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Abstract

Central GABAA receptors mediate GABAergic phasic and tonic inhibition. While synaptic αβγ 

GABAA receptors primarily mediate phasic inhibition, extrasynaptic αβδ receptors play an 

important role in mediating tonic inhibition. Etomidate is a general anesthetic that produces its 

effects by enhancing GABAA receptor activity. We previously showed that etomidate modulates 

the gating of oocyte-expressed αβγ and αβδ receptors with similar overall allosteric impact, but 

different pharmacological patterns. In αβγ receptors, etomidate enhances apparent GABA 

sensitivity (reduces GABA EC50), modestly increases maximal GABA efficacy, and slows current 

deactivation without affecting desensitization (Zhong et al; Anesthesiology 2008; 108:103–12). In 

αβδ receptors characterized by low GABA efficacy, etomidate dramatically increases responses to 

both low and maximal GABA. The effects of etomidate on desensitization and deactivation of αβδ 

receptors are unknown. To investigate the kinetic effects of etomidate on α1β3δ receptors of 

defined subunit arrangement, we expressed concatenated trimer (β3-α1-δ) and dimer (β3-α1) 

GABAA receptor subunit assemblies in HEK293T cells and recorded whole-cell voltage-clamp 

currents during rapid external solution exchanges. As expected, etomidate substantially increased 

maximal GABA-induced currents and prolonged deactivation. Moreover, desensitization was 

significantly decreased by etomidate. During prolonged GABA applications, etomidate enhanced 

steady-state currents more than peak currents. Thus, etomidate enhances tonic GABAergic 

inhibition through extrasynaptic αβδ receptors by both augmenting gating and reducing 

desensitization.
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γ-Aminobutyric acid type A (GABAA) receptors are chloride-conducting pentameric ligand-

gated ion channels and the major inhibitory receptors in the mammalian CNS (Olsen and 

Sieghart, 2008). To date, 16 GABAA receptor subunit subtypes have been identified: α1–α6, 

β1–β3, γ1–γ3, δ, ɛ, π and θ (Olsen and Sieghart, 2008). The αβγ receptors are mainly located 

in synapses, mediating GABAergic phasic inhibition in response to brief high concentrations 

of GABA. The αβδ receptors are extrasynaptic, and their activation by low concentrations of 

ambient GABA contributes to tonic inhibition (Mody and Pearce, 2004, Farrant and Nusser, 

2005). Synaptic αβγ receptor kinetic properties (desensitization and deactivation) have been 

shown to play an important role in shaping GABAergic phasic responses (Jones and 

Westbrook, 1995, Bianchi et al., 2001). Compared with αβγ receptors, αβδ receptors are 

characterized by very low GABA efficacy as well as less and slower desensitization (Haas 

and Macdonald, 1999, Scheller and Forman, 2002, Feng, 2010).

Potent general anesthetics, including propofol, etomidate, barbiturates and the neuro-active 

steroid alphaxalone act by enhancing both tonic and phasic GABAA receptor activation. 

Etomidate, a potent and stereoselective anesthetic, may reveal similarities and differences 

between different GABAA receptor subtypes, because its mechanisms in αβγ receptors are 

well established. In αβγ receptors, etomidate acts as an allosteric agonist that significantly 

reduces GABA EC50 while modestly enhancing maximal GABA efficacy (Rusch et al., 

2004, Feng et al., 2014). Etomidate and its derivatives also slow αβγ receptor deactivation 

without significantly altering desensitization rate or extent (Zhong et al., 2008). Etomidate 

binding sites have been identified at the β/α transmembrane interfaces of αβγ receptors (Li 

et al., 2006, Chiara et al., 2012). Etomidate also enhances currents mediated by α4β3δ 

receptors (Brown et al., 2002, Meera et al., 2009). In contrast to αβγ receptors, etomidate 

modestly reduces GABA EC50, but dramatically enhances maximal GABA-evoked currents 

mediated by α1β3δ receptors assembled from either free or concatenated subunits in 

Xenopus oocytes (Feng et al., 2014). Despite these differences, quantitative model-based 

analysis reveals that etomidate enhances channel gating similarly in both α1β3γ2 and α1β3δ 

receptors.

