect size (ES) calculated as Cohen’s d was used to evaluate statistical effect of the group analysis.

Associations between ReHo values and clinical measures (including MMSE, serum hormone concentrations) in perimenopausal group were evaluated by Pearson’s correlation analysis. Group analysis revealed several regions with significant differences in ReHo values between the two groups. Mean ReHo values were extracted from these regions in perimenopausal group. Pearson’s correlation analysis was conducted to investigate the association between mean ReHo values and serum hormone concentrations. In addition, relationship between ReHo values and MMSE was also assessed using Pearson’s correlation analysis. The threshold for statistical significance was set at p < 0.05.




Results


Demographic and Clinical Information

Demographic information and serum hormone concentrations of premenopausal and perimenopausal women are listed in Table 1. MMSE scores and six hormone levels were all in the normal range for premenopausal and perimenopausal women. In addition, increased levels of FSH and LH in perimenopausal women were observed, while decreased levels of PRL, E2, free-T and P in perimenopausal women were found compared with premenopausal women. Significant differences in age, MMSE, levels of PRL, FSH, LH, E2 and P were found between premenopausal and perimenopausal women. There were no significant statistical differences in education duration and level of free-T between the two groups.


Table 1 | Demographic information and sex hormone levels between premenopausal (n = 32) and perimenopausal women (n = 25).





ReHo Changes

Compared with premenopausal women, perimenopausal women demonstrated increased ReHo in the right lingual gyrus (LG) (GRF corrected at voxel level p < 0.001 and cluster level p < 0.05, two-tailed, ES = 0.69). Perimenopausal women also showed decreased ReHo values in the right superior frontal gyrus (SFG) compared with premenopausal women (GRF corrected at voxel level p < 0.001 and cluster level p < 0.05, two-tailed, ES = 0.78). The differences in ReHo map between the two groups are shown in Figure 1. The brain regions with significant differences in ReHo are identified in Table 2.




Figure 1 | Comparison of ReHo values between premenopausal group (n =32) and perimenopausal group (n = 25). (A) Two sample t-map between premenopausal women and perimenopausal women. Gaussian random field correction (two tailed, voxel-level p < 0.001, cluster level p < 0.05) was used for multiple comparisons, colorbar indicates T-score. (B) Scatter plot of mean ReHo value in the right LG for the two groups. (C) Scatter plot of mean ReHo value in the right SFG for the two groups. LG, lingual gyrus; SFG, superior frontal gyrus; ES, effect size.




Table 2 | Brain regions with significant differences in ReHo values between premenopausal (n = 32) and perimenopausal women (n = 25) (Gaussian random field corrected at voxel level p < 0.001, cluster level p < 0.05, two-tailed).





Correlation Analyses

Correlation analysis results are shown in Figure 2. In perimenopausal group, ReHo of the right SFG showed a positive correlation with MMSE (r = 0.614, p = 0.001). ReHo of the right LG showed a negative correlation with the level of E2 (r = -0.586, p = 0.002), ReHo of the right SFG showed a positive correlation with the level of E2 (r = 0.470, p = 0.018). However, ReHo values did not show significant correlations with other hormone levels. In addition, ReHo value of the right LG and ReHo of the right SFG did not have a significant correlation.




Figure 2 | Correlation analysis results between ReHo values and clinical information in perimenopausal group (n = 25). (A) Scatter plots between ReHo value of the right SFG and MMSE in perimenopausal women. (B) Scatter plots between ReHo value of the right LG and level of E2 in perimenopausal women. (C) Scatter plots between ReHo value of the right SFG and level of E2 in perimenopausal women. MMSE, Mini-Mental State Examination, LG; lingual gyrus, E2, estradiol; ReHo, regional homogeneity; SFG, superior frontal gyrus.






