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Abstract

Progesterone acts on neurons directly by activating its receptor and through metabolic conversion 

to neurosteroids. There is emerging evidence that progesterone exerts excitatory effects by 

activating its cognate receptors (progesterone receptors, PRs) through enhanced expression of α-

amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs). Progesterone 

metabolite 5α,3α-tetrahydro-progesterone (allopregnanolone, THP) mediates its anxiolytic and 

sedative actions through the potentiation of synaptic and extrasynaptic γ-aminobutyric acid type-A 

receptors (GABAARs). Here, we review progesterone’s neuromodulatory actions exerted through 

PRs and THP and their opposing role in regulating seizures, catamenial epilepsy, and seizure 

exacerbation associated with progesterone withdrawal.
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Introduction:

Progesterone synthesized in the ovaries and adrenocortical glands can easily cross the blood-

brain barrier and can also be synthesized locally in the brain from cholesterol. Neurons, glia, 

and microglia express enzymes that can convert cholesterol to progesterone [7, 124, 150]. 

The progesterone distribution across the brain is not uniform due to local synthesis and 

metabolism. Its cortical and striatal levels correlate with the circulating hormone, but the 

concentration in the hypothalamus is independent of the serum levels [13]. Circulating 

progesterone can passively diffuse into the brain. Most circulating steroids are bound to 

hormone-binding proteins, including albumin, limiting their free transport across the 

membrane; however, this does not seem to affect progesterone transport across the blood-
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brain barrier [165]. Thus, progesterone metabolism and local synthesis are most likely to 

underlie its non-uniform distribution across the brain [3].

Circulating progesterone levels are low (<1.5 ng/mL) during the follicular phase. They reach 

a peak (> 7 ng/mL) during the luteal phase of the menstrual cycle [19]. Blood progesterone 

also cycles during the rodent/murine female reproductive cycle, the estrous cycle, which 

lasts 4–5 days, reaching a peak on proestrus evening in rats and during the diestrus stage in 

mice [90, 141]. Although the plasma progesterone levels are higher in females, the brain 

progesterone levels are comparable between male and female mice, and in humans, the 

cerebrospinal fluid progesterone levels are similar in men and women [96, 177], suggesting 

local synthesis and a neuromodulatory role in males.

Several progesterone-effector molecules are present in the brain (Fig. 1). The most 

commonly studied molecule is its metabolite allopregnanolone (THP). These effects are 

rapid and potentiate the inhibitory neurotransmission mediated through the GABAARs. PRs 

are also expressed in the brain and play a critical role in regulating reproductive hormone 

synthesis [85, 149]. Two lesser-studied effector molecules include membrane progesterone 

receptors (mPRs) and progesterone receptor membrane component 1 (pgrmc1). Both are 

present in the brain; the mPRs seem to regulate the secretion of female reproductive 

hormones, whereas the function of pgrmc1 proteins is unclear [69, 95, 102, 126, 140, 158].

The role of PRs in regulating neuronal excitability outside the hypothalamus has started to 

emerge. We will primarily discuss progesterone’s novel actions exerted through PR 

activation and discuss their role in regulating seizures in women with epilepsy.

Progesterone receptors:

PRs, which belong to the nuclear receptor family, mediate progesterone’s genomic effects 

[131, 146]. The two main isoforms of PRs, PR-A and PR-B, are encoded from a single 

locus. PR-B is 164 amino acids longer than PR-A [14, 22, 81] (Fig. 2). The PR peptide is 

comprised of an N terminal activation function (AF) domain, a DNA binding domain, a 

hinge region, and a C terminal ligand-binding domain. The hinge region encompasses a 

nuclear localization signal necessary for nuclear transport of the ligand-bound activated 

receptor. The N terminal amino acids of PR-B form an AF3 domain, which renders the 

receptor a more robust transcription activator function. Additional truncated isoforms of PRs 

may also exist; but, it is unclear whether they are expressed in the brain [14].

PR-B regulates the expression of many more genes than PR-A [120]. The AF3 domain of 

PR-B and differential interaction of the two isoforms with other transcription factors and 

coactivators confers this distinction [157]. Under in vitro conditions, PR-A, when expressed 

in excess, can repress the transcriptional activity of PR-B and other nuclear hormone 

receptors, including glucocorticoid receptors (GRs) and androgen receptors (ARs) [128, 

162].

PRs bind to the palindromic progesterone response element (PRE) in the genes’ regulatory 

regions under their control. DNA footprinting studies using the long terminal repeat of 

mouse mammary tumor virus (MMTV) identified PR binding to TGTTCT motif [20]. The 
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optimal PRE sequence is RGnACAnrnTGTnCY, although transcriptional activation can 

occur even with suboptimal sequences [58]. Furthermore, the analysis of several 

progesterone-regulated genes has revealed that ½ PRE sites are more common than the 

perfect palindromes and that binding of PR monomers to these sites triggers transcription 

[20, 58]. PR also regulates the expression of transcription factors FOXO1, STAT5, and cFos, 

which are themselves coregulators of PR-dependent transcription. Steroid receptor 

coactivators (SRC) 1, 2, and 3 also play a role in PR-regulated transcription [81]. Since cFos 

is an activity-triggered transcription factor, through this association, PRs may regulate 

activity-dependent neuronal plasticity.

Progesterone also induces post-translational modifications of PRs, particularly of PR-B, 

which can significantly alter PR function [24, 41]. Phosphorylation of serine residues and 

acetylation, ubiquitination, or sumoylation of lysine residues can alter the stability of PRs, 

influence their transcriptional activity, and enhance their interaction with other transcription 

factors and enhancer proteins [41]. For example, the L388 sumoylation represses PR 

function, whereas phosphorylation of S294 and S345 by mitogen-activated protein kinases 

removes this repression and stimulates the transcriptional activity. Furthermore, phospho-

S294 deficient PRB isoform is transcriptionally inactive in breast cancer cells [135]. Most of 

these studies were performed using exogenous expression systems or in the human uterine 

or the breast tissue and cell lines. Whether post-translational modifications regulate 

endogenous PR functions in the brain is unclear. Calcium influx through glutamatergic 

receptors and voltage-gated calcium channels regulate protein kinase activity in the brain, 

which may change PR function in an activity-dependent manner.

PR expression in the brain:

Progesterone uptake is comparable between the hypothalamus, hippocampus, and cortex 

[164], which raises the possibility that PR expression between these regions may also be 

similar. The hypothalamus, medial preoptic area, hippocampus, frontal cortex, olfactory 

bulbs, and cerebellum of female and male animals express PR mRNA and protein [6, 18, 

36–39, 42, 56, 70]. However, studies comparing potential differences in their expression 

levels across these regions are lacking. Hippocampus, entorhinal cortex (EC), and amygdala 

play a critical role in limbic seizure generation and propagation. In the hippocampus’s 

principal neurons, the PR immunoreactivity is spread over the entire neuron, including cell 

soma, axons, dendrites, and PRs also seem to be present at the synapses [97, 167]. On the 

other hand, the expression of PRs in the extra-hippocampal limbic regions is not well-

understood.

The hippocampus and hypothalamus express both the principal PR isoforms. Semi-

quantitative measurements suggest equal PR-A and PR-B expression in female rats’ 

hypothalamus and hippocampus [36]. PR-B but not PR-A mRNA expression seems to 

fluctuate during the estrous cycle in the hypothalamus and frontal cortex. In contrast, it 

remains stable in the hippocampus [36]. However, the PR-A and PR-B protein changes 

studied later by the same group appear to follow distinct trends [39]. The semi-quantitative 

measurement of mRNA levels and the use of an antibody without confirmed specificity 

against PRs are some of the limitations of these studies, contributing to the observed 
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discrepancy. Since PR-A could potentially suppress PR-B’s transcriptional activity, 

differences in these isoforms’ relative expression could impact progesterone-induced gene 

expression. Hence, assessing whether brain regions differ in the PRA and PR-B expression 

ratio will be critical to understanding PR effects on neuronal function.

Estrogen stimulates PR expression; an estrogen response element is present in the promoter 

region of PRs. The presence of ER-α seems to be essential for this regulation, as estrogen-

induced PR expression is blocked in the ER-α knockout mice [53, 87, 137]. Estrogen 

stimulates the expression of both the PR isoforms in the hypothalamus, but PR-B is more 

responsive than PR-A. On the other hand, PR expression in the frontal cortex is maintained 

independently of circulating steroid hormones. A prior study has also found that the 

hypothalamic binding of PR ligand R5020 binding is reduced in ovariectomized animals, 

but, the hippocampal and cortical tissue was unaffected [87]. Since progesterone and 

estrogen are synthesized from cholesterol in the brain, the de novo synthesis of these 

hormones could also add to the complexity of PR expression’s hormonal regulation. 

Progesterone suppresses the estrogen-stimulated PR expression [39], perhaps by reducing 

ER expression [60]. This complex interplay between estrogen- and progesterone-regulation 

of PR expression is evident during the estrous cycle, as hypothalamic and hippocampal PR 

expression fluctuates during the estrous cycle [36, 39, 45, 139]. However, the estrous cycle-

associated PR expression changes are not uniform across brain areas, indicating that 

additional factors are likely involved.

PR-mediated regulation of neurotransmission:

Recent studies have found that progesterone upregulates the expression of α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs) and that this 

action is dependent on PRs [68]. Anti-progestin RU-486 pretreatment and PR deletion block 

the progesterone-induced AMPAR upregulation, whereas a specific PR agonist Nestorone 

mimics the progesterone effects [68]. The upregulation of AMPAR expression following 

progesterone treatment is also associated with enhanced AMPAR-mediated synaptic 

transmission of CA1 pyramidal neurons [68].

Similar to the changes triggered by exogenous progesterone administration, estrous cycle-

linked hormone fluctuations also influence AMPAR expression. The GluA1 and GluA2 

subunit expression is more in the hippocampi of rats in the estrus stage than in diestrus 

animals and is dependent on PR activation [68]. Corresponding distinctions in the AMPAR-

mediated mEPSCs of CA1 pyramidal neurons are also present [68]. PR blockade with 

RU-486 also blocked the estrus-associated potentiation of AMPAR expression, indicating 

that PRs mediated this effect.

