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SUMMARY

Allopregnanolone (5α-pregnan-3α-ol-20-one) and its synthetic 3β-methyl analog ganaxolone are 

positive allosteric modulators of synaptic and extrasynaptic GABAA receptors that exhibit 

antiseizure activity in diverse animal seizure models, including models of status epilepticus (SE). 

The two neuroactive steroids are being investigated as treatments for SE, including as a treatment 

for SE induced by chemical threat agents. Intramuscular injection is the preferred route of 

administration in the pre-hospital treatment of SE. The objective of this study was to assess the 

efficacy of intramuscular allopregnanolone and ganaxolone in the treatment of SE induced by the 

chemical threat agent tetramethylenedisulfotetramine (TETS). The test agents were administered 

40 min after the onset of SE when mice are refractory to treatment. Allopregnanolone and 

ganaxolone (each at 3 mg/kg) terminated SE in, respectively, 92% and 75% of animals and 

prevented mortality in 85% and 50% of animals; the mean times to termination of behavioral 

seizures were, respectively, 172 ± 16 s and 447 ± 52 s. In a separate series of experiments, mice 

were dosed with the neuroactive steroids by intramuscular injection and plasma and brain levels 

were sampled at various time points following injection to estimate pharmacokinetic parameters. 

Plasma Cmax values for allopregnanolone and ganaxolone were 645 ng/ml and 550 ng/ml, 

respectively. Brain exposures of both steroids were approximately 3-fold the plasma exposure. 

Two compartment pharmacokinetic analysis revealed that the central compartment Vd, CL, t½ 

(terminal half-life) and F (intramuscular bioavailability) values for allopregnanolone and 

ganaxolone were, respectively 4.95 L/kg, 12.88 L/kg/hr, 16 min, 97% and 5.07 L/kg, 8.35 L/kg/hr, 

25 min, 95%. Allopregnanolone and ganaxolone are effective in the treatment of TETS-induced 

SE when administered by the intramuscular route. Allopregnanolone is more rapidly acting and 

modestly more effective, possibly because it has greater potency on GABAA receptors.
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Introduction

Status epilepticus (SE) is a life-threatening neurological emergency resulting from either the 

failure of seizure termination or from mechanisms that lead to abnormally prolonged 

seizures.1 Benzodiazepines, administered by a parenteral route, are the standard-of-care 

initial treatment for SE, but fail to effectively terminate behavioral and electrographic 

seizure activity in SE in about one-third of cases.1,2 Benzodiazepines act as positive 

allosteric modulators of synaptic GABAA receptors. During persistent seizures there are 

changes in the availability of synaptic GABAA receptors that lead to resistance to 

benzodiazepines.3–7 Neuroactive steroids, such as allopregnanolone and ganaxolone, have 

been proposed as alternatives to benzodiazepines in the treatment of SE.8 Like 

benzodiazepines, such neuroactive steroids are potent positive allosteric modulators of 

synaptic GABAA receptors. However, in contrast to benzodiazepines, which enhance 

GABAA receptor responses to GABA but do not activate the receptors in the absence of 

GABA, the neuroactive steroids can directly activate GABAA receptors.9 Importantly, in 

addition to actions on synaptic GABAA receptors, neuroactive steroids also act on 

extrasynaptic GABAA receptors.10 Extrasynaptic GABAA receptors, which are insensitive to 

benzodiazepines, maintain availability during prolonged seizures11 and are a potential target 

for the treatment of benzodiazepine-refractory SE. In support of this concept, studies in 

animal models have indicated that allopregnanolone is effective in the treatment of 

benzodiazepine-refractory SE.8 Moreover, allopregnanolone has been tried on an emergency 

basis as a treatment for refractory SE in humans and clinical trials are ongoing.12,13

