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Abstract

Background: Many neuroactive steroids induce sedation/hypnosis by potentiating γ­

aminobutyric acid (GABAA) currents. However, we previously demonstrated that an endogenous 

neuroactive steroid epipregnanolone [(3β,5β)-3-hydroxypregnan-20-one] (EpiP) exerts potent 

peripheral analgesia and blocks T-type calcium currents while sparing GABAA currents in rat 

sensory neurons. This study seeks to investigate the behavioral effects elicited by systemic 

administration of EpiP and to characterize its use as an adjuvant agent to commonly used general 

anesthetics (GAs).
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Methods: Here, we utilized electroencephalographic (EEG) recordings to characterize 

thalamocortical oscillations, as well as mouse genetics with wild-type (WT) and different 

knockout (KO) models of T-channel isoforms to investigate potential sedative/hypnotic and 

immobilizing properties of EpiP.

Results: Consistent with increased oscillations in slower EEG frequencies, EpiP induced an 

hypnotic state in WT mice when injected alone intra-peritoneally (i.p.) and effectively facilitated 

anesthetic effects of isoflurane (ISO) and sevoflurane (SEVO). The CaV3.1 (Cacna1g) KO 

mice demonstrated decreased sensitivity to EpiP-induced hypnosis when compared to WT mice, 

whereas no significant difference was noted between CaV3.2 (Cacna1h), CaV3.3 (Cacna1i) and 

WT mice. Finally, when compared to WT mice, onset of EpiP-induced hypnosis was delayed in 

CaV3.2 KO mice but not in CaV3.1 and CaV3.3 KO mice.

Conclusion: We posit that EpiP may have an important role as novel hypnotic and/or adjuvant 

to volatile anesthetic agents. We speculate that distinct hypnotic effects of EpiP across all three 

T-channel isoforms is due to their differential expression in thalamocortical circuitry.
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INTRODUCTION

It is generally accepted that many neuroactive steroids (neurosteroids) induce sedation/

hypnosis by potentiating neuronal GABAA currents (Belelli and Lambert, 2005; Ziemba 

et al., 2018). However, we previously demonstrated that an endogenous neurosteroid 

(Liu et al., 2003) [(3β,5β)-3-hydroxypregnan-20-one] blocks the low voltage-activated 

(LVA) or T-type family of voltage-gated calcium channels (VGCCs) in sensory neurons, 

but unlike many other neurosteroids lacks any GABA-mimetic properties (Ayoola et al., 

2014). Furthermore, our previous studies have established that the antinociceptive effects 

of EpiP in rats and mice are mediated, at least in part, by the inhibition of multiple 

classes of VGCCs when the drug was injected locally into hind paws (Ayoola et al., 

2014) and intrathecally (Joksimovic et al., 2019). However, virtually nothing is known 

about the role of VGCC in possible sedative/hypnotic effects of this neurosteroid. This 

is important since VGCCs are essential for the regulation of synaptic transmission and 

excitability in the neuronal sleep pathway including the thalamus. Indeed, both human and 

animal studies in vivo have indicated that the thalamus is deactivated during anesthesia 

(Alkire et al., 2008; Mashour and Alkire, 2013). T-type voltage-gated calcium channels 

(T-channels) are crucial for the rhythmic oscillations between mutually interconnected 

cortical neurons (Ctx), inhibitory GABAergic nucleus reticularis thalami neurons (nRT), 

and glutamatergic relay neurons in the ventrobasal (VB) thalamic nucleus. Furthermore, a 

synthetic neurosteroid analogue of EpiP that also lacks GABA-mimetic properties ([3β-OH; 

(3β,5β,17β)-3-hydroxyandrostane-17-carbonitrile]) inhibits T-currents in the nRT (Joksovic 

et al., 2007), VB thalamus (Atluri et al., 2018), as well as central medial thalamic 

(CeM) nucleus (Timic Stamenic et al., 2021). Importantly, we have shown that 3β-OH 

also displays strong sedative/hypnotic properties in rat pups (Atluri et al., 2018), adult 

rats (Joksimovic et al., 2020) and adult mice (Timic Stamenic et al., 2021). Hence, this 
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current work seeks to investigate the potential sedative/hypnotic properties of EpiP and to 

characterize its use as an adjuvant agent to commonly used volatile GAs such as isoflurane 

(ISO) and sevoflurane (SEVO). Our first objective was to use behavioral studies correlated 

with electroencephalographic (EEG) recordings and systemically injected doses of EpiP to 

characterize its potential sedative/hypnotic effects in mice. Second, we set out to compare 

and contrast the effects of EpiP in the wild-type (WT) mice versus mice lacking specific 

T-channel isoforms, henceforth referred to as CaV3.1 (Cacna1g), CaV3.2 (Cacna1h) and 

CaV3.3 (Cacna1i) KO mice.

MATERIALS AND METHODS

Animals

Experimental procedures with animals were performed according to the guidelines approved 

by University of Colorado Anschutz Medical Campus. Treatments of mice adhered to 

guidelines set forth in the NIH Guide for the Care and Use of Laboratory Animals. All 

efforts were made to minimize animal suffering and to use only the number of animals 

necessary to produce reliable scientific data. For our behavioral studies we used adult male 

mice that were 2–6 months old. All mice were kept in a 14 hour light/10 dark cycle with free 

access to food and water. Heating pad and pulse oximetry were used in all experiments to 

assure normothermia and normal oxygenation of animals. Temperatures were taken rectally 

during the experiments involving ISO and SEVO. Male C57BL/6 J (wild type – WT) 

mice were obtained from the Jackson laboratory (USA) and were used as controls in all 

experiments. CaV3.1 KO mice (Ricken BioResources Centre, Japan) were generated on 

C57BL/6 background as previously documented (Petrenko et al., 2007). The CaV3.2 KO 

mice were generated as described previously using a mixed C57BL6J/129S3 background 

(Chen et al., 2003) whose off-springs were backcrossed into C57BL6J mice for at least 

6 generations (Orestes et al., 2009). Finally, the CaV3.3 KO mice were developed on a 

C57BL/6 background as recently described (Ghoshal et al., 2020). Although we used only 

male mice for this study, we are aware of reports that some neurosteroids may exhibit sex­

dependent hypnotic effects in rodents (Erickson et al., 2019). However, we feel that studies 

of possible differences in male and female mice to EpiP-induced hypnosis are beyond the 

scope of this study.