Progesterone increases BDNF expression via PR-regulated mechanisms [62]. BDNF levels 

also change during the estrous cycle. The expression is higher in animals in proestrus and 

estrus stages than that during the metestrus stage [130]. Since BDNF is known to increase 

AMPAR expression [17, 82], the progesterone-PR-BDNF signaling may contribute to the 

estrous cycle-linked plasticity of AMPARs.
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The glutamatergic receptors are primarily located on the dendritic spines, and female 

reproductive hormones regulate the spine density in CA1 pyramidal neurons. Studies by 

Woolley and colleagues have extensively characterized estrogen and progesterone’s 

influence on CA1 neurons’ spines. Ovariectomy reduces dendritic spines’ density, and 

estrogen treatment reverses this decline [94, 170]. Progesterone treatment initially promotes 

estrogen-induced spine formation; however, it subsequently causes a sharp decrease in the 

spines [170]. PRs appear to regulate some of these effects since RU-486 treatment inhibits 

the estrous cycle-linked spine density changes [170].

In addition to the regulation of neurotransmitter receptor expression and spine density, PRs 

in the hypothalamus interact with proteins including synapsin, Cam Kinase II, protein 

phosphatase 2B, and Rab and α subunit of AP2 complex [2], which control the stability of 

glutamate receptors at synapses [57, 73, 145]. PRs may also regulate synaptic strength 

through these interactions.

PR activation also regulates the expression of α2 subunits of the γ-aminobutyric acid type-A 

receptors (GABAARs). Progesterone withdrawal after a 7-day treatment upregulates the 

hippocampal expression of α2 subunit mRNA expression in female mice [114]. This 

upregulation is substantially higher in the PR knockout mice than in the wild-type mice, 

indicating that PR-regulated mechanisms could counteract signaling underlying the α2 

subunit upregulation.

PR regulation of neuronal excitability:

In agreement with the fluctuations in PR expression and the changes in the strength of 

glutamatergic and GABAergic neurotransmission during the estrous cycle, the neuronal 

activity also varies between stages of the estrous cycle. GnRH neurons are more active 

during estrus than during the diestrus [79, 80]. The expression of immediate early gene cfos, 

a surrogate of neuronal activity, in LHRH and LH neurons also fluctuates during estrous 

cycles [5, 54, 79]. In the LHRH neurons, cfos expression is seen during the proestrus 

hormonal surge but not during other estrous cycle stages. In contrast, in the LH neurons, 

cfos expression is more during the metestrus stage than during the proestrus stage. PRs 

could regulate some of these changes since PR knockout animals have several reproductive 

abnormalities and endocrine deficits [21, 85]. The absence of PR expression in kisspeptin 

neurons of anteroventral periventricular nucleus impairs LH surge, and estradiol-induced 

cfos expression in these neurons is also attenuated in the knockout animals [149].

Progesterone exerts inhibitory actions through THP activation of 

GABAARs:

In contrast to PR activation’s excitatory effects, progesterone metabolite THP reduces 

excitability by enhancing inhibitory neurotransmission mediated by GABAARs. Several 

recent reviews have described these effects in detail [9, 63, 112]. Here, we will discuss these 

inhibitory effects only briefly.
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GABAARs mediate the anticonvulsant action of THP. These pentameric receptors are 

assembled from a combination of 19 subunits (α1–6, β1–3, γ1–3, δ, ε, θ, π, ρ1–3); most of the 

receptors contain 2α and 2β subunits, and the 5th subunit is variable. Ligand-binding opens 

up the channel pore to allow passage of chloride or bicarbonate ions into the cells under 

most conditions. The receptors containing a δ subunit, present in the peri- and extrasynaptic 

membrane, are more sensitive to THP modulation than receptors containing a γ2 subunit 

[10, 64]. THP and other neurosteroids act as positive allosteric modulators at physiological 

concentrations and increase the GABA efficacy of these receptors, whereas, at higher 

concentrations, they exert agonist-like actions [12]. The neurosteroid binding site is located 

between α and β subunits of GABAARs [55].

The α1β2/3γ2 subunit-containing receptors are the most widely expressed GABAAR in the 

brain. On the other hand, some subunits have a more localized expression. For example, the 

δ subunits are primarily expressed on hippocampal and cerebellar granule neurons, the α4 

subunits are also highly expressed in the DGCs, and the α5 subunits are expressed in the 

CA1 pyramidal neurons [106, 169]. The α6 subunit expression, on the other hand, is 

restricted to cerebellar granule neurons.

Acute application of progesterone or neurosteroids to brain slices reduces neuronal 

excitability [35, 61, 105, 148], and these changes are associated with an increase in the 

amplitude of synaptic GABAAR-mediated currents and/or prolongation of the current decay 

[148, 151, 176]. Extrasynaptic GABAARs mediate a persistent form of inhibition called 

tonic inhibition, which is measured as holding current or membrane noise. The tonic current 

is also potentiated by THP [90, 107, 148]. The neurosteroid modulation of tonic current is 

significantly attenuated in the mice lacking δ subunit-containing GABAARs [32], and 

neurosteroids also fail to control the excitability of hippocampal and cerebellar granule 

neurons in the δ subunit knockout animals. The variable distribution of GABAAR subtypes 

across the brain influences effect of pharmacological agents, including neurosteroid 

sensitivity [101, 138]. Because of the higher neurosteroid sensitivity of the δ subunit-

containing GABAARs, neurons that express these receptors are more responsive to 

neurosteroids than other neurons. For example, medroxyprogesterone acetate causes a 

considerable prolongation of decay of synaptic currents of DGCs, which have a strong 

expression of the δ subunit-containing GABAARs than those of the CA1 pyramidal neurons, 

which have a weak expression of these receptors [8].

In addition to the rapid allosteric modulation and potentiation of GABAergic inhibition, 

progesterone and THP also affect the strength of GABAergic inhibition by changing the 

subunit expression. Two to three-day exposure to progesterone or THP increases the 

hippocampal α4 and δ subunit expression but reduces α1 subunit expression, likely as a 

compensatory effect [40, 134]. However, the extended treatment causes a depression of the 

α4 subunit expression [143]. The subunit expression is again upregulated after 

discontinuation of progesterone or THP treatment [142, 143]. The endogenous hormonal 

fluctuations similarly affect GABAAR subunit expression such that the expression of the δ 
and γ2 subunits following opposite directions [90, 125]. During pregnancy, elevated 

progesterone levels upregulate the δ subunit expression and down-regulate the γ2 subunit 

expression [127]. There is an acute decline in the δ subunit expression during post-partum 
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concomitant with the fall in progesterone levels, whereas the α4 and γ2 subunit expression 

increases transiently [127]. These changes in hormone levels and GABAAR expression 

affect the excitability of CA1 neurons [133]. Prolonged blockade or potentiation of neuronal 

activity triggers homeostatic plasticity, which restores the neuron’s target firing rate [44, 

109, 153, 160]. The reduction in γ2 and α4 subunit expression following prolonged 

progesterone exposure or upregulation of their expression following progesterone 

withdrawal likely represent homeostatic alterations.

The efficacy of the anticonvulsant action of progesterone also depends on the expression of 

GABAARs. Strong expression of δ subunit-containing GABAARs in the hippocampal DGCs 

plays a critical role in restricting the spread of activity into the hippocampus proper. 

However, the GABAARs expressed in epilepsy patients have altered pharmacological 

properties, including reduced sensitivity to THP [31, 59, 67, 123, 154]. In these patients, the 

diminution of neurosteroid sensitivity of GABAARs is accompanied by increased expression 

of α4γ2 subunit-containing receptors [67]. The down-regulation of δ subunit-containing 

receptors and diminished neurosteroid potentiation of the tonic current of DGCs during the 

epileptogenic period is associated with a compromised dentate “gating” function [66, 104, 

105]. Hippocampi of epileptic animals have upregulated expression of α4γ2 subunit-

containing receptors decreased expression of the δ subunit-containing GABAARs [33, 66, 

72, 105, 107, 176]. These alterations result in diminished neurosteroid sensitivity of 

receptors [66, 72, 98, 105, 107, 176]. The expression of α4 subunits is also transiently 

upregulated in the hippocampus following spontaneous seizures [34] and could cause a brief 

localized impairment of neurosteroid control of neuronal activity.

Besides allosteric modulation of GABAARs, THP also exerts inhibitory actions by binding 

to mPRs, which are G-protein coupled receptors. In a recent study, mPR agonist or THP 

seemed to increase the phosphorylation of GABAARs through mechanisms involving 

protein kinase A and C activation [103]. These effects appear to be longer-lasting than the 

rapid effects of THP exerted through the allosteric modulation.

Progesterone and catamenial epilepsy:

The hormonal influence on neuronal activity and circuit function is reflected in functional 

connectivity changes, differences in alpha oscillations, and changes in glucose metabolism 

during phases of the menstrual cycle [4, 16, 119]. The diagnosis of epilepsy onset may 

cluster around menarche [52, 74] (but also [152]) or menopause [1], and seizure patterns 

may also change during puberty and menopause [43]. Additionally, some epilepsies, such as 

juvenile myoclonic epilepsy, first manifest during adolescent years [86]. Women who have 

reproductive-cycle linked fluctuations in seizures, called catamenial epilepsy, experience a 

decline in seizures at menopause [43].

The most prominent clinical effect of hormonal regulation of neuronal activity is seen in 

women with epilepsy. A third of women with epilepsy could experience cyclic seizure 

exacerbation associated with specific phases of the menstrual cycle. This seizure pattern is 

called catamenial epilepsy [46] and can be divided into three types, based on the phase of 

the cycle linked to seizure precipitation. Perimenstrual seizure precipitation is typical in 
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women who suffer from catamenial seizure precipitation (type II catamenial epilepsy) [46]. 

The seizure precipitation can also occur during the preovulatory phase (type I). The type II 

seizure exacerbation is due to progesterone withdrawal, whereas type I seizures occur due to 

a high estrogen to progesterone ratio. The third type of catamenial seizures is observed in 

women in which the progesterone levels do not rise sufficiently during the luteal phase. Type 

II seizure exacerbation is the best-studied hormonal regulation of neuronal activity.