Allopregnanolone, an endogenous metabolite of the female sex steroid progesterone, is 

poorly absorbed when administered by the oral route.14 Ganaxolone, its 3β-methyl synthetic 

analog, has modestly improved oral bioavailability and oral formulations have been shown 

in some preliminary clinical trials to be effective in the treatment of epilepsy.15–17 In studies 

with recombinant synaptic (α1β2γ2 and α1β3γ2) and extrasynaptic (α4β3δ) GABAA 

receptors isoforms, allopregnanolone and ganaxolone have similar efficacy for potentiation 

of GABA responses and for direct activation of the receptors but allopregnanolone may be 

modestly more potent.14,18 Both allopregnanolone and ganaxolone exert anticonvulsant 

activity when administered parenterally in various animal seizure models, including models 

of SE.19–24

In the present study we sought to assess the potential of allopregnanolone and ganaxolone 

for the treatment of refractory SE when administered intramuscularly. Intramuscular 

injection is the preferred route of administration for a pre-hospital SE treatment.25 Among 

the uses of such a treatment is as an antidote following exposure to a SE-inducing chemical 

threat agents. With this latter application in mind, here we used a model of SE in which 

seizures are induced by tetramethylenedisulfotetramine (TETS), a highly toxic convulsant 
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poison that induces seizures by noncompetitive block of GABAA receptors,18,26 and is 

considered a chemical threat agent by the National Institutes of Health.27,28 We assessed the 

activity of allopregnanolone and ganaxolone in the treatment of TETS-induced SE in a 

mouse model.29 The steroids were administered at a delayed time (40 min after first 

myoclonic body twitch) when mice are known to be refractory to standard-of-care 

benzodiazepine treatment.8 In addition, we compared the pharmacokinetic properties of the 

two steroids following intramuscular administration to assess their potential utility when 

administered by this route.

Materials and Methods

Animals

Male NIH Swiss mice (22–35 g) served as subjects. The animals were allowed to 

acclimatize for at least 5 days before use. All procedures used in these studies were 

conducted in accordance with animal care and use policies of the University of California, 

Davis Institutional Animal Care and Use Committee and in strict compliance with the Guide 

for the Care and Use of Laboratory Animals of the National Research Council (National 

Academy Press, Washington, DC; http://www.nap.edu/readingroom/books/labrats/).

Test substances and drug administration

Tetramethylenedisulfotetramine (TETS), synthesized by a modification of the procedure of 

Esser et al.30, was a generous gift of Dr. Bruce Hammock. Riluzole (CAS 1744-22-5) was 

purchased from Oakwood Products (West Columbia, SC) and was used following 

recrystallization. Allopregnanolone was synthesized under contract with SAFC Pharma 

(Madison, WI). Ganaxolone was generously provided by Marinus Pharmaceuticals (Radnor, 

PA).

TETS was initially dissolved in 100% DMSO at a concentration of 1 mg/ml and then further 

diluted in 0.9% sterile saline at a concentration of 0.2 mg/10 ml. Riluzole was diluted in 

0.9% saline (5 mg/ml) with 10% sulfobutyl ethers β-cyclodextrin sodium salts (Captisol®, 

Ligand Pharmaceuticals, La Jolla, CA) and further diluted in 0.9% saline to a concentration 

of 10 mg/ 10 ml in 0.9% saline. For testing in the SE model, allopregnanolone was dissolved 

in 24% Captisol in 0.9% saline at a concentration of 6 mg/ml. Ganaxolone was less soluble 

so the concentration used was 1.5 mg/ml in 24% Captisol in 0.9% saline. The volume used 

for intraperitoneal injection of TETS and riluzole was 10 ml/kg. The volumes used for 

intramuscular allopregnanolone and ganaxolone were 0.5 ml/kg and 2 ml/kg, respectively. 

For the pharmacokinetic study, allopregnanolone was administered intramuscularly as a 3 

mg/ml solution in 12% Captisol in 0.9% saline, using a volume of 1 ml/kg.

TETS-induced status epilepticus model

Mice were pretreated with a single dose of riluzole (10 mg/kg, i.p.) followed 10 min later by 

a lethal dose of TETS (0.2 mg/kg, i.p.). Allopregnanolone or ganaxolone (3 mg/kg, i.m.) 

were injected at 40 min after the first myoclonic body twitch. Latency to cessation of SE was 

defined as the interval between the time of treatment administration and visually assessed 

termination of continuous seizure activity. Mice were observed for 1 h to determine seizure 
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termination and scored for lethality up to 72 h after dosing. In this study, we did not assess 

electrographic seizure activity.