Our methods for the assessment of anesthetic endpoints such as loss of righting 

reflex (LORR), loss of withdrawal response (LOWR) and electroencephalographic (EEG) 

recordings are described in detail elsewhere (Feseha et al., 2020; Timic Stamenic et al., 

2021).

Neurosteroid preparation

EpiP (Figure 1A) was dissolved in stock solution of 15% cyclodextrin in H2O to yield the 

desired concentration for intra-peritoneal (i.p.) injections. All doses of EpiP solution were 

prepared on the same day as they were injected into the mice. Mice were weighed and 

injected with the appropriate volume of EpiP in 15% cyclodextrin to achieve desired dose. 

EpiP doses ranged from 25 mg/kg to 120 mg/kg.
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EEG Data Acquisition and Spectral Analysis

Synchronized, time locked video and EEG signals were recorded using the Pinnacle system 

(Pinnacle Technology Inc., Lawrence, KS, USA). The EEG signals were amplified (100×) 

and digitized at a sampling frequency rate of 2000 Hz (high pass filter 0.5 Hz and low 

pass filter 500 Hz) and stored on a hard disk for offline analysis. The electrodes (one 

depth coated tungsten in CeM [anteroposterior – AP: −1.35 mm, mediolateral – MD: 0 

and dorsoventral – DV: −3.6 mm], and two screw-type cortical [AP: −1 mm, MD: ± 3mm, 

DV: 0]) were implemented under continuous 2.5 vol% ISO anesthesia. Banamine® – Merck 

(intraperitoneal (i.p.) 2.5 mg/kg) was applied right after surgery and every 24 h for 48 h. 

Seven to ten days after surgery WT male animals (n = 11) were put in recording chamber 

((H × W × L) 15.2 × 16.5 × 31.1 cm) and EEG were recorded 30 min before (baseline 

recordings) and 60 min after i.p. injection of neurosteroid. To compare spectra, 5 min of 

signal in baseline and during 100 mg/kg i.p. of neurosteroid were analyzed. All spectral 

analysis was carried out using the LabChart 8 and Origin 2018 software. The relative (%) 

power in following frequency ranges was calculated: δ (0.5–4 Hz), θ (4–8 Hz), α (8–13 

Hz), β (13–30 Hz) and low γ (30–50 Hz). After completion of experiments, mice were 

anesthetized with ketamine (100 mg/kg i.p.) and electrolytic lesions were made by passing 

5 μA current for 1 s (5 times). Mice were anesthetized additionally with ISO and perfused 

with ice-cold 0.1M phosphate buffer containing 1% of potassium-ferrocyanide. The brains 

were extracted, kept in 4% formalin (PFA) for 2 days and sliced (100–150 μm) using a 

vibrating micro slicer (Laica VT 1200 S). Photos of coronal slices with electrode location 

conformation were obtained using bright-field Zeiss stereoscope and Zen Blue software.

Assessment of hypnotic behavior in mice

We measured hypnosis by assessing the loss of righting reflex (LORR). After movement 

of mice to experimental table we waited 30 minutes to establish baseline habituation. 

Experimental mice received i.p. injections of EpiP and were then kept in a separate cage for 

15 minutes prior to being transferred to a clear plastic cage. This cage was intermittently 

gently tilted to roll a given mouse onto its back. Loss of righting reflex was measured as 

inability to right self within 30 seconds. We also measured Gain of Righting Reflex (GORR) 

to assess duration of the loss of righting reflex. For some experiments WT mice injected 

with saline as control were placed in anesthetic chambers equilibrated at 0.5% atm of ISO. 

Consequently, ISO was increased by 0.1% atm every 10 minutes and the concentration at 

which LORR occurred was noted. Next, mice were injected with 25 mg/kg EpiP and then 

placed in the anesthetic chamber to be subjected to the same ISO conditions as control.

Assessment of immobility

We measured the sensitivity to mechanical stimulation by assessing the loss of withdrawal 

response (LOWR). For LOWR, an alligator clip covered with airway tubing was used 

on the proximal 1/3 tail and LOWR was considered when there was no withdrawal for 

a minimum of 30-seconds. After movement of mice to experimental table we waited 30 

minutes to establish baseline habituation. Experimental mice received i.p. injections of EpiP 

and were then kept in a separate cage for 15 minutes. During this time a clear plastic 

anesthetic chamber was equilibrated to desired concentration of ISO at 0.5% or 0.9 % atm, 
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or SEVO at 1.0 % atm in ~97% oxygen. After 15 minutes, injected mice were transferred 

to the anesthetic chamber. Chamber gas level was constantly measured via a Datex Ohmeda 

Capnomac Ultima. Every 10 min, ISO or SEVO was manually increased by 0.1% atm. Loss 

of withdrawal reflex was measured as lack of tail withdrawal response to the tail clamp 

within 30 seconds. After each trial, rectal temperature was recorded.

Data Analysis

Statistical analysis was performed using one-way and two-way repeated measure (RM) 

ANOVA as well as Student unpaired and paired two-tailed t-test where appropriate. Where 

interaction between factors after one way or two-way RM ANOVA was significant, Sidak’s 
or Bonferroni’s multiple comparisons test were used. Significance was accepted with p 
values < 0.05. Statistical and graphical analysis was performed using GraphPad Prism 

8.00 software (GraphPad Software, La Jolla, CA, USA) and Origin 2018 (OriginLab, 

Northampton, MA, USA). LFPs were analyzed using LabChart 8 (AD Instruments, 

Dunedin, New Zealand).