Some progesterone metabolites, including pregnenolone sulfate (PS) and 3β-hydroxylated 

progesterone derivatives, suppress GABAergic inhibition [25, 99, 166] and enhance NMDA 

receptor currents [168, 172]. These compounds exert a proconvulsant action; PS enhances 

the convulsive effect of pentylenetetrazole [116], and NMDA [76, 91], and its infusion in the 

hippocampal triggers SE [168]. PS levels also vary during the menstrual cycle and could 

contribute to differences in seizure susceptibility.

Estrous cycle-linked changes in seizure susceptibility also occur in experimental animals. 

For example, rats in the estrus stage of the cycle have a lower threshold for electroconvulsive 

and bicuculline-induced seizures than rats in the diestrus stage [26, 171]. Latency to 

picrotoxin-induced seizures is lower in rats in the proestrus stage than in the estrus stage 

[156]. In contrast, another study did not find differences in seizure susceptibility in kindled 

rats [165]. Susceptibility to prolonged seizures of status epilepticus (SE) is also influenced 

by the estrous cycle stage [88, 90]. The incidence of SE is lower in rats in the estrus stage 

than those in the other stages [129]. Mice in the estrus stage of the cycle associated with 

lower progesterone levels and a weaker expression of δ subunit-containing GABAARs in the 

hippocampus are also more susceptible to SE than animals in the diestrus stage [90]. 

Besides, deletion of the δ subunits abolishes the resistance seen in animals in the diestrus 

stage. In general, progesterone appears to exert antiseizure effects, and seizure susceptibility 

is inversely correlated to the serum progesterone levels [63, 110], whereas estrogen 

primarily seems to exert proconvulsant effects [163]. However, the use of different stimuli to 

generate seizures, non-uniform selection of estrous cycle stages for comparison, and 

variation in the parameters assessed to evaluate seizure susceptibility make it challenging to 

compare these studies’ findings and draw firm conclusions. Furthermore, since the 

expression of GABAARs, NMDARs, and AMPARs varies during the estrous cycle, the 

selection of chemoconvulsant agents used to trigger seizures may have also influenced the 

findings.

High progesterone levels during pregnancy are predicted to reduce seizure susceptibility. 

However, pseudopregnant animals are not protected from PTE-evoked seizures, and 

pregnant mice appear to be more susceptible to fluorothyl-induced seizures [115, 144]. The 

frequency of recurrent spontaneous seizures is also unaffected in pseudopregnant animals 

[78]. Progesterone and estrogen levels are elevated in pregnant/pseudopregnant animals and 

their contrasting actions may mask the anticonvulsant effects of progesterone. Additionally, 

the PR-regulated potentiation of glutamatergic transmission may also counteract the THP-

mediated neuroprotective effects in pseudopregnant/pregnant animals.
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PR activation and regulation of catamenial seizures in experimental 

animals:

We have found that PR activation also regulates seizures using two models of catamenial 

epilepsy in rats. In the first model, female epileptic animals were treated with pregnant 

Meyer’s serum gonadotropin (PMSG) followed by human chorionic gonadotropin to elevate 

progesterone levels [68, 115]. Administration of finasteride, which prevents progesterone to 

THP conversion by blocking enzyme 5∝ -reductase activity, to the hormone-primed animals 

caused a 20-fold increase in the seizure frequency. Co-treatment of the animals with anti-

progestin RU-486 during the hormone-priming period caused a substantial attenuation of 

withdrawal-induced seizures [68]. In the second model, female epileptic animals were 

treated daily with progesterone for a week and the effect of withdrawal was assessed during 

the subsequent week. A majority of animals experienced a doubling of seizures during the 

withdrawal, and RU-486 treatment simultaneous with progesterone prevented this increase 

[136]. These findings suggest that PR activation could enhance seizure susceptibility. 

Although we could not rule out an anti-glucocorticoid receptor effect in the studies done 

using RU-486, results using a specific PR agonist Nestorone also support PR activation’s 

seizure-promoting effect [136]. Nestorone neither activates nor blocks glucocorticoid 

receptors, and it also does not modulate the activity of GABAARs [77], and Nestorone 

treatment of epileptic animals increases the seizure frequency [136].

Studies using PR knockout animals also complement these findings obtained with 

pharmacological blockade of PRs with RU-486. Kindling epileptogenesis is slower in the PR 

knockout animals [117]. Also, the anticonvulsant effects of progesterone are amplified in the 

PR knockout animals [113]. Furthermore, an epidemiological survey of women with 

epilepsy has also found that progestin-only contraceptives may increase the risk of seizures 

in women with epilepsy [51, 92]. The putative seizure-promoting effects of PR activation 

may explain the increased risk seen in these surveys.

The findings of these recent studies contrast with the rapid sedative, anesthetic, and 

anticonvulsant action of progesterone known for decades [132, 174]. Blockade of 

progesterone metabolism to THP could cause seizure exacerbation in humans [50]. 

Progesterone protects from seizures evoked by chemical or electrical stimulation, but 

blockade of THP production removes this protection [27, 75]. Finasteride, which blocks 5α-

reductase, causes a dramatic seizure exacerbation in female and male epileptic animals, 

although the extent of seizure precipitation is far more in females than in males [65, 68, 78]. 

Finasteride treatment also accelerates epileptogenesis [11, 66]. In contrast, THP alone is 

sufficient to suppress evoked and recurrent spontaneous seizures [29, 93, 174].

Mutations that cause THP deficiency are associated with epilepsy in humans. Dysregulation 

of AKR1C2 and AKR1C3 genes that encode proteins involved in neurosteroid synthesis, is 

seen in patients of protocadherin 19 (PCDH19) female-limited epilepsy who have an 

infantile seizure onset [155]. Serum levels of THP and other steroids, including 

progesterone, pregnanolone sulfate, and cortisol, are lower in the PCDH19 patients [155, 

159]. Furthermore, mice lacking Pcdh19 are also more susceptible to seizures triggered by 

electrical or chemical stimulation [108].
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Progesterone clinical trial of seizures in women with epilepsy:

Clinical trials have revealed that progesterone’s efficacy to suppress seizures is limited [47, 

48, 174]. In two double-blind studies, progesterone treatment was no different from placebo 

treatment in treating seizures [23, 49] (but also see [100], although women who have a 

severe form of perimenstrual seizure exacerbation may benefit from progesterone treatment 

[49].

To reconcile progesterone’s contrasting effects, we propose that progesterone can exert 

seizure-suppressant or seizure-promoting effects (Fig. 3). The effects exerted through PR 

activation involving stimulation of gene expression could potentiate AMPAR-mediated 

synaptic transmission and increase network excitability. These changes occur through 

transcriptional regulation and are likely to be longer-lasting than the rapid non-genomic 

effects exerted through THP-induced potentiation of GABAergic inhibition. High 

progesterone levels during the luteal phase would activate PRs and enhance AMPAR-

mediated glutamatergic transmission. As the levels decline during the perimenstrual phase, 

the THP-mediated inhibitory effects would also reduce. This could lead to an imbalance 

between inhibitory and excitatory neurotransmission and create a window of heightened 

seizure susceptibility.

One way to avoid the detrimental effects of PR activation while preserving the 

neuroprotective effects of THP is to use synthetic neurosteroids or agents which increase 

neurosteroid levels. In experimental animals, Ganaxolone blocks chemically or electrically-

evoked seizures [30, 83, 118, 175] and reduces SE [111]. However, the effects of Trilostane, 

which blocks inhibits 3β-hydroxysteroid dehydrogenase/Δ5–4 isomerase and increases brain 

progesterone, THP, and pregnenolone levels, on SE appear to be complex. In the Trilostane-

treated rats, severe convulsive seizures triggered by kainic acid started earlier, but the seizure 

duration was substantially shorter [84].

Ganaxolone use in a phase II trial to treat partial-onset seizures in adults has shown 

encouraging results [147], and it also appears to be effective against treatment-resistant 

infantile spasms [71]. However, a recently concluded phase III trial of Ganaxolone to treat 

adult focal-onset seizures did not achieve the primary endpoint: seizure suppression 

compared to that in the placebo-treated group. Synthetic neurosteroids Brexanolone and 

Ganaxolone have also been tested to treat super-refractory SE in pediatric and adult patients 

[15, 121, 161]. However, in phase III, multicenter randomized, placebo-controlled trial 

Brexanolone was no different from placebo in regulating seizures following weaning of 

coma-inducing agents or concerning the risk of mortality [122]. The reasons for the failure 

of synthetic neurosteroids or agents which alter neurosteroid levels to treat seizures in 

patients or experimental animals are unclear. THP regulates the expression of GABAARs 

[28, 89, 144, 173], and chronic exposure to THP or synthetic neurosteroids could alter 

GABAAR expression and induce tolerance [144].
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Conclusions:

Decades of research have revealed the anticonvulsant action of progesterone exerted through 

its metabolite THP. These actions involve allosteric potentiation of GABAARs, particularly 

those containing a δ subunit which are highly sensitive to THP. The allosteric actions are 

exerted within minutes of THP application and suppress evoked seizures or status 

epilepticus. However, prolonged exposure to progesterone/THP alters the GABAAR subunit 

expression and could cause tolerance to these agents.

In contrast to the anticonvulsant actions, recent studies have found that activation of PRs 

may counteract the effects of THP and increase neuronal excitability through the 

potentiation of AMPARs. These findings are intriguing and warrant further investigation 

since the potentiation of AMPAR-mediated synaptic transmission termed long-term 

potentiation is also critical for cognitive processes. Thus, progesterone appears to exert 

complex effects in the brain and affects neuronal function. The effector molecules play a 

critical role in determining whether the effects are beneficial or detrimental.

Acknowledgments:

The authors acknowledge funding from the National Institutes of Health, NS 040337 to SJ, and NS 044370 and 
NS110863 to JK.

References

[1]. Abbasi F, Krumholz A, Kittner SJ, Langenberg P, Effects of menopause on seizures in women with 
epilepsy, Epilepsia 40 (1999) 205–210. [PubMed: 9952268] 

[2]. Acharya KD, Nettles SA, Sellers KJ, Im DD, Harling M, Pattanayak C, Vardar-Ulu D, Lichti CF, 
Huang S, Edwards DP, Srivastava DP, Denner L, Tetel MJ, The progestin receptor interactome in 
the female mouse hypothalamus: Interactions with synaptic proteins are isoform specific and 
ligand dependent, Eneuro 4 (2017).