Blood and brain collection and processing for pharmacokinetic analysis

Mice received an intramuscular injection of either allopregnanolone or ganaxolone at a dose 

of 3 mg/kg. At various times after the injection, animals were sacrificed and trunk blood was 

collected in chilled heparinized tubes and the whole brain was removed. Mice were not 

fasted prior to blood and brain collection. The blood was centrifuged at 1500 × g for 10 min 

to separate the plasma. Brains were snap frozen on dry ice. Plasma and brain specimens 

were stored at −80 °C until processed for extraction of the analytes. At the time of analysis, 

the tissues were thawed.

The whole frozen brain from each mouse was placed in a 15 ml Falcon centrifuge tube 

containing 2 ml of H2O and 3 to 5-5/32-inch stainless steel grinding balls. The tube was 

shaken in a Geno/Grinder automated cell lyser (SPEX SamplePrep, Metuchen, MJ) at 1500 

strokes per min for 1 min. One ml of 10 ng/ml D4-allopregnanolone solution in acetonitrile 

was then added to the tube. The tube was again shaken in the Geno/Grinder at the same rate 

for 1 min. The tube was centrifuged at 4000 × g for 30 min.

The resulting total brain homogenate supernatant was loaded onto a Waters Oasis HLB 3 ml 

(60 mg reversed-phase sorbent) extraction cartridge that had been pre-equilibrated by 

passage of 3 ml acetonitrile and then 3 ml of H2O. The cartridge was washed once with 3 ml 

of 40%/60% acetonitrile/H2O, and the analytes were eluted with 3 ml of 100% acetonitrile. 

When extracting allopregnanolone from plasma, one microliter of 10 μg/ml D4-

allopreganolone (internal standard) solution in 100% methanol was added to 200 μl of 

mouse plasma. The spiked plasma was then loaded onto Waters Oasis HLB 1 ml (30 mg 

reversed-phase sorbent) extraction cartridge that was also pre-equilibrated by the same 

method described above. The cartridge was then washed once with 1 ml of 20%/80% 

acetonitrile/H2O, followed by another wash with 1ml of 40%/60% acetonitrile/H2O. The 

analytes were also eluted with 3 ml of 100% acetonitrile. The eluents resulting from either 

brain or plasma extraction were dried by air stream and reconstituted with 200 μl of 

50%/50% acetonitrile/H2O. Ten μl of the solution was injected into a Waters Acquity UPLC 

with a BEH C18 1.7 μm, 2.1 mm × 50 mm column. The following mobile phases were used: 

A – H2O with 0.1% formic acid, and B – acetonitrile with 0.1% formic acid. Mobile phase A 

was used for purging and 50%/50% acetonitrile/H2O was used for needle washing between 

each injection. The elution gradient program was as follows: 0–1 min, 50%B; 2.5 min, 

72.5%B; 2.51 min, 95%B; 2.51–4.75 min, 95%B; 4.76–7 min, 50%B. The flow rate was 0.4 

ml/min and the column temperature was set at 50 °C. The autosampler temperature was set 

at 10 °C. The output of the UPLC was fed to a Waters Xevo TQ-S triple quadrupole MS/MS 

system, which was used to ionize target molecules and monitor the ion m/z fragmentation 

transitions from 319.20 → 283.30 for allopregnanolone quantification, 323.3 → 287.3 for 

D4-allopregnanolone quantification and 333.2 → 297.3 for ganaxolone quantification at 

MRM (multiple reaction monitoring) mode.

Zolkowska et al. Page 4

Epilepsia. Author manuscript; available in PMC 2019 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pharmacokinetic parameters calculations

Descriptive and 2-compartment pharmacokinetic parameters were estimated with Phoenix 

WinNonlin 7.0 (Certara, Princeton, NJ).