In order to generate dose-response curve for LORR, male mice were injected intra­

peritoneally (i.p.) with 25, 50, 65, 75, 100 and 120 mg/kg 3β-OH of EpiP and duration of 

LORR and percentage of mice with LORR was determined. The ED50 was calculated using 

the Hill-Langmuir equation as follows: PE ([EpiP]) = PEmax / (1+(ED50 / [EpiP])h), where 

PEmax is the maximal percent of animals with LORR or maximal duration of LORR, ED50 

is the dose that produces 50% effect, and h is the apparent Hill-Langmuir coefficient that 

defines the slope of the curve. The fitted values are reported with > 95% linear confidence 

limits.

RESULTS

EpiP is an effective hypnotic on its own and also significantly lowers the concentration of 
common volatile GAs needed to induce hypnosis and immobility in the WT mice

We began by seeking to characterize the sedative/hypnotic properties of EpiP (EpiP). To 

accomplish this, we injected escalating doses of EpiP intra-peritoneally (i.p.) to WT mice 

and assessed their LORR. At a dose of 50 mg/kg, we found that the onset of LORR was 

about 30 minutes, while at doses higher than 50 mg/kg, time to onset of hypnosis became 

progressively faster and remained stable at about 15 minutes (Figure 1A). In contrast, LORR 

duration increased gradually from 10 to 60 minutes with escalating doses without any 

apparent saturation of effect (Figure 1B). The effective dose at which 50% of mice lost 

righting reflex (ED50) was estimated to be about 72 mg/kg for the duration of LORR (Figure 

1C). During hypnosis induced by all of the doses of EpiP tested, mice displayed withdrawal 

response to tail clamp (data not shown). Over all behavioral experiments conducted in 

this study only two WT mice died - one after receiving 65 mg/kg EpiP, the other after 

administration of 100 mg/kg EpiP.

We next investigated how i.p. injections of sub-hypnotic dose of EpiP at 25 mg/kg may 

affect the requirement of a prototypical volatile anesthetic ISO necessary to cause hypnosis 

in WT mice (Figure 2A). We found that WT mice exposed to a sub-hypnotic dose of 
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EpiP had LORR at a significantly lower concentration of ISO than those that received 

vehicle injection by about 30 percent (Figure 2A, treatment effect p < 0.0001). Experimental 

chambers were kept warm with heating pads. During control experiments with vehicle the 

mean recorded temperature of the mice was 35.3°C while the mean SpO2 was 95%. During 

the experimental trial with EpiP, the average temperature and SpO2 was 35.4°C and 95.7%, 

respectively.

We next examined ability of EpiP in combination with ISO to inhibit withdrawal repose to 

tail clamp in WT mice as assessed with LOWR (a measure of full anesthetic effect). We 

found that EpiP significantly decreased the ISO concentration required to achieve LOWR 

in a dose-dependent manner up to 40% (Figure 2B left; treatment effect p < 0.0001). For 

example, when exposed to ISO alone, mice had LOWR at an average of about 1.4% atm. 

With the addition of 25 mg/kg EpiP, the same mice stopped withdrawing at an average of 

about 1.2% atm. When 50 mg/kg EpiP was given, the concentration of ISO necessary to 

induce LOWR further descended to an average of about 1.0% atm. Recorded temperature 

and oxygen saturation vitals for control, 25 mg/kg EpiP trial, and 50 mg/kg EpiP trial were 

as follows: 35.3°C, 96.7%; 35.6 °C, 98.1%; 35.1°C, 97%.

Similarly, we found that i.p. injections of EpiP at 25 mg/kg and 50 mg/kg lowered SEVO 

concentration required to achieve LOWR in dose-dependent manner up to 30% (Figure 2B 

right).

Characterisation of thalamocortical oscillations in vivo during systemic administration of 
EpiP in WT mice

Next, we sought to characterize thalamocortical oscillations in vivo using a sub-maximal 

dose of 100 mg/kg i.p. of EpiP, which effectively induced LORR in most of the WT 

mice. After stable baseline recording for 30 minutes, we saw a sustained increase in total 

power in the 60 minute period following EpiP injections in all frequencies in comparison to 

vehicle injection (Figure 3A–E). Note that although we saw small but significant differences 

between vehicle and EpiP experiment in baseline’s total power in α and β frequency range 

(Figure 3C and D), analysis of baseline’s relative power did not show differences between 

two cohorts (data not shown). Representative heat maps from baseline and 30 minutes after 

EpiP are shown on Figure 4A. Note that 15 min after injections of EpiP (mean value for 

time to LORR) animals showed an increase in total power of all frequency bands except 

the γ frequency range (Figure 4B left) without differences in relative power (Figure 4B 

right). Additionally, 30 min after neurosteroid injection the increase in total power in the 

EpiP group was still present (Figure 4C, left), with an increase in the δ and β relative power 

and a decrease in the θ and γ relative frequency range (Figure 4C, right). At time point 

of 60 min after EpiP injection the increase in total power was still present (Figure 4D left) 

with the relative differences in δ (increased from baseline) and γ (decreased from baseline) 

oscillations (Figure 4D right). Statistical analysis of relative power at the time points of 

15, 30 and 60 minutes after EpiP injection revealed statistically significant decrease in γ 
frequency range 60 minutes after EpiP injection in comparison to 15 min time point (data 

not shown).
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Comparison of sensitivity of different mouse mutants to EpiP-induced hypnosis

To study the potential roles of 3 different T-channel isoforms in EpiP-induced hypnosis, 

we compared the sensitivities of different KO mice and WT mice to a range of escalating 

doses of EpiP, measured as fraction of animals that underwent LORR. Figure 5 summarizes 

these results and indicates that when compared to the WT mice (ED50 about 54 mg/kg), 

the dose-response curve for CaV3.1 KO mice is shifted to the right (ED50 about 67 mg/kg) 

indicating resistance to neurosteroid hypnosis. In contrast, the dose-response curves for 

CaV3.2 KO mice and CaV3.3 KO mice only slightly deviated from the curve for WT mice.