[3]. Agís-Balboa RC, Pinna G, Zhubi A, Maloku E, Veldic M, Costa E, Guidotti A, Characterization of 
brain neurons that express enzymes mediating neurosteroid biosynthesis, Proceedings of the 
National Academy of Sciences 103 (2006) 14602–14607.

[4]. Arélin K, Mueller K, Barth C, Rekkas PV, Kratzsch J, Burmann I, Villringer A, Sacher J, 
Progesterone mediates brain functional connectivity changes during the menstrual cycle—a pilot 
resting state MRI study, Frontiers in Neuroscience 9 (2015).

[5]. Armstrong J, Childs GV, Differential expression of c-fos in vitro by all anterior pituitary cell types 
during the estrous cycle: Enhanced expression by luteinizing hormone but not by follicle-
stimulating hormone cells, Journal of Histochemistry & Cytochemistry 45 (1997) 785–794. 
[PubMed: 9199664] 

[6]. Auger CJ, De Vries GJ, Progestin receptor immunoreactivity within steroid-responsive 
vasopressin-immunoreactive cells in the male and female rat brain, Journal of 
Neuroendocrinology 14 (2002) 561–567. [PubMed: 12121493] 

[7]. Avallone R, Lucchi C, Puja G, Codeluppi A, Filaferro M, Vitale G, Rustichelli C, Biagini G, BV-2 
microglial cells respond to rotenone toxic insult by modifying pregnenolone, 5α-
dihydroprogesterone and pregnanolone levels, Cells 9 (2020) 2091.

[8]. Belelli D, Herd MB, The contraceptive agent provera enhances GABAA receptor-mediated 
inhibitory neurotransmission in the rat hippocampus: Evidence for endogenous neurosteroids?, 
The Journal of Neuroscience 23 (2003) 10013. [PubMed: 14602815] 

[9]. Belelli D, Hogenkamp D, Gee KW, Lambert JJ, Realising the therapeutic potential of neuroactive 
steroid modulators of the GABAA receptor, Neurobiology of Stress 12 (2019) 100207–100207. 
[PubMed: 32435660] 

Kapur and Joshi Page 11

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[10]. Belelli D, Lambert JJ, Neurosteroids: endogenous regulators of the GABAA receptor, Nature 
Review Neuroscience 6 (2005) 565–575. [PubMed: 15959466] 

[11]. Biagini G, Longo D, Baldelli E, Zoli M, Rogawski MA, Bertazzoni G, Avoli M, Neurosteroids 
and epileptogenesis in the pilocarpine model: evidence for a relationship between P450scc 
induction and length of the latent period, Epilepsia 50 Suppl 1 (2009) 53–58. [PubMed: 
19125849] 

[12]. Bianchi MT, MacDonald RL, Neurosteroids shift partial agonist activation of GABAA receptor 
channels from low- to high-efficacy gating patterns, The Journal of Neuroscience 23 (2003) 
10934–10943. [PubMed: 14645489] 

[13]. Bixo M, BÄCkstrÖM T, Winblad B, Selstam G, Andersson A, Comparison between pre and 
postovulatory distributions of oestradiol and progesterone in the brain of the PMSG-treated rat, 
Acta Physiologica Scandinavica 128 (1986) 241–246. [PubMed: 3776647] 

[14]. Brinton RD, Thompson RF, Foy MR, Baudry M, Wang J, Finch CE, Morgan TE, Pike CJ, Mack 
WJ, Stanczyk FZ, Nilsen J, Progesterone receptors: Form and function in brain, Frontiers in 
Neuroendocrinology 29 (2008) 313–339. [PubMed: 18374402] 

[15]. Broomall E, Natale JE, Grimason M, Goldstein J, Smith CM, Chang C, Kanes S, Rogawski MA, 
Wainwright MS, Pediatric super-refractory status epilepticus treated with allopregnanolone, 
Annals of Neurology 76 (2014) 911–915. [PubMed: 25363147] 

[16]. Brötzner CP, Klimesch W, Doppelmayr M, Zauner A, Kerschbaum HH, Resting state alpha 
frequency is associated with menstrual cycle phase, estradiol and use of oral contraceptives, 
Brain Research 1577 (2014) 36–44. [PubMed: 25010817] 

[17]. Caldeira MV, Melo CV, Pereira DB, Carvalho R, Correia SS, Backos DS, Carvalho AL, Esteban 
JA, Duarte CB, Brain-derived neurotrophic factor regulates the expression and synaptic delivery 
of AMPA receptor subunits in hippocampal neurons, Journal of Biological Chemistry 282 (2007) 
12619–12628.

[18]. Camacho-Arroyo I, Guerra-Araiza C, Cerbon MA, Progesterone receptor isoforms are 
differentially regulated by sex steroids in the rat forebrain, Neuroreport 9 (1998) 3993–3996. 
[PubMed: 9926835] 

[19]. Carmina E, Lobo RA, CHAPTER 32 - Evaluation of Hormonal Status In: Strauss JF, Barbieri RL 
(Eds.), Yen & Jaffe’s Reproductive Endocrinology (Sixth Edition), W.B. Saunders, Philadelphia, 
2009, pp. 801–823.

[20]. Chalepakis G, Arnemann J, Slater E, Brüller H-J, Gross B, Beato M, Differential gene activation 
by glucocorticoids and progestins through the hormone regulatory element of mouse mammary 
tumor virus, Cell 53 (1988) 371–382. [PubMed: 2835167] 

[21]. Chappell PE, Lydon JP, Conneely OM, Malley BWO, Levine JE, Endocrine defects in mice 
carrying a null mutation for the progesterone receptor gene, Endocrinology 138 (1997) 4147–
4152. [PubMed: 9322923] 

[22]. Conneely OM, Mulac-Jericevic B, Lydon JP, Progesterone-dependent regulation of female 
reproductive activity by two distinct progesterone receptor isoforms. Steroids The 2nd 
International Symposium on Progestins, progesterone receptor modulators and progesterone 
antagonists, Vol. 68, 2003, pp. 771–778.

[23]. Dana-Haeri J, Richens A, Effect of norethisterone on seizures associated with menstruation, 
Epilepsia 24 (1983) 377–381. [PubMed: 6851968] 

[24]. Daniel AR, Knutson TP, Lange CA, Signaling inputs to progesterone receptor gene regulation 
and promoter selectivity, Molecular and Cellular Endocrinology 308 (2009) 47–52. [PubMed: 
19549591] 

[25]. Eisenman LN, He Y, Fields C, Zorumski CF, Mennerick S, Activation-dependent properties of 
pregnenolone sulfate inhibition of GABAA receptor-mediated current, Journal of Physiology 550 
(2003) 679–691.

[26]. Finn DA, Gee KW, The estrus cycle, sensitivity to convulsants and the anticonvulsant effect of a 
neuroactive steroid, Journal of Pharmacology and Experimental Therapeutics 271 (1994) 164.

[27]. Frye CA, Rhodes ME, Walf A, Harney J, Progesterone reduces pentylenetetrazol-induced ictal 
activity of wild-type mice but not those deficient in type I 5α-Reductase, Epilepsia 43 (2002) 14–
17.

Kapur and Joshi Page 12

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[28]. Gangisetty O, Reddy DS, Neurosteroid withdrawal regulates GABAA receptor α4-subunit 
expression and seizure susceptibility by activation of progesterone receptor-independent early 
growth response factor-3 pathway, Neuroscience 170 (2010) 865–880. [PubMed: 20670676] 

[29]. Gasior M, Carter RB, Goldberg SR, Witkin JM, Anticonvulsant and behavioral effects of 
neuroactive steroids alone and in conjunction with diazepam, Journal of Pharmacology and 
Experimental Therapeutics 282 (1997) 543.

[30]. Gasior M, Ungard JT, Beekman M, Carter RB, Witkin JM, Acute and chronic effects of the 
synthetic neuroactive steroid, ganaxolone, against the convulsive and lethal effects of 
pentylenetetrazol in seizure-kindled mice: comparison with diazepam and valproate, 
Neuropharmacology 39 (2000) 1184–1196. [PubMed: 10760361] 

[31]. Gibbs JW, Zhang YF, Kao CQ, Holloway KL, Oh KS, Coulter DA, Characterization of GABAA 
receptor function in human temporal cortical neurons, Journal of Neurophysiology 75 (1996) 
1458–1471. [PubMed: 8727390] 

[32]. Glykys J, Mann EO, Mody I, Which GABAA receptor subunits are necessary for tonic inhibition 
in the hippocampus?, Journal of Neuroscience 28 (2008) 1421–1426. [PubMed: 18256262] 

[33]. González MI, Brooks-Kayal A, Altered GABAA receptor expression during epileptogenesis, 
Neuroscience Letters 497 (2011) 218–222. [PubMed: 21376781] 

[34]. Grabenstatter HL, Cogswell M, Cruz Del Angel Y, Carlsen J, Gonzalez MI, Raol YH, Russek SJ, 
Brooks-Kayal AR, Effect of spontaneous seizures on GABAA receptor α4 subunit expression in 
an animal model of temporal lobe epilepsy, Epilepsia 55 (2014) 1826–1833. [PubMed: 
25223733] 

[35]. Grassi S, Frondaroli A, Dieni C, Dutia MB, Pettorossi VE, Neurosteroid modulation of neuronal 
excitability and synaptic transmission in the rat medial vestibular nuclei, European Journal of 
Neuroscience 26 (2007) 23–32.