Data analysis

Time to cessation of TETS-induced persistent seizures activity is expressed as mean ± 

S.E.M.; the significance of the difference in the responses of treatment groups with respect 

to control is based on unpaired t-test. Differences were considered statistically significant 

when the probability of error was less than 0.05 (P < 0.05).

Results

TETS status epilepticus model

Administration of TETS to mice causes a rapid sequence of immobility, myoclonic body 

jerks, clonic seizures of the forelimbs and/or hindlimbs, tonic seizures, and death.26 The 

rapid lethality in mice (often occurring in ~20 min) is inconsistent with reports of prolonged 

SE in human victims of TETS poisoning.31,32 In mice, death usually occurs rapidly after the 

onset of tonic extension. We have found that blocking tonic seizures with riluzole prevents 

lethality. Animals pretreated with riluzole prior to the administration of TETS exhibit clonic 

seizures and continuous ictal activity that persists for more than 1 h. However, as shown in 

Figure 2, most vehicle-treated animals eventually expire.

Comparison of allopregnanolone and ganaxolone for termination of TETS-induced status 
epilepticus

SE that has persisted for 40 min in the riluzole-TETS model is relatively resistant to 

termination by benzodiazepines (unpublished). Intramuscular administration of 

allopregnanolone or ganaxolone, each at a dose of 3 mg/kg administered 40 min after 

seizure onset, terminated behavioral clonic seizure activity in, respectively, 12 of 13 (92%) 

animals and 6 of 8 (75%) animals. Among the animals in which the treatment terminated 

behavioral seizures, allopregnanolone was more rapid than ganaxolone (Fig. 1).

Long-term survival after treatment with allopregnanolone and ganaxolone in the TETS 
status epilepticus model

Animals experiencing TETS-induced SE were monitored for 72 h after TETS exposure. 

Twenty of 22 vehicle treated animal expired. In contrast, 11 of 13 (85%) allopregnanolone 

treated mice survived and 4 of 8 (50%) ganaxolone treated mice survived (Fig. 2).

Pharmacokinetic studies comparing equivalent doses of allopregnanolone and 
ganaxolone

Plasma and brain levels of allopregnanolone and ganaxolone were determined in naïve mice 

at intervals following intramuscular dosing. As shown in Figure 3, comparable plasma levels 

were achieved rapidly with both steroids (Cmax, 645 ng/ml for allopregnanolone and 550 

ng/ml for ganaxolone; Table 1). Brain levels rose more slowly and peaked at 10 min in both 

cases. However, the peak brain concentration and brain exposure (AUC) of ganaxolone was 
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greater than of allopregnanolone, which is likely explained by the modestly greater 

hydrophobicity of ganaxolone than allopregnanolone (logP values 5.423 and 5.042, 

respectively; calculated using ACD/Labs software V11.02). For both steroids, the brain 

exposure was approximately 3-fold the plasma exposure. Both steroids had high 

bioavailability indicating that they were nearly completely absorbed with intramuscular 

injection.

Two-compartment pharmacokinetic analysis indicated similar volumes of distribution for 

allopregnanolone and ganaxolone but the clearance of allopregnanolone from the central 

compartment was 54% greater than the clearance of ganaxolone (Table 2). This corresponds 

with a greater terminal half-life for ganaxolone, indicating that the synthetic analog has 

greater metabolic stability. Nevertheless, both allopregnanolone and ganaxolone have a 

sufficient duration of action to be effective in the TETS SE model.

Discussion

Allopregananolone and ganaxolone have similar activity on synaptic and extrasynaptic 

GABAA receptors.14,18 Both agents have been proposed as treatments for SE, and there is 

evidence that intravenously administered allopregnanolone may be of benefit in the 

treatment of refractory SE in humans.12,13 To be optimally useful in the pre-hospital 

emergency treatment of SE, intramuscular dosing is preferred.25 In the present study, we 

have shown that intramuscular administration of both neuroactive steroids are effective in 

stopping SE induced by the chemical threat agent TETS; both agents also improve survival. 