Characterization of hypnotic effect of EpiP in CaV3.1 KO mice

We next performed further analysis of LORR experiments in WT and mutant mice, starting 

with the CaV3.1 KO mice. Our escalating injected doses (in mg/kg) included in all mutants 

were 50, 65, 75 and 100. Interestingly, we did not find a dose-dependent effect of EpiP on 

LORR onset which remained at about 20 minutes (Figure 6A). However, we established that 

EpiP did indeed induce a dose-dependent duration of hypnosis in CaV3.1 KO mice with 

LORR lasting to about 40 minutes with the highest dose (Figure 6B). We next compared 

CaV3.1 KO and WT mice across all doses. Hypnotic induction as determined by LORR 

onset was not significantly different between WT and CaV3.1 KO mice (Figure 6C), but 

at the middle doses 65 mg/kg and 75 mg/kg i.p. CaV3.1 KO mice exhibited shorter LORR 

duration by about 3-fold when compared to WT mice (Figure 6D). Overall, we found that 

the CaV3.1 KO mice manifested significantly decreased duration, but minimal change in 

induction of hypnotic behavior when compared to the WT mice.

Characterization of hypnotic effect of EpiP in CaV3.2 KO mice

In contrast to CaV3.1 KO mice, we found that CaV3.2 KO mice exhibited progressively 

faster induction from about 30 minutes with the dose of 50 mg/kg i.p. to about 15 minutes 

with the dose of 100 mg/kg of EpiP (Figure 7A). The CaV3.2 KO mice also exhibited 

dose-dependent increase in duration of LORR in response to i.p. injections of escalating 

doses of EpiP with a maximal effect of about 60 minutes (Figure 7B). Interestingly, at 

65 mg/kg, we observed that WT mice experienced a significantly earlier time to LORR 

compared to CaV3.2 KO mice by about 40% (Figure 7C). In contrast, no significant 

difference in overall response was observed between CaV3.2 KO and WT mice in LORR 

duration across all doses tested (Figure 7D). Overall, we found that the CaV3.2 KO mice 

manifested significantly delayed induction at one moderate dose but no different duration of 

hypnosis than the WT mice across all doses.

Characterization of hypnotic effect of EpiP in CaV3.3 KO mice

Next, we asked if the CaV3.3 KO mice displayed a dose-dependent hypnotic response 

to EpiP, as with the previously tested genotypes (Figure 8A, B). In contrast to CaV3.1 

KO mice, but similar to the CaV3.2 KO mice, we found that CaV3.3 KO mice exhibited 

progressively faster induction from about 30 minutes with the dose of 50 mg/kg i.p. to 

about 10 minutes with the dose of 100 mg/kg of EpiP (Figure 8A). The CaV3.3 KO 

mice also exhibited a dose-dependent increase in duration of LORR in response to i.p. 

injections of escalating doses of EpiP with a maximal effect of about 70 minutes (Figure 
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8B). However, in contrast to previously tested CaV3.1 and CaV3.2 KO mice, no significant 

genotype-dependent effects were seen in LORR onset or duration (Figure 8C, D). We 

conclude that CaV3.3 KO male mice do not manifest a differential hypnotic response to EpiP 

at a moderate dose compared to WT male mice. However, we noted that KO mice had a 

trend towards prolonged LORR of about 40% when compared to the WT at a higher dose of 

100 mg/kg (Figure 8D).

Differences in thalamocortical oscillations in vivo during systemic administration of EpiP 
in WT and CaV3.1 KO mice

Our data with LORR indicate that among all 3 mutant mice of different isoforms of 

T-channels, only CaV3.1 KO mice showed resistance to EpiP-induced hypnosis. Hence, we 

interrogated effects of i.p. injections of EpiP at 100 mg/kg on thalamocortical oscillations 

in CaV3.1 KO mice and compared results to the WT cohort at time points of 15 minutes 

(Figure 9A), 30 minutes (Figure 9B), and 60 minutes (Figure 9C) following injections. 

Left panels on Figure 9 represent total power of different frequency bands for WT and KO 

groups, while right panels depict normalized differences of two cohorts from pre-injection 

baselines at the same time points. We noticed that at all three time points, mutant mice had 

significantly decreased total power in δ, θ, and α bands up to 4-fold when compared to the 

WT mice. Furthermore, we found decreased in baseline- normalized δ oscillations in mutant 

mice at the time points of 15 minutes (Figure 9A, right panel) and 60 minutes (Figure 9C, 

right panel), as well as increased in β oscillations in mutant mice when compared to WT 

group after 15 minutes post injections (Figure 9A, right panel). We conclude that mutant 

mice have different EEG signature when compared to WT group during administration of 

hypnotic dose of EpiP.

DISCUSSION

It is well known that the neuroactive steroids are potent modulators of neuronal ion channels 

in the central nervous system and consequently induce hypnosis, analgesia, cognitive and 

anti-depressant effects (reviewed in (Jevtovic-Todorovic et al., 2009; Zorumski et al., 2013)), 

with main focus being on direct modulation of GABAA receptors (Zorumski et al., 2013). 

However, we reported that EpiP potently inhibited CaV3.2 T-type currents and high-voltage­

activated (HVA) subtypes of VGCCs in rat sensory neurons with a similar potency (Ayoola 

et al., 2014) (Joksimovic et al., 2019). Although we did not directly investigate the ability 

of EpiP to inhibit CaV3.1 and CaV3.3 currents, our data strongly suggest that EpiP is 

a non-selective blocker of different classes of VGCCs. Other reports also confirmed a 

lack of effect of EpiP on the native neuronal GABAA receptors in CNS (Poisbeau et al., 

1997; Weir et al., 2004). However, another study using recombinant GABAA channels has 

reported that at higher concentrations EpiP and other 5β-reduced steroids may also act 

as noncompetitive blockers of GABAA receptors (Wang et al., 2002). Our current study 

strongly suggests that different isoforms of T-channels contribute to different endpoints of 

hypnosis induced by EpiP in mice. However, it is generally accepted that GAs and sedative 

agents affect multiple ion channels that mediate important clinical effects such as hypnosis 

(Chau, 2010; Hemmings et al., 2005; Rudolph and Antkowiak, 2004). Hence, while our 

study points to the importance of T-channels, we cannot exclude other potential molecular 
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targets. According to this multi-site hypothesis, the importance of a particular molecular 

target depends on the specific anesthetic and the specific endpoint in consideration such as 

hypnosis, immobility and analgesia. However, sensitivity of other voltage-gated ion channels 

to EpiP is not currently known. Deciphering other potential targets that may work in concert 

with T-channels to underlay EpiP-induced hypnosis remains an important area of future 

investigations.