[36]. Guerra-Araiza C, Cerbón MA, Morimoto S, Camacho-Arroyo I, Progesterone receptor isoforms 
expression pattern in the rat brain during the estrotts cycle, Life Sciences 66 (2000) 1743–1752. 
[PubMed: 10809171] 

[37]. Guerra-Araiza C, Coyoy-Salgado A, Camacho-Arroyo I, Sex differences in the regulation of 
progesterone receptor isoforms expression in the rat brain, Brain Research Bulletin 59 (2002) 
105–109. [PubMed: 12379440] 

[38]. Guerra-Araiza C, Reyna-Neyra A, Salazar AM, Cerbon MA, Morimoto S, Camacho-Arroyo I, 
Progesterone receptor isoforms expression in the prepuberal and adult male rat brain, Brain 
Research Bulletin 54 (2001) 13–17. [PubMed: 11226710] 

[39]. Guerra-Araiza C, Villamar-Cruz O, Gonz+ílez-Arenas A, Chavira R, Camacho-Arroyo I, 
Changes in progesterone receptor isoforms content in the rat brain during the oestrous cycle and 
after oestradiol and progesterone treatments, Journal of Neuroendocrinology 15 (2003) 984–990. 
[PubMed: 12969244] 

[40]. Gulinello M, Gong QH, Li X, Smith SS, Short-term exposure to a neuroactive steroid increases 
alpha4 GABAA receptor subunit levels in association with increased anxiety in the female rat, 
Brain research 910 (2001) 55–66. [PubMed: 11489254] 

[41]. Hagan CR, Daniel AR, Dressing GE, Lange CA, Role of phosphorylation in progesterone 
receptor signaling and specificity, Molecular and cellular endocrinology 357 (2012) 43–49. 
[PubMed: 21945472] 

[42]. Hagihara K, Hirata S, Osada T, Hirai M, Kato J, Distribution of cells containing progesterone 
receptor mRNA in the female rat di- and telencephalon: an in situ hybridization study, Molecular 
Brain Research 14 (1992) 239–249. [PubMed: 1331652] 

[43]. Harden CL, Pulver MC, Ravdin L, Jacobs AR, The effect of menopause and perimenopause on 
the course of epilepsy, Epilepsia 40 (1999) 1402–1407. [PubMed: 10528936] 

[44]. Hartman KN, Pal SK, Burrone J, Murthy VN, Activity-dependent regulation of inhibitory 
synaptic transmission in hippocampal neurons, Nature Neuroscience 9 (2006) 642–649. 
[PubMed: 16582905] 

[45]. Helena CV, de Oliveira Poletini M, Sanvitto GL, Hayashi S, Franci CR, Anselmo-Franci JA, 
Changes in α-estradiol receptor and progesterone receptor expression in the locus coeruleus and 
preoptic area throughout the rat estrous cycle, Journal of Endocrinology 188 (2006) 155–165.

Kapur and Joshi Page 13

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[46]. Herzog AG, Catamenial epilepsy: Definition, prevalence pathophysiology and treatment, Seizure 
17 (2008) 151–159. [PubMed: 18164632] 

[47]. Herzog AG, Intermittent progesterone therapy and frequency of complex partial seizures in 
women with menstrual disorders, Neurology 36 (1986) 1607–1610. [PubMed: 3785677] 

[48]. Herzog AG, Progesterone therapy in women with epilepsy: A 3-year follow-up, Neurology 52 
(1999) 1917–1191a.

[49]. Herzog AG, Fowler KM, Smithson SD, Kalayjian LA, Heck CN, Sperling MR, Liporace JD, 
Harden CL, Dworetzky BA, Pennell PB, Massaro JM, Progesterone vs placebo therapy for 
women with epilepsy: A randomized clinical trial, Neurology 78 (2012) 1959–1966. [PubMed: 
22649214] 

[50]. Herzog AG, Frye CA, Seizure exacerbation associated with inhibition of progesterone 
metabolism, Annals of Neurology 53 (2003) 390–391. [PubMed: 12601707] 

[51]. Herzog AG, Mandle HB, Cahill KE, Fowler KM, Hauser WA, Differential impact of 
contraceptive methods on seizures varies by antiepileptic drug category: Findings of the Epilepsy 
Birth Control Registry, Epilepsy & Behavior 60 (2016) 112–117. [PubMed: 27206228] 

[52]. Herzog AG, Mandle HB, MacEachern DB, Does the age of seizure onset relate to menarche and 
does it matter?, Seizure 69 (2019) 1–6. [PubMed: 30947081] 

[53]. Hewitt SC, Korach KS, Progesterone action and responses in the αERKO mouse, Steroids 65 
(2000) 551–557. [PubMed: 11108859] 

[54]. Hoffman GE, Smith MS, Verbalis JG, Verbalis, c-Fos and related immediate early gene products 
as markers of activity in neuroendocrine systems, Frontiers in Neuroendocrinology 14 (1993) 
173–213. [PubMed: 8349003] 

[55]. Hosie AM, Wilkins ME, da Silva HMA, Smart TG, Endogenous neurosteroids regulate GABAA 
receptors through two discrete transmembrane sites, Nature 444 (2006) 486–489. [PubMed: 
17108970] 

[56]. Intlekofer KA, Petersen SL, 17β-estradiol and progesterone regulate multiple progestin signaling 
molecules in the anteroventral periventricular nucleus, ventromedial nucleus and sexually 
dimorphic nucleus of the preoptic area in female rats, Neuroscience 176 (2011) 86–92. [PubMed: 
21185909] 

[57]. Jacob TC, Moss SJ, Jurd R, GABAA receptor trafficking and its role in the dynamic modulation 
of neuronal inhibition, Nat Rev Neurosci 9 (2008) 331–343. [PubMed: 18382465] 

[58]. Jacobsen BM, Horwitz KB, Progesterone receptors, their isoforms and progesterone regulated 
transcription, Molecular and Cellular Endocrinology 357 (2012) 18–29. [PubMed: 21952082] 

[59]. Jansen LA, Peugh LD, Ojemann JG, GABAA receptor properties in catastrophic infantile 
epilepsy, Epilepsy Research 81 (2008) 188–197. [PubMed: 18650066] 

[60]. Jayaraman A, Pike CJ, Progesterone attenuates oestrogen neuroprotection via downregulation of 
oestrogen receptor expression in cultured neurones, Journal of Neuroendocrinology 21 (2009) 
77–81. [PubMed: 19094096] 

[61]. Jin X, Zhong W, Jiang C, Time-dependent modulation of GABAA-ergic synaptic transmission by 
allopregnanolone in locus coeruleus neurons of Mecp2-null mice, American Journal of 
Physiology and Cellular Physiology 305 (2013) C1151–C1160.

[62]. Jodhka PK, Kaur P, Underwood W, Lydon JP, Singh M, The Differences in neuroprotective 
efficacy of progesterone and medroxyprogesterone acetate correlate with their effects on brain-
derived neurotrophic factor expression, Endocrinology 150 (2009) 3162–3168. [PubMed: 
19325006] 

[63]. Joshi S, Kapur J, Neurosteroid regulation of GABAA receptors: A role in catamenial epilepsy, 
Brain Research 1703 (2018) 31–40. [PubMed: 29481795] 

[64]. Joshi S, Kapur J, Neurosteroid Regulation of Seizures: Role of GABAA Receptor Plasticity In: 
Talevi A, Rocha L (Eds.), Antiepileptic Drug Discovery: Novel Approaches, Springer New York, 
New York, NY, 2016, pp. 127–146.

[65]. Joshi S, Rajasekaran K, Kapur J, GABAergic transmission in temporal lobe epilepsy: The role of 
neurosteroids, Exp. Neurol 244 (2013) 36–42. [PubMed: 22101060] 

[66]. Joshi S, Rajasekaran K, Williamson J, Kapur J, Neurosteroid-sensitive δ-GABAA receptors: A 
role in epileptogenesis?, Epilepsia 58 (2017) 494–504. [PubMed: 28452419] 

Kapur and Joshi Page 14

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[67]. Joshi S, Roden WH, Kapur J, Jansen LA, Reduced neurosteroid potentiation of GABAA 
receptors in epilepsy and depolarized hippocampal neurons, Annals of Clinical and Translational 
Neurology 7 (2020) 527–542. [PubMed: 32243088] 

[68]. Joshi S, Sun H, Rajasekaran K, Williamson J, Perez-Reyes E, Kapur J, A novel therapeutic 
approach for treatment of catamenial epilepsy, Neurobiology of Disease 111 (2018) 127–137. 
[PubMed: 29274741] 

[69]. Kasubuchi M, Watanabe K, Hirano K, Inoue D, Li X, Terasawa K, Konishi M, Itoh N, Kimura I, 
Membrane progesterone receptor beta (mPRβ/Paqr8) promotes progesterone-dependent neurite 
outgrowth in PC12 neuronal cells via non-G protein-coupled receptor (GPCR) signaling, 
Scientific Reports 7 (2017) 5168. [PubMed: 28701790] 

[70]. Kato J, Onouchi T, Specific progesterone receptors in the hypothalamus and anterior hypophysis 
of the rat, Endocrinology 101 (1977) 920–928. [PubMed: 891472] 

[71]. Kerrigan JF, Shields WD, Nelson TY, Bluestone DL, Dodson WE, Bourgeois BFD, Pellock JM, 
Morton LD, Monaghan EP, Ganaxolone for treating intractable infantile spasms: a multicenter, 
open-label, add-on trial, Epilepsy Research 42 (2000) 133–139. [PubMed: 11074186] 

[72]. Kia A, Ribeiro F, Nelson R, Gavrilovici C, Ferguson SSG, Poulter MO, Kindling alters 
neurosteroid-induced modulation of phasic and tonic GABAA receptor-mediated currents: role of 
phosphorylation, Journal of Neurochemistry 116 (2011) 1043–1056. [PubMed: 21175618] 

[73]. Kittler JT, Delmas P, Jovanovic JN, Brown DA, Smart TG, Moss SJ, Constitutive endocytosis of 
GABAA receptors by an association with the adaptin AP2 complex modulates inhibitory 
synaptic currents in hippocampal neurons, The Journal of Neuroscience 20 (2000) 7972–7977. 
[PubMed: 11050117] 

[74]. Klein P, van Passel-Clark LMA, Pezzullo JC, Onset of epilepsy at the time of menarche, 
Neurology 60 (2003) 495–497. [PubMed: 12578935] 

[75]. Kokate TG, Banks MK, Magee T, Yamaguchi S, Rogawski MA, Finasteride, a 5α-reductase 
inhibitor, blocks the anticonvulsant activity of progesterone in mice, Journal of Pharmacological 
and Experimental Therapeutics 288 (1999) 679–684.