The effects of etomidate on desensitization and deactivation of α1β3δ GABAA receptors 

remain unknown. We hypothesize that etomidate will slow αβδ receptor deactivation, 

because this kinetic parameter reflects enhanced open-channel stability that also leads to 

increased GABA affinity in αβγ and increased GABA efficacy in αβδ receptors. Because 

anesthetics increase GABA efficacy, these drugs also increase the extent of αβδ 

desensitization (Feng, 2010), significantly influencing αβδ tonic activity in the presence of 

anesthetics. Slow solution exchange with Xenopus oocytes limits observation of current 

transition rates. Patch-clamp studies using small cells or excised patches and rapid solution 

exchange are required to assess fast kinetics such as fast desensitization and deactivation. 

Recently, Eaton et al (Eaton et al., 2014) reported that αβδ receptors assembled from free 

subunits may differ in oocytes and HEK293 cells, but that receptors assembled from 

concatenated subunits display similar properties in both expression systems. Thus, we used 

whole-cell voltage-clamp electrophysiology and rapid solution exchange to study etomidate 

effects on currents produced by concatenated α1β3δ receptors expressed in HEK293T cells. 

We find that etomidate substantially enhanced maximal GABA-evoked peak currents and 
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prolonged deactivation, as expected. We also found that etomidate reduces the extent of 

GABA-induced desensitization of α1β3δ receptors, resulting in greater etomidate 

enhancement of steady-state than peak currents.

1. EXPERIMENTAL PROCEDURES

1.1. Cell culture and recombinant GABAA receptor expression

Human embryonic kidney (HEK293T) cells were cultured in Dulbecco’s modified Eagle’s 

medium, supplemented with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, 

GA), 100 IU/ml penicillin, and 100 μg/ml streptomycin (Life Technologies, Grand Island, 

NY) in an incubator with 5% CO2 and 95% air at 37°C. Cells were grown on cover slips and 

transfected using lipofectamine (Invitrogen, Carlsbad, CA) with cDNAs encoding β3-α1-δ 

trimer and β3-α1 dimer GABAA receptor subunit assemblies (Desai et al., 2009, Feng et al., 

2014). The total amount of cDNA per 3.5-cm diameter dish was 0.6, 2.0 or 6.0 μg with a 1:1 

trimer:dimer molar ratio. With each transfection, 0.25 μg pmaxGFP (Amaxa, Gaithersburg, 

MD) was added for identification of transfected cells using fluorescence microscopy. Patch-

clamp recordings were made 24 to 48 h after transfection.

1.2. Whole-cell patch-clamp recordings

Whole-cell macroscopic currents were obtained after lifting cells and positioning them near 

the tip of a perfusion pipette (Feng et al., 2004, Desai et al., 2009). External bath solution 

was composed of 142 mM NaCl, 1 mM CaCl2, 6 mM MgCl2, 8 mM KCl, 10 mM glucose, 

and 10 mM HEPES (pH 7.4 with osmolality between 325 and 329 mOsm). Recording 

electrodes were pulled from the thin-wall borosilicate glass tubing (i.d., 1.12 mm; o.d., 1.5 

mm) (WPI, Sarasota, FL) on a P-87 Flaming Brown micropipette puller (Sutter Instrument 

Company, Rafael, CA). The electrode resistance was 1.0 to 2.0 MΩ with internal solution, 

consisting of 153 mM KCl, 1 mM MgCl2, 10 mM HEPES, and 5 mM EGTA (pH 7.3 and 

osmolality between 301 and 309 mOsm). MgATP (2 mM) was added to the internal solution 

on recording days. Experiments were performed at room temperature. Cells were voltage 

clamped at −50 mV with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). 

Currents were low-pass filtered at 5 kHz, digitized at 2–10 kHz (Digidata 1322A, Molecular 

Devices) and recorded on a PC running Clampex 8.0 software (Molecular Devices). Series 

resistance was not compensated.

GABA and etomidate were prepared as stock solutions and diluted to desired concentrations 

with external solution on the day of the experiment. Drugs were delivered via a multi-

channel superfusion pipette coupled to piezo-electric elements that switched solution among 

channels with the solution exchange time at an open electrode consistently less than 2 ms 

(Desai et al., 2009). The external solution and drug solutions were driven by gravity. 