Discussion

Although previously viewed as a reproductive and psychological transition, a recent state-of-the-art study has pointed out that perimenopause is largely a neurological transition in nature (25). Menopausal symptoms that emerge during perimenopause indicate disruptions in multiple hormone-regulated systems (25). The fluctuations of serum hormones including sex hormones, estrogens could affect the structure and function of the central nervous system through a network of hormone receptors (8, 9, 25). Therefore, it is of clinical importance to study brain function alterations, and to explore the association between serum hormone levels and brain functions in perimenopausal women.

For the enrolled participants in the current study, the concentrations of six hormones included E2, PRL, LH, FSH, free-T and P were measured to provide a general evaluation of endocrine status. Results indicated that concentrations of six hormones were all in the normal range for both premenopausal and perimenopausal group. However, perimenopausal women experienced increased levels of FSH and LH, and decreased levels of E2, PRL and P compared with premenopausal women. As is known, E2 and P are synthesized in the ovary, while PRL, FSH and LH are released by the pituitary gland (10, 26). In perimenopause, declined ovarian function results in the decreased release of E2 and P (1). As a result, the pituitary gland releases more FSH and LH to stimulate ovary to produce steroids (27). Different from FSH and LH, PRL secretion is not affected by the declined ovarian function (28). The decreased PRL level for perimenopausal women in this study may be a direct consequence of age-related processes in the lactotrophs (28). In addition, other factors involved in the regulation of PRL secretion, such as estrogens should also be considered (29).

In the field of neuroimaging, ReHo, an fMRI measure, has been widely used to evaluate spontaneous brain activity and brain functions at resting-state (20). In the present study, ReHo from resting-state fMRI was used to evaluate brain functional alterations in perimenopausal women, and correlation analysis was used to evaluate the relationship between serum hormone levels, cognitive function and spontaneous brain activity. The results demonstrated that perimenopausal women showed both decreased spontaneous brain activity and increased spontaneous brain activity in several brain regions compared with premenopausal women. E2 level had significant associations with ReHo of several brain regions related to cognitive function.

In this study, perimenopausal women showed decreased ReHo in the right SFG compared with premenopausal women. Furthermore, MMSE was positively correlated with ReHo of the right SFG. The SFG makes up about one third of the frontal lobe in the human brain. The SFG which includes the supplementary motor area, is involved in cognitive function and working memory (30). The decreased spontaneous brain activity in the right SFG in perimenopausal women might indicate that perimenopausal women had a greater chance of experiencing decreased cognitive function and decreased working memory than premenopausal women. SFG is also implicated in depression as a neuroimaging study has revealed that dysfunction in the SFG causes depression (31). The present finding might give potential explanation for depression in women during menopause transition. In addition, a previous voxel-based morphometry study by our group has found that perimenopausal women showed decreased gray matter volume in the right SFG compared with premenopausal women (10). There is a close relationship between structure and function of the human brain (32). Functional changes in the right SFG might have associations with structural changes in the right SFG in perimenopausal women.

The current study also revealed increased ReHo in the right LG for perimenopausal women compared with premenopausal women. The LG is part of the visual cortex which are mainly involved in visual information processing (33). However, in addition to visual function, the LG is also responsible for visual working memory processing (34, 35). Several fMRI studies have reported the role of the visual cortex in retaining visual working memory information and working memory consolidation (36, 37). Although the occipital and frontal lobe are anatomically distant, yet these two regions are highly integrated in function (38). The present findings might suggest that the LG in the occipital lobe and the SFG in the frontal lobe both experienced altered spontaneous brain activity in relation to E2 deficiency in women during menopause transition.

E2 is a form of estrogens which is implicated in numerous physiological processes (39). Studies have reported that E2 is implicated in cognitive function, mood regulation, learning, memory, etc. (39, 40). In addition, E2 plays a critical role in neurodegenerative diseases including Alzheimer’s disease, dementia and stroke (41). In human, the brain expresses high levels of E2 receptors in several brain regions (42).