[76]. Kokate TG, Juhng KN, Kirkby RD, Llamas J, Yamaguchi S, Rogawski MA, Convulsant actions 
of the neurosteroid pregnenolone sulfate in mice, Brain Ressearch 831 (1999) 119–124.

[77]. Kumar N, Fagart J.m., Liere P, Mitchell SJ, Knibb AR, Petit-Topin I, Rame M, El-Etr M, 
Schumacher M, Lambert JJ, Rafestin-Oblin ME, Sitruk-Ware R, Nestorone as a novel progestin 
for nonoral contraception: Structure-activity relationships and brain metabolism studies, 
Endocrinology 158 (2017) 170–182. [PubMed: 27824503] 

[78]. Lawrence C, Martin BS, Sun C, Williamson J, Kapur J, Endogenous neurosteroid synthesis 
modulates seizure frequency, Annals of Neurology 67 (2010) 689–693. [PubMed: 20437568] 

[79]. Lee WS, Smith MS, Hoffman GE, Luteinizing hormone-releasing hormone neurons express Fos 
protein during the proestrous surge of luteinizing hormone, Proceedings of the National 
Academy of Sciences 87 (1990) 5163.

[80]. Li J, Robare JA, Gao L, Ghane MA, Flaws JA, Nelson ME, Christian CA, Dynamic and Sex-
Specific Changes in Gonadotropin-Releasing Hormone Neuron Activity and Excitability in a 
Mouse Model of Temporal Lobe Epilepsy, eneuro 5 (2018) 0273–0218.

[81]. Li X, O’Malley BW, Unfolding the Action of Progesterone Receptors, Journal of Biological 
Chemistry 278 (2003) 39261–39264.

[82]. Li X, Wolf ME, Brain-derived neurotrophic factor rapidly increases AMPA receptor surface 
expression in rat nucleus accumbens, The European journal of neuroscience 34 (2011) 190–198. 
[PubMed: 21692887] 

[83]. Liptáková S, Velíšek L, Velíšková J, Moshé SL, Effect of Ganaxolone on flurothyl seizures in 
developing rats, Epilepsia 41 (2000) 788–793. [PubMed: 10897148] 

[84]. Lucchi C, Costa AM, Senn L, Messina S, Rustichelli C, Biagini G, Augmentation of endogenous 
neurosteroid synthesis alters experimental status epilepticus dynamics, Epilepsia 61 (2020) e129–
e134. [PubMed: 32929741] 

[85]. Lydon JP, DeMayo FJ, Funk CR, Mani SK, Hughes AR, Montgomery CA, Shyamala G, 
Conneely OM, O’Malley BW, Mice lacking progesterone receptor exhibit pleiotropic 
reproductive abnormalities, Genes & Development 9 (1995) 2266–2278. [PubMed: 7557380] 

Kapur and Joshi Page 15

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[86]. Macleod S, Appleton RE, Neurological disorders presenting mainly in adolescence, Archives of 
Disease in Childhood 92 (2007) 170–175. [PubMed: 17264287] 

[87]. Maclusky NJ, McEwen BS, Oestrogen modulates progestin receptor concentrations in some rat 
brain regions but not in others, Nature 274 (1978) 276–278. [PubMed: 683307] 

[88]. Maguire J, Mody I, Neurosteroid synthesis-mediated regulation of GABAA receptors: relevance 
to the ovarian cycle and stress, The Journal of Neuroscience 27 (2007).

[89]. Maguire J, Mody I, Neurosteroid synthesis-mediated regulation of GABAA receptors: relevance 
to the ovarian cycle and stress, Journal of Neuroscience 27 (2007) 2155–2162. [PubMed: 
17329412] 

[90]. Maguire JL, Stell BM, Rafizadeh M, Mody I, Ovarian cycle-linked changes in GABAA receptors 
mediating tonic inhibition alter seizure susceptibility and anxiety, Nature Neuroscience 8 (2005) 
797–804. [PubMed: 15895085] 

[91]. Maione S, Berrino L, Vitagliano S, Leyva J, Rossi F, Pregnenolone sulfate increases the 
convulsant potency of N-methyl-D-aspartate in mice, European Journal of Pharmacology 219 
(1992) 477–479. [PubMed: 1425973] 

[92]. Mandle HB, Cahill KE, Fowler KM, Hauser WA, Davis AR, Herzog AG, Reasons for 
discontinuation of reversible contraceptive methods by women with epilepsy, Epilepsia 58 (2017) 
907–914. [PubMed: 28369748] 

[93]. Martin-Garcia E, Pallares M, The intrahippocampal administration of the neurosteroid 
allopregnanolone blocks the audiogenic seizures induced by nicotine, Brain Research 1062 
(2005) 144–150. [PubMed: 16256958] 

[94]. McEwen BS, Woolley CS, Estradiol and progesterone regulate neuronal structure and synaptic 
connectivity in adult as well as developing brain, Experimental Gerontology 29 (1994) 431–436. 
[PubMed: 7925761] 

[95]. Meffre D, Delespierre B, Gouézou M, Leclerc P, Vinson GP, Schumacher M, Stein DG, 
Guennoun R, The membrane-associated progesterone-binding protein 25-Dx is expressed in 
brain regions involved in water homeostasis and is up-regulated after traumatic brain injury, 
Journal of Neurochemistry 93 (2005) 1314–1326. [PubMed: 15934950] 

[96]. Meletti S, Lucchi C, Monti G, Giovannini G, Bedin R, Trenti T, Rustichelli C, Biagini G, 
Decreased allopregnanolone levels in cerebrospinal fluid obtained during status epilepticus, 
Epilepsia 58 (2017) e16–e20. [PubMed: 27888513] 

[97]. Mitterling KL, Spencer JL, Dziedzic N, Shenoy S, McCarthy K, Waters EM, McEwen BS, 
Milner TA, Cellular and subcellular localization of estrogen and progestin receptor 
immunoreactivities in the mouse hippocampus, The Journal of Comparative Neurology 518 
(2010) 2729–2743. [PubMed: 20506473] 

[98]. Mtchedlishvili Z, Bertram EH, Kapur J, Diminished allopregnanolone enhancement of GABAA 
receptor currents in a rat model of chronic temporal lobe epilepsy, Journal of Physiology 537 
(2001) 453–465.

[99]. Mtchedlishvili Z, Kapur J, A presynaptic action of the neurosteroid pregnenolone sulfate on 
GABAergic synaptic transmission, Molecular Pharmacology 64 (2003) 857–864. [PubMed: 
14500742] 

[100]. Najafi M, Sadeghi MM, Mehvari J, Zare M, Akbari M, Progesterone therapy in women with 
intractable catamenial epilepsy, Advanced biomedical research 2 (2013) 8–8. [PubMed: 
23930253] 

[101]. Olsen RW, Sieghart W, GABAA receptors: Subtypes provide diversity of function and 
pharmacology, Neuropharmacology 56 (2009) 141–148. [PubMed: 18760291] 

[102]. Pang Y, Dong J, Thomas P, Characterization, neurosteroid binding and brain distribution of 
human membrane progesterone receptors δ and {epsilon} (mPRδ and mPR{epsilon}) and mPRδ 
involvement in neurosteroid inhibition of apoptosis, Endocrinology 154 (2013) 283–295. 
[PubMed: 23161870] 

[103]. Parakala ML, Zhang Y, Modgil A, Chadchankar J, Vien TN, Ackley MA, Doherty JJ, Davies 
PA, Moss SJ, Metabotropic, but not allosteric, effects of neurosteroids on GABAergic inhibition 
depend on the phosphorylation of GABAA receptors, Journal of Biological Chemistry 294 
(2019) 12220–12230.

Kapur and Joshi Page 16

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[104]. Pathak HR, Weissinger F, Terunuma M, Carlson GC, Hsu FC, Moss SJ, Coulter DA, Disrupted 
dentate granule cell chloride regulation Enhances synaptic excitability during development of 
temporal lobe epilepsy, Journal of Neuroscience 27 (2007) 14012–14022. [PubMed: 18094240] 

[105]. Peng Z, Huang CS, Stell BM, Mody I, Houser CR, Altered expression of the δ subunit of the 
GABAA receptor in a mouse model of temporal lobe epilepsy, The Journal of Neuroscience 24 
(2004) 8629–8639. [PubMed: 15456836] 

[106]. Pirker S, Schwarzer C, Wieselthaler A, Sieghart W, Sperk G, GABAA receptors: 
immunocytochemical distribution of 13 subunits in the adult rat brain, Neuroscience 101 (2000) 
815–850. [PubMed: 11113332] 

[107]. Rajasekaran K, Joshi S, Sun C, Mtchedlishvilli Z, Kapur J, Receptors with low affinity for 
neurosteroids and GABA contribute to tonic inhibition of granule cells in epileptic animals, 
Neurobiology of Disease 40 (2010) 490–501. [PubMed: 20682339] 

[108]. Rakotomamonjy J, Sabetfakhri NP, McDermott SL, Guemez-Gamboa A, Characterization of 
seizure susceptibility in Pcdh19 mice, Epilepsia 61(10) (2020) 2313–2320. [PubMed: 32944953] 

[109]. Rannals MD, Kapur J, Homeostatic Strengthening of Inhibitory Synapses Is Mediated by the 
Accumulation of GABAA Receptors, The Journal of Neuroscience 31 (2011) 17701–17712. 
[PubMed: 22131430] 

[110]. Reddy DS, Neuroendocrine aspects of catamenial epilepsy. Hormones and Behavior Hormones 
& Neurotrauma: Protection, Degeneration and Plasticity, Vol. 63, 2013, pp. 254–266.