Washout after each GABA or drug application was at least 60 s to minimize accumulation of 

desensitization (Scheller and Forman, 2002, Feng et al., 2004, Laha et al., 2013). GABA 

concentration-responses were examined in the absence or presence of 3.2 μM etomidate, 

without etomidate pre-application. In kinetic studies, currents evoked by GABA as well as 

by co-application of GABA and etomidate were recorded from the same cells, and etomidate 

was pre-applied (2 s) prior to co-application of GABA plus etomidate (4 s or 30 s).
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1.3. Chemicals and solutions

Chemicals were purchased from either Sigma-Aldrich (St. Louis, MO) or Fisher Scientific 

(Fair Lawn, NJ), unless otherwise mentioned. R(+)-etomidate [2 mg/ml in 35% propylene 

glycol/water (v/v) formulation] was obtained from Hospira Inc. (Lake Forest, IL).

1.4. Data analysis

Whole-cell currents were analyzed offline using Clampfit 8.1 (Molecular Devices) and 

GraphPad Prism 5.0d (GraphPad Software Inc., La Jolla, CA). Peak currents were measured 

directly from the baseline to the peak, and residual currents at “steady state” were measured 

from the baseline to the end of 30-s application. Etomidate enhancement of GABA-evoked 

currents was calculated by dividing the peak current during etomidate+GABA co-

application by the peak current evoked by the same concentration of GABA alone. For 

GABA concentration-responses, peak currents were normalized to control currents evoked 

with 1 mM GABA. Normalized concentration-response data were fitted using a logistic 

equation with a variable slope: I = Imax/(1 + 10(LogEC50−Log[GABA])*Hill slope), where I 

represents normalized peak current with or without etomidate co-application, Imax denotes 

the maximal normalized GABA response. Current desensitization was calculated as a 

percent reduction from peak current to that at the end of the GABA/drug application. Rates 

of deactivation and desensitization (30 s-application) were analyzed by fitting the relevant 

current phases to single or multiple exponential decay functions, using Levenberg-

Marquardt non-linear least squares method (Clampfit 8.1, Molecular Devices). For multi-

exponential processes, weighted τ (τw) was calculated using the formula Σ(ai×τi)/Σai (i = 1–

4), where ai represent the relative amplitudes, and τi the corresponding exponential time 

constants. In 3 cells, we were unable to fit exponentials to the desensitization portion of the 

currents. Therefore, we excluded these cells from rate analysis but included them for extent 

of desensitization.

Data are reported as mean ± S.E.M. Results from studies in receptors expressed under 

different transfection conditions were compared using one-way ANOVA with posthoc 

Tukey’s multiple comparison test. Paired Student’s t tests were used to compare results 

before and after etomidate treatment. Mann-Whitney U test was used to compare the rates of 

desensitization prior to and after etomidate treatment. Differences were considered 

statistically significant when p was less than 0.05.

2. RESULTS

2.1. Etomidate evoked similar changes in β3-α1-δ/β3-α1 receptors expressed in HEK293T 
cells under different transfection conditions

2.1.1 Etomidate modulation of maximal GABA responses—There is evidence that 

assembly of αβδ receptors from free subunits may vary depending on the ratio and total 

amounts of cDNA or mRNA used in different expression systems (Botzolakis et al., 2007, 

Wagoner and Czajkowski, 2010, Feng et al., 2014). We therefore examined whether GABA 

and etomidate effects in HEK293T cells were affected by the total amount of transfected 

cDNAs encoding concatenated β3-α1-δ trimer and β3-α1 dimer GABAA receptor subunit 

assemblies. After transfecting HEK293T cells with three different amounts of cDNA mix 
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(0.6, 2.0 and 6.0 μg/3.5-cm dish; trimer:dimer = 1:1 molar ratio), we examined the effect of 

etomidate (3.2 μM) on maximal GABA responses, desensitization and deactivation. 

Saturating GABA (1 mM) evoked similar small currents from cells transfected with the 

different amounts of β3-α1-δ/β3-α1 cDNAs (Figure 1A). The current amplitude was 

unaffected (p > 0.05) by the amount of cDNAs used: 0.6 (65.4 ± 24.2 pA, n = 8), 2.0 (93.3 ± 

26.9 pA, n = 8) and 6.0 μg (72.6 ± 15.2 pA, n = 8). Etomidate at 3.2 μM substantially 

enhanced the peak currents evoked by 1 mM GABA from β3-α1-δ/β3-α1 receptors. The fold 

of current enhancement by etomidate was independent of the transfected cDNA amount: 0.6 

(16.0 ± 2.9), 2.0 (11.3 ± 1.1) and 6.0 μg cDNA (9.7 ± 0.7) (Figure 1B).