To our knowledge, this work is the first to characterize the hypnotic properties of EpiP 

in wild-type rodents, as well as in various T-channel isoform knockouts. We found that 

EpiP is an efficacious dose-dependent hypnotic when given alone and that it significantly 

lowers the required concentration of ISO required to induce hypnosis and immobility. 

Notably, at a very low dose of 25 mg/kg when administered alone, EpiP failed to induce 

hypnosis in any of the injected mice. However, when we injected EpiP before administration 

of ISO, it effectively lowered the requirement for ISO to induce LORR and LOWR. 

Consequently, we showed that a hypnotic dose of EpiP of 50 mg/kg even further decreased 

the required amount of ISO to induce LOWR in mice and similarly in SEVO experiments. 

This indicates that even low doses of EpiP can significantly alter necessary ISO and SEVO 

concentrations. Since LORR and LOWR are behavioral surrogate measurements for the 

clinical effects of GAs, these results indicate that EpiP may be useful in lowering required 

amounts of GAs used to induce hypnosis and surgical anesthesia, respectively. Furthermore, 

most known GAs can induce developmental neurotoxicity in different species including 

non-human primates (Jevtovic-Todorovic, 2016; Yu et al., 2020). Hence, future studies of 

mechanisms of hypnosis and neurodevelopmental effects of endogenous molecules like EpiP 

are warranted.

We observed a rise in total power in all EEG frequencies after i.p. injection of EpiP in WT 

mice. For slower frequency bands (δ, θ and α), as well as β oscillations, the rise in total 

power remained unchanged during all 60 minutes of recording. Detailed analysis of total 

power at the time point of 15 minutes after injections, which corresponds to the average 

LORR in WT animals (with 100 mg/kg), and 30 min after EpiP revealed increase in all 

bands except γ frequencies. More importantly, change in relative power 15 min after EpiP 

revealed a large rise in β and consequent drop in α frequency oscillations. The rise in 

relative power for β frequencies was still present 30 min after EpiP injection, as well as an 

additional rise in δ and drop in γ frequencies. Our results are in accordance with described 

EEG changes observed after administration of other known sedative/hypnotic drugs. For 

example, it has been described that benzodiazepine hypnotics alter EEG by reducing δ 
and increasing β activity (Feinberg et al., 2000). Additionally, GAs that potentiate GABAA 

receptors first induce sedation/hypnosis with characteristic rise in β oscillation followed by 

an increase in slow and δ oscillations which are dominant during deeper levels of hypnosis/

anesthesia (Akeju and Brown, 2017). Consistent with this idea, we found that CaV3.1 KO 

mice showed resistance to hypnosis after injections of EpiP, as well as significant decrease 

in δ oscillations at 15 minutes and at 60 minutes time points when compared to the WT 

mice. Moreover, 30 min after EpiP we also observed a decrease in γ oscillations that could 

also contribute to its sedative/hypnotic effect, having in mind the role of high frequency 

oscillations in attention and memory processes (Jensen et al., 2007). These data are also in 
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agreement with our recent study with 3β-OH which induced hypnosis in WT animals with a 

similar EEG signature (Timic Stamenic et al., 2021).

Differential responses to EpiP based on T-channel expression were also noted. For example, 

CaV3.1 KO mice showed overall resistance to hypnosis with a particularly prominent effect 

with a moderate dose of EpiP (65 mg/kg) as evidenced by about a 3-fold shorter duration 

of LORR when compared to the WT mice. In contrast to CaV3.1 KO mice, CaV3.2 KO and 

CaV3.3 KO mice did not show significantly different duration of LORR when compared 

to WT mice. Although CaV3.2 KO mice did not differ from the WT cohort in duration of 

hypnosis, it uniquely exhibited a delayed onset of LORR after a moderate dose of EpiP was 

injected. This is consistent with our recent data concerning male CaV3.2 KO mice that also 

showed delayed induction with that 3β-OH and no effect on LORR duration when compared 

to WT mice (Joksimovic et al., 2020).

Furthermore, we reported that male CaV3.1 KO mice showed resistance to hypnosis with 

3β-OH when compared to WT mice (Timic Stamenic et al., 2021). The agreement between 

those data and the results of the current study suggests that 5β-reduced neurosteroids in 

general share a common pattern of interaction with the various T-channel isoforms when 

inducing hypnosis. Similarly, different T-channel KO mice also showed distinct hypnotic 

phenotypes to volatile GAs such as ISO. For example, it has been reported that induction 

with ISO is delayed in both CaV3.1 (Petrenko et al., 2007) and CaV3.2 (Orestes et al., 

2009) mutants, while it is faster in CaV3.3 (Feseha et al., 2020) KO mice when compared 

to WT mice. We propose that the opposing effects of T-channel isoforms in anesthetic 

hypnosis may stems from the distinct functional roles and different localization of T-channel 

isoforms in the thalamocortical circuitry. Indeed, the nRT is enriched in CaV3.2 on cell 

somas and CaV3.3 on dendrites, while the VB and CeM thalamic nuclei almost exclusively 

express the CaV3.1 isoform (Talley et al., 1999) (Joksovic et al., 2005). In further support 

of this proposal, studies with KO mice suggest different roles of T-channel isoforms in the 

synchronization of the thalamocortical circuit during sleep and in absence seizures (Cheong 

and Shin, 2013; Pellegrini et al., 2016). Alternatively, it is possible that phenotypes may, at 

least in part be related to different homeostatic compensatory mechanisms that are described 

in the thalamocortical circuitry of global KO mice of different VGCCs (Lee et al., 2014; 

Llinás et al., 2007; Song et al., 2004; Timic Stamenic et al., 2019; Zhang et al., 2002).