[111]. Reddy DS, Carver CM, Clossen B, Wu X, Extrasynaptic GABAA receptor–mediated sex 
differences in the antiseizure activity of neurosteroids in status epilepticus and complex partial 
seizures, Epilepsia 60 (2019) 730–743. [PubMed: 30895610] 

[112]. Reddy DS, Estes WA, Clinical Potential of Neurosteroids for CNS Disorders, Trends in 
pharmacological sciences 37 (2016) 543–561. [PubMed: 27156439] 

[113]. Reddy DS, Gangisetty O, Briyal S, Disease-modifying activity of progesterone in the 
hippocampus kindling model of epileptogenesis, Neuropharmacology 59 (2010) 573–581. 
[PubMed: 20804775] 

[114]. Reddy DS, Gangisetty O, Wu X, PR-independent neurosteroid regulation of α2-GABAA 
receptors in the hippocampus subfields, Brain Research 1659 (2017) 142–147. [PubMed: 
28137424] 

[115]. Reddy DS, Kim HY, Rogawski MA, Neurosteroid withdrawal model of perimenstrual 
catamenial epilepsy, Epilepsia 42 (2001) 328–336. [PubMed: 11442149] 

[116]. Reddy DS, Kulkarni SK, Proconvulsant effects of neurosteroids pregnenolone sulfate and 
dehydroepiandrosterone sulfate in mice, European Journal of Pharmacology 345 (1998) 55–59. 
[PubMed: 9593594] 

[117]. Reddy DS, Mohan A, Development and persistence of limbic epileptogenesis are impaired in 
mice lacking progesterone receptors, The Journal of Neuroscience 31 (2011) 650–658. [PubMed: 
21228174] 

[118]. Reddy DS, Rogawski MA, Ganaxolone suppression of behavioral and electrographic seizures in 
the mouse amygdala kindling model, Epilepsy Research 89 (2010) 254–260. [PubMed: 
20172694] 

[119]. Reiman EM, Armstrong SM, Matt KS, Mattox JH, The application of positron emission 
tomography to the study of the normal menstrual cycle, Human Reproduction 11 (1996) 2799–
2805. [PubMed: 9021395] 

[120]. Richer JK, Jacobsen BM, Manning NG, Abel MG, Wolf DM, Horwitz KB, Differential gene 
regulation by the two progesterone receptor isoforms in human breast cancer cells, Journal of 
Biological Chemistry 277 (2002) 5209–5218.

[121]. Rosenthal ES, Claassen J, Wainwright MS, Husain AM, Vaitkevicius H, Raines S, Hoffmann E, 
Colquhoun H, Doherty JJ, Kanes SJ, Brexanolone as adjunctive therapy in super-refractory status 
epilepticus, Annals of neurology 82 (2017) 342–352. [PubMed: 28779545] 

[122]. Rossetti AO, Place of neurosteroids in the treatment of status epilepticus, Epilepsia 59 (2018) 
216–219. [PubMed: 30159866] 

Kapur and Joshi Page 17

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[123]. Ruffolo G, Cifelli P, Roseti C, Thom M, van Vliet EA, Limatola C, Aronica E, Palma E, A 
novel GABAergic dysfunction in human Dravet syndrome, Epilepsia 59 (2018) 2106–2117. 
[PubMed: 30306542] 

[124]. Rupprecht R, Rammes G, Eser D, Baghai TC, Schule C, Nothdurfter C, Troxler T, Gentsch C, 
Kalkman HO, Chaperon F, Uzunov V, McAllister KH, Bertaina-Anglade V, La Rochelle CD, 
Tuerck D, Floesser A, Kiese B, Schumacher M, Landgraf R, Holsboer F, Kucher K, Translocator 
protein (18 kD) as target for anxiolytics without benzodiazepine-like side effects, Science 325 
(2009) 490–493. [PubMed: 19541954] 

[125]. Sabaliauskas N, Shen H, Molla J, Gong QH, Kuver A, Aoki C, Smith SS, Neurosteroid effects 
at α4βδ GABAA receptors alter spatial learning and synaptic plasticity in CA1 hippocampus 
across the estrous cycle of the mouse, Brain Res 1621 (2015) 170–186. [PubMed: 25542386] 

[126]. Sakamoto H, Ukena K, Takemori H, Okamoto M, Kawata M, Tsutsui K, Expression and 
localization of 25-Dx, a membrane-associated putative progesterone-binding protein, in the 
developing Purkinje cell, Neuroscience 126 (2004) 325–334. [PubMed: 15207350] 

[127]. Sanna E, Mostallino MC, Murru L, Carta M, Talani G, Zucca S, Mura ML, Maciocco E, Biggio 
G, Changes in expression and function of extrasynaptic GABAA receptors in the rat 
hippocampus during pregnancy and after delivery, Journal of Neuroscience 29 (2009) 1755–
1765. [PubMed: 19211882] 

[128]. Scarpin KM, Graham JD, Mote PA, Clarke CL, Progesterone action in human tissues: regulation 
by progesterone receptor (PR) isoform expression, nuclear positioning and coregulator 
expression, Nuclear Receptor Signaling 7 (2009) e009. [PubMed: 20087430] 

[129]. Scharfman HE, Goodman JH, Rigoulot MA, Berger RE, Walling SG, Mercurio TC, Stormes K, 
Maclusky NJ, Seizure susceptibility in intact and ovariectomized female rats treated with the 
convulsant pilocarpine, Experimental Neurology 196 (2005) 73–86. [PubMed: 16084511] 

[130]. Scharfman HE, Mercurio TC, Goodman JH, Wilson MA, Maclusky NJ, Hippocampal 
excitability increases during the estrous cycle in the rat: A potential role for brain-derived 
neurotrophic factor, The Journal of Neuroscience 23 (2003) 11641–11652. [PubMed: 14684866] 

[131]. Schrader WT, O’Malley BW, Progesterone-binding components of chick oviduct. IV. 
Characterization of purified subunits, Journal of Biological Chemistry 247 (1972) 51–59.

[132]. Selye H, Anaesthetic effects of steroid hormones, Proceedings of the Society of Experimental 
Biology and Medicine 46 (1941) 116–121.

[133]. Shen H, Gong QH, Aoki C, Yuan M, Ruderman Y, Dattilo M, Williams K, Smith SS, Reversal 
of neurosteroid effects at α4β2δ GABAA receptors triggers anxiety at puberty, Nature 
neuroscience 10 (2007) 469–477. [PubMed: 17351635] 

[134]. Shen H, Gong QH, Yuan M, Smith SS, Short-term steroid treatment increases δ GABAA 
receptor subunit expression in rat CA1 hippocampus: pharmacological and behavioral effects, 
Neuropharmacology 49 (2005) 573–586. [PubMed: 15950994] 

[135]. Shen T, Horwitz KB, Lange CA, Transcriptional hyperactivity of human progesterone receptors 
is coupled to their ligand-dependent down-regulation by mitogen-activated protein kinase-
dependent phosphorylation of serine 294, Molecular and Cellular Biology 21 (2001) 6122. 
[PubMed: 11509655] 

[136]. Shiono S, Williamson J, Kapur J, Joshi S, Progesterone receptor activation regulates seizure 
susceptibility, Annals of Clinical and Translational Neurology 6 (2019) 1302–1310. [PubMed: 
31353848] 

[137]. Shughrue PJ, Lubahn DB, Negro-Vilar A, Korach KS, Merchenthaler I, Responses in the brain 
of ER-α-disrupted mice, Proceedings of the National Academy of Sciences U S A 94 (1997) 
11008–11012.

[138]. Sieghart W, Structure, pharmacology, and function of GABAA receptor subtypes, Advances in 
Pharmacology 54 (2006) 231–263. [PubMed: 17175817] 

[139]. Simonian SX, Haywood SA, Herbison AE, Bicknell RJ, van der Beek EM, Fluctuating Estrogen 
and progesterone receptor expression in brainstem norepinephrine neurons through the rat estrous 
cycle, Endocrinology 140 (1999) 3255–3263. [PubMed: 10385422] 

Kapur and Joshi Page 18

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[140]. Sleiter N, Pang Y, Park C, Horton TH, Dong J, Thomas P, Levine JE, Progesterone receptor A 
(PRA) and PRB-independent effects of progesterone on gonadotropin-releasing hormone release, 
Endocrinology 150 (2009) 3833–3844. [PubMed: 19423765] 

[141]. Smith MS, Freeman ME, Neill JD, The control of progesterone secretion during the estrous 
cycle and early pseudopregnancy in the rat: prolactin, gonadotropin and steroid levels associated 
with rescue of the corpus luteum of pseudopregnancy, Endocrinology 96 (1975) 219–226. 
[PubMed: 1167352] 

[142]. Smith SS, Gong QH, Hsu FC, Markowitz RS, ffrench-Mullen JM, Li X, GABAA receptor α4 
subunit suppression prevents withdrawal properties of an endogenous steroid, Nature 392 (1998) 
926–930. [PubMed: 9582073] 

[143]. Smith SS, Shen H, Gong QH, Zhou X, Neurosteroid regulation of GABAA receptors: Focus on 
the α4 and δ subunits, Pharmacology & therapeutics 116 (2007) 58–76. [PubMed: 17512983] 

[144]. Smolen A, Smolen TN, Collins AC, Seizure susceptibility of the pregnant mouse, Pharmacology 
Biochemistry and Behavior 17 (1982) 91–97.

[145]. Song I, Huganir RL, Regulation of AMPA receptors during synaptic plasticity, Trends in 
Neuroscience 25 (2002) 578–588.

[146]. Spelsberg TC, Steggles AW, O’Malley BW, Progesterone-binding components of chick oviduct. 
3. Chromatin acceptor sites, Journal of Biological Chemistry 246 (1971) 4188–4197.

[147]. Sperling MR, Klein P, Tsai J, Randomized, double-blind, placebo-controlled phase 2 study of 
ganaxolone as add-on therapy in adults with uncontrolled partial-onset seizures, Epilepsia 58 
(2017) 558–564. [PubMed: 28230252] 

[148]. Stell BM, Brickley SG, Tang CY, Farrant M, Mody I, Neuroactive steroids reduce neuronal 
excitability by selectively enhancing tonic inhibition mediated by δ subunit-containing GABAA 
receptors, Proceedings of the National Academy of Sciences U S A 100 (2003) 14439–14444.

[149]. Stephens SBZ, Tolson KP, Rouse J, Poling MC, Hashimoto-Partyka MK, Mellon PL, Kauffman 
AS, Absent progesterone signaling in kisspeptin neurons disrupts the LH surge and impairs 
fertility in female mice, Endocrinology 156 (2015) 3091–3097. [PubMed: 26076042] 

[150]. Stoffel-Wagner B, Neurosteroid metabolism in the human brain, European Journal of 
Endocrinology 145 (2001) 669–679.