2.1.2 Desensitization of maximal GABA responses—Consistent with previous 

studies (Feng, 2010), the amount of desensitization evoked by 4-s application of saturating 

GABA for β3-α1-δ/β3-α1 receptors was relatively small. Different transfection conditions 

resulted in similar percentage desensitization after 4-s GABA application: 0.6 (36.1 ± 7.4%), 

2.0 (39.9 ± 3.6%) and 6.0 μg cDNA (48.1 ± 2.9%). Independent of the cDNA amount, 

addition of etomidate significantly reduced the extent of desensitization relative to maximal 

GABA alone during a 4-s application: 12.2 ± 1.3% for 0.6 (p < 0.01), 14.4 ± 2.6% for 2.0 (p 

< 0.001) and 16.8 ± 3.3% for 6.0 μg cDNA (p < 0.001) (Figure 1C).

To further assess the amount of desensitization and determine the rate of desensitization, we 

also performed prolonged application (30 s) of 1 mM GABA in the absence and presence of 

3.2 µM etomidate for β3-α1-δ/β3-α1 receptors (transfected with 2.0 µg cDNA per dish) 

(Figure 3A). The extent of desensitization after 30 s application of 1 mM GABA averaged 

73.7 ± 4.6% (n = 9). Co-application of GABA and etomidate significantly reduced the 

desensitization to 24.2 ± 2.8% (p < 0.001). The rates of desensitization were not 

significantly different between the currents evoked by 1 mM GABA and those evoked by 

co-application of GABA and etomidate (weighted median time constant, τw: 4654 ms vs. 

4961 ms; n = 6).

2.1.3 Deactivation of maximal GABA responses—Current deactivation (τw) 

following 4-s application of 1 mM GABA was also unaffected by cDNA amount: 0.6 (55.3 

± 8.8 ms), 2.0 (70.7 ± 16.4 ms) and 6.0 μg cDNA (51.8 ± 3.7 ms). Compared with 

deactivation after 4-s application of maximal GABA, addition of 3.2 µM etomidate 

significantly increased τw to 221.9 ± 41.1 ms for 0.6 (p < 0.01), 240.9 ± 50.2 ms for 2.0 (p < 

0.01) and 218.2 ± 50.2 ms for 6.0 μg cDNA (p < 0.05) (Figure 1D).

Because the amount of cDNA used in transfections did not significantly affect β3-α1-δ/β3-

α1 receptor functions, we utilized only 2.0 µg cDNA per dish in additional experiments.

2.2. Etomidate modulation of GABA concentration-responses in β3-α1-δ/β3-α1 receptors 
expressed in HEK293T cells

The EC50 for GABA-dependent peak responses in β3-α1-δ/β3-α1 receptors was 69.4 µM (n 

= 5; Figure 2A, B). When GABA was simultaneously applied with etomidate (3.2 μM), an 

upward and leftward shift of GABA concentration-response was observed. Etomidate 

reduced GABA EC50 to 35.8 μM (n = 4) and produced a ~4-fold (4.2 ± 0.9) increase in 
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maximal GABA response (maximal GABA currents: 269.6 ± 64.0 pA vs. 974.4 ± 112.5 pA 

in the absence and presence of etomidate) (Figure 2A, B).

2.3. Etomidate produced a greater effect on “steady-state” than peak current in β3-α1-δ/β3-
α1 receptors

Given that native α1βδ receptors mediate GABAergic tonic currents in response to constant 

GABA exposure (Glykys et al., 2007), we examined the effects of etomidate on β3-α1-δ/β3-

α1 receptor “steady state” currents (Feng et al., 2009). The effects of etomidate on peak vs. 

steady-state currents of β3-α1-δ/β3-α1 receptors were compared in experiments using 

prolonged GABA applications (30 s) (Figure 3A, C). In currents stimulated with 1 mM 

GABA, etomidate enhanced peak currents by 7.7 ± 1.8 fold and augmented the steady-state 

currents by 20.8 ± 2.2 fold (n = 9). The enhancement of the steady-state currents by 

etomidate was significantly greater than that of the peak currents (p < 0.001) (Figure 3B). 