In conclusion, this work is the first to report on the hypnotic properties of EpiP in rodents 

and the importance of neuronal T-channels in this effect. We speculate that the distinct 

hypnotic effects of EpiP across all T-channel isoforms are due to their differential expression 

in thalamocortical circuitry. This notion remains to be scrutinized in future experiments with 

isoform- and nucleus-specific conditional deletion of T-channels in the thalamus. We posit 

that endogenous neuroactive steroids that target neuronal T-channels may have an important 

role as novel hypnotics and/or adjuvants to anesthetic agents.
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• This study seeks to investigate hypnotic effects elicited by systemic 

administration of epipregnanolone [(3β,5β)-3-hydroxypregnan-20-one] 

(EpiP) and to characterize its use as an adjuvant agent to commonly used 

general anesthetics (GAs).

• Consistent with increased oscillations in slower electroencephalogram (EEG) 

frequencies, EpiP induced an hypnotic state in wild type (WT0 mice when 

injected alone intra-peritoneally (i.p.) and effectively facilitated anesthetic 

effects of prototypical volatile agents such as isoflurane (ISO) and sevoflurane 

(SEVO).

• Using mouse genetics we found that the CaV3.1 (Cacna1g) KO mice 

demonstrated decreased sensitivity to EpiP-induced hypnosis when compared 

to WT mice, whereas no significant difference was noted between CaV3.2 

(Cacna1h), CaV3.3 (Cacna1i) and WT mice.

• Furthermore, when compared to WT mice, onset of EpiP-induced hypnosis 

was delayed in CaV3.2 KO mice but not in CaV3.1 and CaV3.3 KO mice.

• We conclude that EpiP may have an important role as novel hypnotic and/or 

adjuvant to volatile anesthetic agents and that distinct hypnotic effects of EpiP 

across all three T-channel isoforms may be due to their differential expression 

in thalamocortical circuitry.
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Figure 1 - EpiP is a dose-dependent hypnotic agent.
A. WT mice demonstrated a dose-dependent decrease in time to LORR onset with 

increasing EpiP dose (one way ANOVA F(4,34) = 9.494, p < 0.001). This effect was 

prominently seen in doses higher than 50 mg/kg. Specifically, we found a significant 

decrease in time to LORR onset from 50 mg/kg to 65 mg/kg, 75 mg/kg, 100 mg/kg, 

and 120 mg/kg, (p <0.001, <0.001, <0.001, and <0.001, respectively). B. LORR duration 

exhibited a dose-dependent response to EpiP (one way ANOVA F(4,34) = 10.000, p < 0.001). 

Statistical analysis yielded between 50 mg/kg and 100 mg/kg as well as 120 mg/kg (p = 

0.003, <0.0001); between 65 mg/kg and 120 mg/kg (p = 0.002); and finally 75 mg/kg and 

120 mg/kg (p = 0.006). C. Average duration of LORR is plotted against the injected dose of 

EpiP (same data as panel B of this figure). Solid red line is best fit of the data points using 

Hill-Langmuir equation yielding estimated ED50 of 72.53 ± 4.00 mg/kg and slope n of 4.05 

± 0.98. Fit was constrained to the maximal duration of 56.91 minutes achieved with dose of 

120 mg/kg. *vs 50 mg/kg EpiP, #vs 65 mg/kg EpiP, +vs 75 mg/kg EpiP
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Figure 2 - EpiP significantly lowers ISO concentration necessary to induce hypnosis and lowers 
ISO and SEVO anesthetic concentration in WT mice.
A. A low dose of EpiP yielded a significant decrease in concentration of ISO necessary 

to induce LORR (unpaired two-tailed t-test t(13) = 5.20, p < 0.001). Animals given a 

sub-hypnotic dose of 25 mg/kg i.p injection of EpiP required 0.295 atm (95% CI +/− 

0.058) less ISO than animals given vehicle alone to cause LORR. B. EpiP lowered the 

anesthetic concentration of ISO necessary to immobilize WT mice and inhibit the LOWR 

in a dose-dependent manner - left (one way ANOVA F(2,22) = 82.43, p < 0.001, post hoc 

presented on Figure). At 25 mg/kg of EpiP lowered ISO requirements for LOWR by 0.185 

atm. At the dose of 50 mg/kg, EpiP further lowered the ISO requirement by 0.462 atm. 

Similarly EpiP lowered the anesthetic concentration of SEVO necessary to immobilize WT 

mice and inhibit the LOWR in a dose-dependent manner - right (one way ANOVA F(2,12) = 

22.00, p < 0.001, post hoc presented on Figure).
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Figure 3. Time course of total EEG power change after vehicle or EpiP injections
Total δ (A), θ (B), α (C), β (D) and γ (E) power during baseline recordings and 60 min 

after vehicle or neurosteroid i.p. injection (in 5-min bins). A. EpiP-injected animals had 

more absolute power in δ frequency range (0.5–4 Hz) in comparison to control (vehicle) 

(two way RM ANOVA, Interaction F(11,110) = 0.592, p = 0.832; EpiP F(1,10) = 26.47, p < 

0.001, Time F(11,110) = 2.459, p = 0.009). B. EpiP-injected animals had more absolute power 

in θ frequency range (4–8 Hz) (two way RM ANOVA, Interaction F(11,110) = 0.621, p = 

0.808; EpiP F(1,10) = 38.57, p < 0.001, Time F(11,110) = 1.413, p = 0.177). C. EpiP-injected 

animals had more absolute power in α frequency range (8–13 Hz) (two way RM ANOVA, 

Interaction F(11,110) = 1.130, p = 0.345; EpiP F(1,10) = 21.54, p < 0.001, Time F(11,110) = 