Although the steroids are able to terminate behavioral seizures, we have found that they do 

not eliminate electrographic epileptiform activity resulting from TETS exposure 

(unpublished observations). It remains to be determined whether continued epileptiform 

discharges lead to irreversible pathology. To the extent that ongoing epileptiform activity 

contributes to morbidity, additional neuroprotective strategies may be required. With 

intramuscular administration, high plasma and brain levels of allopregnanolone are present 

for a relatively brief time. Longer periods of exposure may confer greater neuroprotection; 

this could be achieved with repeated injection or other strategies that increase the duration of 

delivery.

Although both allopregnanolone and ganaxolone at a dose of 3 mg/kg terminated TETS-

induced SE, there were some differences. Allopregnanolone terminated SE more rapidly and 

was associated with greater survival. This is despite the fact that the plasma exposure (AUC) 

for ganaxolone is modestly greater than that of allopregnanolone, likely due to the enhanced 

metabolic stability of ganaxolone. Brain exposure for both steroids is about 3-fold the 

plasma exposure. The greater brain exposure than plasma exposure is expected given that 

both steroids are highly lipid soluble. The modestly greater plasma exposure of ganaxolone 

translates into a correspondingly greater brain exposure (~40%-50%). Our present 

observations are consistent with prior studies that have found greater brain concentrations 

than plasma concentrations following administration of allopregnanolone and ganaxolone in 

mice, rats and rabbits.14,33 In spite of the greater brain levels of ganaxolone, 

allopregnanolone more rapidly terminated TETS-induced SE and had a greater beneficial 

effect on survival. This is likely due to the modestly more potent activity of 
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allopregnanolone on GABAA receptors.14,18 For example, while allopregnanolone and 

ganaxolone had similar maximal efficacy for activation of α1β3γ2 synaptic GABAA 

receptors and α4β3δ extrasynaptic GABAA receptors in the absence of GABA as assessed 

by a potentiometric dye assay, allopregnanolone had EC50 values of 9 nM and 27 nM for 

α1β3γ2 and α4β3δ, respectively, whereas the corresponding values for ganaxolone were 24 

nM and 40 nM.18 Similarly, the EC50 values for potentiation of GABA responses on 

α1β3γ2 GABAA receptors in the potentiometric dye assay in the presence of GABA were 

1.7 and 20 nM for allopregnanolone and ganaxolone, respectively. In an electrophysiological 

patch clamp assay with α1β3γ2 GABAA receptors in the presence of GABA, the 

corresponding values were 71.3 nM and 114.8 nM. In all cases, the EC50 values of 

allopregnanolone were modestly less than those of ganaxolone (between 50% to 1100%), 

reflecting greater allopregnanolone potency.

An additional difference between allopregnanolone and ganaxolone pharmacokinetics in the 

brain is that ganaxolone levels peak and fall whereas allopregnanolone levels are relatively 

flatter during the critical period when seizure termination occurs (5 to 15 min; Figure 3). 

This is likely the case because of the higher lipophilicity of ganaxolone (log P of 5.3 versus 

4.9 for allopregnanolone), which causes ganaxolone to initially concentrate in brain to 

higher levels after which it redistributes to body fat. Maintaining a flatter distribution in 

brain is another factor that may account for the superior efficacy of allopregnanolone.

Allopregnanolone has the further advantage over ganaxolone as an intramuscular therapeutic 

agents in that it can be solubilized at higher concentrations using cyclodextrins. This is 

major benefit for intramuscular delivery, given that the injection volume is limited. However, 

alternative ganaxolone parenteral formulations may be available that allow concentrations 

greater than those that can be achieved with cyclodextrins obviating this negative factor.34

In summary, the present study has found that the neuroactive steroids allopregnanolone and 

ganaxolone when administered intramuscularly are both effective in terminating behavioral 

seizures and improving survival in mice exhibiting SE induced by the chemical threat agent 

TETS. However, at an equal dose of 3 mg/kg, allopregnanolone had a more rapid onset of 

action and a greater proportion of animals treated with allopregnanolone survived. The 

greater speed of allopregnanolone is especially desirable in the treatment of SE in which 

seizures of longer duration may be more difficult to treat and associated with greater 

morbidity and lethality.
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KEY POINTS