Present findings revealed that serum E2 level had a negative correlation with brain activity in the right LG, and serum E2 level had a positive correlation with brain activity in the right SFG in perimenopausal women. There is evidence that E2 receptors are located in the frontal cortex (13). Previous studies have reported that E2 level had an association with activity of the frontal cortex during emotion regulation and sexual stimuli (12, 43). In line with previous findings, the positive correlation between E2 level and brain activity in the right SFG suggested that E2 might positively contribute to the function of the frontal cortical system in related tasks. Davis et al. have investigated the effects of sex hormones on visuospatial function and verbal fluency in women during menopausal transition and have found that hormone therapy was associated with decreased brain activity in the lingual gyrus and occipital gyrus (44, 45). Similar phenomenon has also been reported by Neele et al. (46). It was hypothesized that with increased serum E2 level, less neural recruitment was required for task completion with the same speed and accuracy. On the contrary, when the level of E2 decreased, more neurons were needed in the occipital lobe for task completion, therefore, perimenopausal women with declined E2 level showed increased brain activity in the right LG.

Several limitations need to be addressed for this study. Firstly, clinical information and fMRI data were collected at one single time point due to limited conditions. Secondly, relatively small sample size may reduce statistical power and conclusions drawn from the results, however, effect size by Cohen’s d revealed strong statistical differences, and multiple comparison correction methods enhanced reliability of the current study. Future studies will focus on a larger study sample size with more clinical information.

In conclusion, resting-state fMRI was used to assess the differences in spontaneous brain activity between premenopausal and perimenopausal women. Correlation analysis was used to evaluate the association between serum hormone concentrations, cognitive function and spontaneous brain activity. The results demonstrated alterations of spontaneous brain activity and functional compensation in perimenopausal women compared with premenopausal women. In addition, the results also suggested that estradiol level had correlations with several regions related to cognition and visual working memory. The findings highlighted the association between estradiol and brain functions in women during menopause transition and might be helpful in understanding functional changes in the brain of women during menopause transition.
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Variables are presented as mean =+ standard deviation.
°P value was calculated via independent t-test.
°P value was calculated via Mann-Whitney U test.

PRL, prolactin; FSH, follicle-stimulating hormone; LH, luteotropic hormone; E2, estradiol; free-T, free testosterone; P, progesterone.
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Measured variables

Treatment

Serum corticosterone  Fiz0 = 44.290, p < 0001
Seru testosterone  Fyz0 = 15.386, p < 0001
Serum estradiol Fiin = 10318, 0 = 0005
fromatase MANA  Fisz0,= 13,083, p = 0.002
Ero mANA = 18:886,p <0001
£ mANA 00859, p=0773
Nkco1 mANA 20 = 19.083,p < 0.001
Koc2 mANA 0= 11595, = 0003
NCCT/KoG2 MANA  Fy 2 = 19.435, p < 0001

The resuls of the statistical analyses

‘Treatment/sex interaction

Fu20 = 0575,p = 0457
Fuz20 = 13348, p = 0002
Fon=0689,p = 0418
F20= 0,006, p = 0938
Fus0 = 0.098.p = 0757
Fg = 0942,

Fizo = 0740.p =
Fu20 = 2790,

promatase, aromatase gene; Era. estrogen receptor a gene; EIf, estrogen receplor
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Target Effects of Sevoflurane on targets shown n the left column

Males. Fomales
Testosterons ncreased (1) No efet 0)
Estadol ncreased (1) ncreased (1)
Corcostarona. ncreased (1) ncreased (1)
Sezuros Increased (1) ncreased (1)
NkecT mANA Increased (1) Increased (1)
Kec2 mANA Decreased (1) Decreased (1
NKGo1/Koc2 MANA ncreased (1) ncreased (1)
promatase mANA Increased (1) ncreased (1)
Ero mANA ncreased (1) ncraased (1)
e mANA Noefect 0) No et 0]
Target Effects of pretreatments on the effects of Sevoflurane shown above
Protreaments in mals. Protreatrents i ornles