1.492, p = 0.145). Note that baseline power in α frequency range was higher during baseline 

in EpiP experiment (paired t-test t(10) = 5.989, p < 0.001). D. EpiP-injected animals had 

more absolute power in β frequency range (13–30 Hz) (two way RM ANOVA, Interaction 
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F(11,110) = 1.113, p = 0.358; EpiP F(1,10) = 31.48, p < 0.001, Time F(11,110) = 0.984, p 

= 0.465). Note that baseline power in β frequency range was higher during baseline in 

EpiP experiment (paired t-test t(10) = 2.326, p = 0.042). E. EpiP-injected animals had more 

absolute power in γ frequency range (30–50 Hz) in comparison to control (two way RM 

ANOVA, Interaction F(11,110) = 8.414, p < 0.001; EpiP F(1,10) = 14.05, p = 0.004, Time 

F(11,110) = 5.716, p < 0.001, post hoc presented on Figure). Analysis of recordings from 11 

animals, the same animals were injected with vehicle on Day 1 and 24 hours later (Day 2) 

they were injected with EpiP 100 mg/kg.
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Figure 4. Total and relative EEG power during baseline recordings, 15, 30 and 60 min after 
neurosteroid injections
A. Representative heat maps during baseline recordings and 30 minutes after EpiP injection. 

B. Total (left) and relative (right) power 15 min after i.p. injection of the neurosteroid. 

Analysis of total power revealed an increase in the δ, θ, α and β frequency ranges (two 

way RM ANOVA, Interaction F(4,40) = 6.517, p < 0.001; EpiP F(1,10) = 29.180, p < 0.001, 

Frequency F(4,40) = 42.24, p < 0.001; post-hoc presented on Figure). Analysis of relative 

power revealed no statistically significant change between baseline and EpiP (two way RM 

ANOVA, Interaction F(4,40) = 2.569, p = 0.05; EpiP F(1,10) = 0.639, p = 0.442, Frequency 

F(4,40) = 102.7, p < 0.001; post-hoc revealed trend in δ frequency range (p = 0.07)). 

C. Total (left) and relative (right) power 30 min after i.p. injection of the neurosteroid. 

Analysis of total power revealed an increase in the δ, θ, α and β frequency ranges (two 

way RM ANOVA, Interaction F(4,40) = 11.85, p < 0.001; EpiP F(1,10) = 13.95, p = 0.004, 

Frequency F(4,40) = 44.24, p < 0.001; post-hoc presented on Figure). Analysis of relative 
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power revealed rise in δ and β and drop in θ and γ relative power (two way RM ANOVA, 

Interaction F(4,40) = 12.94, p < 0.001; EpiP F(1,40) = 2.386, p = 0.153, Frequency F(4,40) = 

295.1, p < 0.001; post-hoc presented on Figure). D. Total (left) and relative (right) power 

60 min after i.p. injection of the neurosteroid. Analysis of total power revealed an increase 

in the δ, θ, α and β frequency ranges (two way RM ANOVA, Interaction F(4,40) = 10.85, 

p < 0.001; EpiP F(1,10) = 16.11, p = 0.002, Frequency F(4,40) = 43.53, p < 0.001; post-hoc 

presented on Figure). Analysis of relative power revealed rise in δ and drop γ relative power 

(two way RM ANOVA, Interaction F(4,40) = 6.44, p < 0.001; EpiP F(1,40) = 0.563, p = 0.47, 

Frequency F(4,40) = 204.3, p < 0.001; post-hoc presented on Figure). Analysis of recordings 

was averaged from 11 animals. *p < 0.05, **p < 0.01, ***p < 0.001
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Figure 5 - Different sensitivity of T-channel isoform-specific knockout mice to EpiP-induced 
hypnosis.
This graph shows best fit (solid lines) of dose-response curves to escalating doses of EpiP to 

percent of mice with LORR using Hill-Langmuir equation. All fits are constrained to 100% 

maximal effect. Estimated ED50 values in mg/kg and slope of the curve n and (SEM) were 

as follows: WT mice ED50 54.1 ± 2.8, n 4.2 ± 0.9; CaV3.1 KO mice ED50 67.1 ± 0.5, n 5.3 ± 

0.2; CaV3.2 KO mice ED50 56.1 ± 3.2, n 3.0 ± 0.7; CaV3.3 KO mice ED50 51.1 ± 1.8, n 2.7 

± 0.3. Total of mice included to generate the data was 11 for WT mice and CaV3.1 KO mice, 

and 8 for CaV3.2 KO mice and CaV3.3 KO mice.
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Figure 6 - Knockout of the CaV3.1 channel confers resistance to the hypnotic effects of EpiP.
A. We found weak dose-dependent changes in LORR onset in CaV3.1 KO mice (one-way 

ANOVA F(3,20) = 1.116, p = 0.3661). B. EpiP caused a dose-dependent hypnosis in CaV3.1 

KO mice (one-way ANOVA F(3,40) = 17.840, p < 0.001). Bonferroni’s multiple comparison 

test shows that there was a statistically significant difference between 50 mg/kg and 100 

mg/kg (p < 0.001); 65 mg/kg and 100 mg/kg (p < 0.001); and 75 mg/kg and 100 mg/kg (p 

< 0.001). C. No difference in LORR onset between CaV3.1 KO and WT mice was measured 

(two-way ANOVA Interaction F(3,46) = 3.388, p = 0.026; Dose F(3,46) = 9.971, p < 0.001, 

Genotype F(1,46) = 0.612, p = 0.438). D. The CaV3.1 KO mice demonstrate an overall 

shorter LORR duration than WT mice (two-way ANOVA Interaction F(3,77) = 1.967, p = 

0.126; Dose F(3,77) = 15.370, p < 0.001, Genotype F(1,77) = 9.263, p = 0.003). The WT data 

shown here is the same as those from Figure 1. *vs 50 mg/kg EpiP, #vs 65 mg/kg EpiP, +vs 