[151]. Sun C, Mtchedlishvili Z, Erisir A, Kapur J, Diminished neurosteroid sensitivity of synaptic 
inhibition and altered location of the α4 subunit of GABAA receptors in an animal model of 
epilepsy, The Journal of Neuroscience 27 (2007) 12641–12650. [PubMed: 18003843] 

[152]. Svalheim S, Taubøll E, Bjørnenak T, Røste LS, Mørland T, Sætre ER, Gjerstad L, Onset of 
epilepsy and menarche—Is there any relationship?, Seizure 15 (2006) 571–575. [PubMed: 
16956776] 

[153]. Swanwick CC, Murthy NR, Kapur J, Activity-dependent scaling of GABAergic synapse 
strength is regulated by brain-derived neurotrophic factor, Molecular and Cellular Neuroscience 
31 (2006) 481–492. [PubMed: 16330218] 

[154]. Talos DM, Sun H, Kosaras B, Joseph A, Folkerth RD, Poduri A, Madsen JR, Black PM, Jensen 
FE, Altered inhibition in Tuberous Sclerosis and Type IIb cortical dysplasia, Annals of 
Neurology 71 (2012) 539–551. [PubMed: 22447678] 

[155]. Tan C, Shard C, Ranieri E, Hynes K, Pham DH, Leach D, Buchanan G, Corbett M, Shoubridge 
C, Kumar R, Douglas E, Nguyen LS, Mcmahon J, Sadleir L, Specchio N, Marini C, Guerrini R, 
Moller RS, Depienne C, Haan E, Thomas PQ, Berkovic SF, Scheffer IE, Gecz J, Mutations of 
protocadherin 19 in female epilepsy (PCDH19-FE) lead to allopregnanolone deficiency, Human 
Molecular Genetics 24 (2015) 5250–5259. [PubMed: 26123493] 

[156]. Tan M, Tan U, Sex difference in susceptibility to epileptic seizures in rats: importance of estrous 
cycle, International Journal of Neuroscience 108 (2001) 175–191.

[157]. Tetel MJ, Leonhardt SA, Edwards DP, McDonnell DP, Giangrande PH, Hormone-dependent 
interaction between the amino- and carboxyl-terminal domains of progesterone receptor in vitro 
and in vivo, Molecular Endocrinology 13 (1999) 910–924. [PubMed: 10379890] 

[158]. Thomas P, Pang Y, Membrane progesterone receptors: evidence for neuroprotective, 
neurosteroid signaling and neuroendocrine functions in neuronal cells, Neuroendocrinology 96 
(2012) 162–171. [PubMed: 22687885] 

Kapur and Joshi Page 19

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[159]. Trivisano M, Lucchi C, Rustichelli C, Terracciano A, Cusmai R, Ubertini GM, Giannone G, 
Bertini ES, Vigevano F, Gecz J, Biagini G, Specchio N, Reduced steroidogenesis in patients with 
PCDH19-female limited epilepsy, Epilepsia 58 (2017) e91–e95. [PubMed: 28471529] 

[160]. Turrigiano G, Homeostatic synaptic plasticity: local and global mechanisms for stabilizing 
neuronal function, Cold Spring Harbor Perspectives in Biology 4 (2012) a005736. [PubMed: 
22086977] 

[161]. Vaitkevicius H, Husain AM, Rosenthal ES, Rosand J, Bobb W, Reddy K, Rogawski MA, Cole 
AJ, First-in-man allopregnanolone use in super-refractory status epilepticus, Annals of Clinical 
and Translational Neurology 4 (2017) 411–414. [PubMed: 28589168] 

[162]. Vegeto E, Shahbaz MM, Wen DX, Goldman ME, McDonnell DP, O’Malley BW, Human 
progesterone receptor A form is a cell- and promoter-specific repressor of human progesterone 
receptor B function, Molecular Endocrinology 7 (1993) 1244–1255. [PubMed: 8264658] 

[163]. Veliskova J, The role of estrogens in seizures and epilepsy: the bad guys or the good guys?, 
Neuroscience 138 (2006) 837–844. [PubMed: 16310960] 

[164]. Wade GN, Feder HH, [1,2–3H]progesterone uptake by guinea pig brain and uterus: Differential 
localization, time-course of uptake and metabolism, and effects of age, sex, estrogen-priming and 
competing steriods, Brain Research 45 (1972) 525–543. [PubMed: 4634322] 

[165]. Wahnschaffe U, Löscher W, Lack of changes in seizure susceptibility during the estrous cycle in 
kindled rats, Epilepsy Research 13 (1992) 199–204. [PubMed: 1493782] 

[166]. Wang M, He Y, Eisenman LN, Fields C, Zeng CM, Mathews J, Benz A, Fu T, Zorumski E, 
Steinbach JH, Covey DF, Zorumski CF, Mennerick S, 3β -hydroxypregnane steroids are 
pregnenolone sulfate-like GABAA receptor antagonists, The Journal of Neuroscience 22 (2002) 
3366–3375. [PubMed: 11978813] 

[167]. Waters EM, Torres-Reveron A, McEwen BS, Milner TA, Ultrastructural localization of 
extranuclear progestin receptors in the rat hippocampal formation, Journal of Comparative 
Neurology 511 (2008) 34–46.

[168]. Williamson J, Mtchedlishvili Z, Kapur J, Characterization of the convulsant action of 
pregnenolone sulfate, Neuropharmacology 46 (2004) 856–864. [PubMed: 15033345] 

[169]. Wisden W, Laurie DJ, Monyer H, Seeburg PH, The distribution of 13 GABAA receptor subunit 
mRNAs in the rat brain. I. Telencephalon, diencephalon, mesencephalon, Journal of 
Neuroscience 12 (1992) 1040–1062. [PubMed: 1312131] 

[170]. Woolley CS, McEwen BS, Roles of estradiol and progesterone in regulation of hippocampal 
dendritic spine density during the estrous cycle in the rat, Journal of Comparative Neurology 336 
(1993) 293–306.

[171]. WOOLLEY DE, TIMIRAS PS, The Gonad-Brain Relationship: Effects of Female Sex 
Hormones on Electroshock Convulsions in the Rat, Endocrinology 70 (1962) 196–209. [PubMed: 
14008291] 

[172]. Wu FS, Gibbs TT, Farb DH, Pregnenolone sulfate: a positive allosteric modulator at the N-
methyl-D-aspartate receptor, Molecular Pharmacology 40 (1991) 333–336. [PubMed: 1654510] 

[173]. Wu X, Gangisetty O, Carver CM, Reddy DS, Estrous cycle regulation of extrasynaptic δ-
Containing GABAA receptor-mediated tonic inhibition and limbic epileptogenesis, Journal of 
Pharmacology And Experimental Therapeutics 346 (2013) 146–160.

[174]. Wu YV, Burnham WM, Progesterone, 5α-dihydropogesterone and allopregnanolone’s effects on 
seizures: A review of animal and clinical studies, Seizure 63 (2018) 26–36. [PubMed: 30391663] 

[175]. Yum M-S, Lee M, Ko T-S, Velíšek L, A potential effect of ganaxolone in an animal model of 
infantile spasms, Epilepsy Research 108 (2014) 1492–1500. [PubMed: 25219352] 

[176]. Zhang N, Wei W, Mody I, Houser CR, Altered localization of GABAA receptor subunits on 
dentate granule cell dendrites influences tonic and phasic inhibition in a mouse model of 
epilepsy, The Journal of Neuroscience 27 (2007) 7520–7531. [PubMed: 17626213] 

[177]. Zhu X, Fréchou M, Liere P, Zhang S, Pianos A, Fernandez N.k., Denier C, Mattern C, 
Schumacher M, Guennoun R, A Role of endogenous progesterone in stroke cerebroprotection 
revealed by the neural-specific deletion of its intracellular receptors, The Journal of Neuroscience 
37 (2017) 10998. [PubMed: 28986464] 

Kapur and Joshi Page 20

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights:

• Progesterone regulation of neuronal activity and seizures

• Progesterone receptor activation exerts seizure-promoting effects

• Progesterone receptor activation could contribute to catamenial seizure 

exacerbation

• Allopregnanolone suppresses seizure activity through potentiation of GABAA 

receptors
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Figure 1: 
A schematic illustrating the cellular actions of progesterone. Four progesterone effector 

molecules, THP, PRs, mPRs, and PGRMC1 are present in the brain. Progesterone metabolite 

THP is a potent modulator of GABAARs and enhances synaptic and tonic GABAAR-

mediated inhibition. These effects are rapid and suppress seizures. Binding of progesterone 

to PRs leads to dissociation of heat shock proteins (HSP) and other chaperon proteins (ChP). 

The ligand-bound PRs dimerize and are translocated to the nucleus. PRs bind to the 

hormone response elements and trigger gene expression. PR activation upregulates AMPAR 

expression, which would lead to potentiation of glutamatergic transmission. PR activation 

exerts a seizure promoting effect. The role of mPRs and PGRMC1 in the regulation of 

neuronal function is incompletely understood.
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Figure 2: 
A schematic showing the components of PR-A and PR-B peptides. The exons E1 to E8 are 

marked, the corresponding functional domains are illustrated below the coding region. PR-B 

contains extra N terminal amino acids that form the activation function (AF) 3 domain. This 

domain is thought to contribute to the stronger transactivation function to PR-B. The 

activation function 1 and 2 domains are common between PR-A and PR-B. DBD and LBD 

represent the DNA and ligand-binding domains respectively.
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Figure 3: 
Progesterone exerts rapid effects through THP, which potentiates GABAergic inhibitory 

neurotransmission. On the other hand, PR-mediated effects are slower but longer-lasting, 

since they involve changes in gene expression. The GABAergic inhibition is strong during 

the luteal phase when progesterone levels are high. However, the decline in progesterone 

levels later in the luteal phase diminishes GABAergic inhibition. On the other hand, high 

progesterone levels during the luteal phase would also activate PRs and enhance AMPAR-

mediated glutamatergic transmission. This could cause an imbalance between excitation and 

inhibition and create a perimenstrual window of seizure susceptibility.
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