Boxuie  Fomesie  MPP  PHIPP G5  Bouuine  Fomesano  MPP  PHIPP G5
Testosterons o o o o
Estadol ' ' ' !
Corcostarons. ' ' o o o ' '
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References Menstrual cycle Cortisol

Follicular phase Luteal phase Phase estimation Time Source
Andreano et al. (34) 1-7 18-24 Estradiol and progesterone Afternoon Saliva
Barbarino et al. (35) 4-8 20-24 Estradiol and progesterone Morning Plasma
Beck et al. (36) 10 24 LH surge Morning Plasma
Hoeger Bement et al. (37) “Mid-follicular” “Mid-luteal” LH surge Afternoon Saliva
Bricout et al. (38) “Mid-follicular” “Mid-luteal” Estradiol and progesterone 24-h Urine
Cannon et al. (39) 1-14 15-28 Progesterone 24-h Urine.
Carr et al. (40) 1 21 LH surge Morning Plasma
Caufriez et al. (41) 38 23-28 Basal body temperature 24-h Urine.
Childs et al. (42) 3-10 16-24 LH ovulation test Morning Plasma
Colins et al. (43) 57 2225 Basal body temperature Morning Plasma
Espin etal. (14) 58 20-24 Basal body temperature Aftemoon Saliva
Genazzani et al. (44) 1 21 LH surge Morning Plasma
Heitkemper et al. (45) 1 22 LH ovulation test Morning Urine
Huang et al. (46) 1-4 24-28 Estradiol and progesterone Aftemoon Saliva
Inoue et al. (26) 1-14 21-28 Estradiol and progesterone Morning Plasma
Judd et al. (47) 35 20-24 LH ovulation test 10-h Serum
Kasa-Vubu et al. (48) 1-14 15-28 LH and progesterone 24-h Plasma
Kerdelhué et al. (23) 1 21 LH surge Morning Serum
Kirschbaum et al. (17) 47 21-25 Estradiol and progesterone Aftemoon Plasma
LeRoux et al. (49) 8-10 20-22 Estradiol and progesterone Morning Saliva
Liu etal. (50) 15 20-22 Pelvic Utrasound Morning Plasma
Lombardi et al. (51) 57 2226 LH surge and progesterone Morning Serum
Maki et al. (52) 24 22-24 LH owulation test Aftemoon Saliva
Ohara et al. (59) 1-14 15-28 LH ovulation test Morning Saliva
Pacletti et al. (54) 58 21-24 Basal body temperature Morning Serum
Parry etaal. (55) 68 26-28 LH ovulation test Morning Plasma
Rasgon et al. (56) 2-9 7-14 LH ovulation test Morning Plasma
Reynolds et al. (57) 7-10 20-23 LH ovulation test Afternoon Saliva
Roche and King (58) 1-14 15t0 28 Estradiol and progesterone Morning Plasma
Stewart et al. (59) 7 21 Progesterone 12-h Plasma
Suetal. (60) 3-7 days after the end of menses 21 Progesterone Morning Plasma
Timon et al. (25) 1-2 21-22 Basal body temperature Morning Urine
Tulenheimo et al. (61) 6-9 21-24 Progesterone Morning Plasma
Villada et al. (62) 58 20-24 Basal body temperature Aftemoon Saliva
Wolfram et al. (63) 2-6 21-24 LH ovulation test CAR Saliva

CAR, Cortisol Awakening Response.
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Factor

Plasma
Saliva

Morning
Afternoon

Value

0.12
0.1179

0.1363
0.0966

SE

0.0583
0.0615

0.0485
0.0716

Zvalue

2.0907
1.9182

2.8088
1.348

SMD

p-value

Source
0.0366
0.0551
Time of day
0005
0.4777

Cl.LB

0.0076
—-0.0026

0.0412
—-0.0438

cLuB

0.2361
0.2384

0.2314
0.237

df

Value

13.2214
7.872

16.6924
9.1638

p-value

0.7783
0.446

0.7296
02411
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