75 mg/kg EpiP
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Figure 7 - EpiP exerts dose-dependent hypnosis in CaV3.2 KO mice that shows delayed induction 
but same duration when compared to WT mice.
A. CaV3.2 KO mice exhibited dose-dependent onset of LORR changes in response to EpiP 

(one-way ANOVA F(3,14) = 23.380, p < 0.001). Multiple comparisons analysis indicates that 

there was a significant difference between 50 mg/kg and both 75 mg/kg and 100 mg/kg 

(p < 0.001, p < 0.001); as well as between 65 mg/kg and both 75 mg/kg and 100 mg/kg 

(p = 0.024, p < 0.001). B. EpiP generated a dose-dependent hypnosis in CaV3.2 KO mice 

(one-way ANOVA F(3,22) = 13.330, p < 0.001). Post-hoc analysis showed a statistically 

significant difference between 50 mg/kg and both 75 mg/kg (p = 0.046) and 100 mg/kg (p 

< 0.001); 65 mg/kg and 100 mg/kg (p = 0.0014); and finally between 75 mg/kg and 100 

mg/kg (p = 0.040). C. No overall difference in LORR onset between CaV3.2 KO and WT 

mice (two-way ANOVA Interaction F(3,40) = 4.483, p = 0.008; Dose F(3,40) = 22.870, p < 

0.001, Genotype F(1,40) = 1.131, p = 0.294). Post-hoc analysis with Bonferroni’s multiple 

comparisons demonstrated that WT mice had earlier onset of LORR at 65 mg/kg (p = 

0.0028). D. LORR Duration in CaV3.2 KO male mice was not significantly different from 

WT mice (two-way ANOVA Interaction F(3,59) = 1.288, p = 0.287; Dose F(3,59) = 13.780, p 

< 0.001, Genotype F(1,59) = 0.258, p = 0.613). The WT data shown here is the same as those 

from Figure 1. *vs 50 mg/kg EpiP, #vs 65 mg/kg EpiP, +vs 75 mg/kg EpiP
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Figure 8 - EpiP induces dose-dependent hypnosis in CaV3.3 KO mice that is not significantly 
different from WT mice.
A. Increasing doses of EpiP caused a decreasing time to LORR in a dose-dependent fashion 

(one-way ANOVA F(3,18) = 13.580, p < 0.001). Post-hoc analysis illustrated significance 

between 50 mg/kg and both 75 mg/kg (p = 0.005) as well as 100 mg/kg (p < 0.001); and 

65 mg/kg and 100 mg/kg (p = 0.003). B. CaV3.3 KO mice demonstrated a dose-dependent 

hypnosis duration in response to EpiP (one-way ANOVA F(3,28) = 7.906, p < 0.001). 

Bonferroni’s multiple comparisons specifically showed significant differences between 50 

mg/kg and 100 mg/kg (p < 0.001); and between 65 mg/kg and 100 mg/kg (p = 0.006). C. 
The CaV3.3 KO mice exhibited no difference in LORR onset from WT mice (Interaction 

F(3,44) = 4.168, p = 0.011; Dose F(3,44) = 24.440, p < 0.001, Genotype F(1,44) = 1.556, p 

= 0.219). D. We did not find a significant difference in overall LORR duration between 

CaV3.3 KO and WT mice. (Interaction F(3,65) = 2.230, p = 0.093; Dose F(3,65) = 12.730, p < 

0.001, Genotype F(1,65) = 3.616, p = 0.062). Despite the overall insignificant finding, there 

appears to be a trend indicating that CaV3.3 KO mice showed longer LORR duration than 

WT mice at the highest dose. The WT data shown here is the same as those from Figure 1. 

*vs 50 mg/kg EpiP, #vs 65 mg/kg EpiP, +vs 75 mg/kg EpiP
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Figure 9. Total and relative EEG power differences between WT and CaV3.1 KO animals 15, 30 
and 60 min after neurosteroid injections
A. Total (left) and relative (right) power 15 min after i.p. injection of the neurosteroid. 

Analysis of total power revealed an increase in the δ, θ and α frequency ranges in WT 

animals in comparison to mutant mice (two way RM ANOVA, Interaction F(4,64) = 6.78, p 

< 0.001; Frequency F(4,64) = 19.09, p < 0.001, Genotype F(1,16) = 11.96, p = 0.003; post-hoc 

presented on Figure). Analysis of difference from baseline (relative power) revealed δ rise 

in WT and β rise in mutant animals (two way RM ANOVA, Interaction F(4,64) = 4.652, 

p = 0.002; Frequency F(4,64) = 4.976, p = 0.001, Genotype F(1,16) = 1.025, p = 0.326; 

post-hoc presented on Figure). B. Total (left) and relative (right) power 30 min after i.p. 

injection of the neurosteroid. Analysis of total power revealed an increase in the θ and α 
frequency ranges (two way RM ANOVA, Interaction F(4,64) = 6.86, p < 0.001; Frequency 

F(4,64) = 24.76, p < 0.001, Genotype F(1,16) = 6.807, p = 0.019; post-hoc presented on 

Figure). Analysis of differences from baseline (relative power) revealed no change between 
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baseline and EpiP. C. Total (left) and relative (right) power 60 min after i.p. injection of the 

neurosteroid. Analysis of total power revealed an increase in the δ, θ and α frequency ranges 

in WT animals (two way RM ANOVA, Interaction F(4,64) = 7.781, p < 0.001; Frequency 

F(4,64) = 22.04, p < 0.001, Genotype F(1,16) = 9.197, p = 0.008; post-hoc presented on 

Figure). Analysis of difference from baseline (relative power) revealed rise in δ on WT 

animals (two way RM ANOVA, Interaction F(4,64) = 3.30, p = 0.016; Frequency F(4,64) 

= 5.020, p = 0.001, Genotype F(1,16) = 0.108, p = 0.747; post-hoc presented on Figure). 

Analysis of recordings was averaged from 11 (WT) and 7 (CaV3.1 KO) animals. *p < 0.05, 

**p < 0.01, ***p < 0.001
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