• Diverse forms of status epilepticus, including status epilepticus caused by 

chemical threat agents, are often refractory to treatment

• The neuroactive steroids allopregnanolone and ganaxolone are potential 

treatments for refractory status epilepticus

• Intramuscular injection is the preferred route of administration for the pre-

hospital treatment of status epilepticus

• Allopregnanolone and ganaxolone are effective when administered by the 

intramuscular route in a model of chemical threat agent status epilepticus
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Fig. 1. 
Comparison of intramuscular allopregnanolone and ganaxolone, each at a dose of 3 mg/kg, 

for time to termination of behavioral seizures in mouse TETS status epilepticus model. The 

treatment was administered 40 min after the first myoclonic twitch. Allopregnanolone 

terminates SE more rapidly than ganaxolone (P < 0.001). Number of animals in each group 

is shown within the bars.
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Fig. 2. 
Comparison of the effects of allopregnanolone and ganaxolone, each at a dose of 3 mg/kg, 

on survival in the mouse TETS status epilepticus model. Bars indicate percent of animals 

alive at 1 h, 24 h and 72 h after injection of TETS at a dose of 0.2 mg/kg, i.p. Number of 

animals in each group is shown within the bars. Chi-square analysis rejected the null 

hypothesis of no difference in alive and dead frequency at 72 h values among the 3 groups 

with P < 0.001. P values by 2 × 2 contingency analysis using two-tailed Fisher’s exact test 

for vehicle versus allopregnanolone and ganaxolone comparisons are <0.001 and 0.029, 

respectively; P value for comparison between allopregnanolone and ganaxolone is 0.15.
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Fig. 3. 
Plasma and brain levels of allopregnanolone and ganaxolone after intramuscular 

administration in mice, in both cases at a dose of 3 mg/kg. Each data point represents the 

mean ± S.E.M. of values from 6 to 8 mice. Dosing occurred at 0 time; blood samples were 

collected from 0.5 to 120 min for allopregnolone and 2 to 120 min for ganaxolone. The 

graph on the left shows the early data points on an expanded scale.
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Table 1.

Descriptive pharmacokinetic parameters

Analyte Tissue Tmax (s)
Cmax 

(ng/ml; 
ng/g)

t½ 
(min)

AUC 0→last 
(min•ng/ml; 
min•ng/g)

AUC 0→∞ 
(min•ng/ml; 
min•ng/g)

AUC 
brain/AUC 

plasma 
0→last

AUC 
brain/AUC 
plasma 0→ 

∞

F

Allopregnanolone
Plasma 60 645 16 12486 13538

2.94 2.97 0.97
Brain 600 845 36743 40213

Ganaxolone
Plasma 120* 550 25 17285 20502

2.93 3.02 0.95
Brain 600 1239 50647 61952

Allopregnanolone and ganaxolone were administered to mice at a dose of 3 mg/kg, i.m. Animals were sacrificed at various time points after 
injection and blood and brain was collected for analysis. Descriptive pharmacokinetic parameters are Cmax, maximal plasma or brain 

concentration, where plasma concentration is in ng/ml and brain concentration is in ng/g; Tmax, time to reach Cmax; t½, terminal half-life; AUC 

0→last, area under the plasma concentration time curve to the last time point (7200 second) sampled; AUC 0→∞, area under the plasma 
concentration time curve extrapolated to infinity; F, bioavailability with intramuscular injection determined as the [(plasma AUC 0→∞) × CL1] ÷ 
3 mg/kg, where CL1 is from Table 2.

*
First blood collection was at 120 s; Cmax value corresponds with this initial collection.
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Table 2.

Two-compartment pharmacokinetic analysis parameters

Analyte V1 (L/kg) V2 (L/kg) CL1 (L/kg/hr) CL2 (L/kg/hr)

Allopregnanolone 4.95 6.03 12.88 5.98

Ganaxolone 5.07 5.64 8.35 8.92

Parameters determined by two-compartment analysis with WinNonlin 7.0. V1, central volume of distribution; V2, peripheral volume of 
distribution; CL1, central compartment clearance; CL2, peripheral compartment clearance.
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