The αβδ receptors are physiologically exposed to low ambient GABA in the brain (< 1 µM) 

(Farrant and Nusser, 2005). Therefore, we also examined the effect of etomidate on the 

steady-state currents of β3-α1-δ/β3-α1 receptors during prolonged exposure to low 

concentrations of GABA. Compared with α4β3δ and free α1β3δ receptors, β3-α1-δ/β3-α1 

receptors have high GABA EC50 values (Kaur et al., 2009, Baur et al., 2010), and sub-

micromolar GABA did not elicit detectable whole-cell currents. Following the approach 

used by others (Stell et al., 2003), we therefore used 10 μM GABA, which reliably evoked 

small but quantifiable currents (Figure 3C). Etomidate enhanced the peak currents of β3-α1-

δ/β3-α1 receptors exposed to 10 µM GABA by 7.6 ± 1.4 fold but increased the steady-state 

currents by 19.8 ± 3.1 fold (n = 5). The enhancement of steady-state currents was again 

significantly greater than that of peak currents (p < 0.05) (Figure 3D).

3. DISCUSSION

In the current study of concatenated α1β3δ receptors expressed in HEK293T cells, we 

observed that etomidate substantially enhanced maximal GABA-evoked currents, while 

producing a small leftward shift in GABA concentration-responses. Etomidate also 

prolonged deactivation and decreased desensitization, resulting in a greater enhancement of 

steady-state current than that of peak current in this receptor isoform.

3.1. Concatenated α1β3δ receptors exhibit similar functional properties in HEK293T cells 
and oocytes

The functional expression of free αβδ receptors is apparently affected by the ratio of the δ 

subunit used (Botzolakis et al., 2007, You and Dunn, 2007, Wagoner and Czajkowski, 2010, 

Feng et al., 2014). We previously reported that the functions of both concatenated β3-α1-

δ/β3-α1 receptors and α1β3δ receptors assembled from free subunits in Xenopus oocytes are 

similar, consistent with other proposed αβδ subunit assemblies (Barrera et al., 2008, 

Botzolakis et al., 2008, Shu et al., 2012, Feng et al., 2014, Patel et al., 2014). We also found 

that in oocytes, concatenated assemblies are less affected than free subunits by injected 

mRNA amount (Feng et al., 2014). In the current study, we therefore studied β3-α1-δ/β3-α1 

receptors expressed in HEK293T cells. Our data demonstrate that β3-α1-δ/β3-α1 receptors 

expressed in HEK293T cells function similarly to those expressed in oocytes. In both 
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systems, GABA is a partial agonist for these receptors, and etomidate enhances apparent 

GABA potency while dramatically increasing maximal GABA-induced currents up to 20-

fold under some conditions. Moreover, the function and allosteric modulation of β3-α1-δ/β3-

α1 receptors are relatively independent of the amount of cDNA/mRNA used. These findings 

are in agreement with a recent report that concatenated α4β2δ receptors display consistent 

functional properties in both oocyte and HEK293 cell expression systems (Eaton et al., 

2014). It should be noted that, in the same study, α4β2δ receptors assembled from free α4, 

β2 and δ subunits exhibit different responses to neurosteroid modulation in HEK293 cells, 

oocytes and native neurons (Eaton et al., 2014), indicating that α4β2δ receptors in vivo may 

be structurally different from recombinant counterparts formed in expression systems. 

Although several studies suggest that β3-α1-δ/β3-α1 receptors may be the predominant 

stoichiometry in free recombinant α1β3δ receptors (see above), it is possible that this 

subunit arrangement is different from that in native α1β3δ receptors.

3.2. Etomidate uniquely modulates the desensitization of concatenated α1β3δ receptors

An important new finding in our kinetic studies is that etomidate decreased the extent of 

GABA-induced desensitization of β3-α1-δ/β3-α1 receptors. Another previous study showed 

that etomidate reduced the desensitization of GABAA receptors expressed on dissociated 

spinal cord neurons (Zhang et al., 2002). It is not known what receptor isoforms are 

predominantly expressed on these dissociated neurons, but the δ subunit expression is 

detectable in rodent spinal cord (Ma et al., 1993). Our prior studies of etomidate and 

derivatives indicate little or no effect on the desensitization of α1β2γ2L receptors (Zhong et 

al., 2008). It was also reported that the barbiturate pentobarbital and propofol modestly 

slowed desensitization of synaptic GABAA receptors (Bai et al., 1999, Feng et al., 2004).

In contrast to etomidate, pentobarbital and the neurosteroid tetrahydrodeoxycorticosterone 

(THDOC) increased the desensitization of free α1β3δ receptors (Wohlfarth et al., 2002, 

Feng et al., 2004). Structural studies indicate that pentobarbital requires the δ subunit 

sequence from the N terminus to the N-terminal portion of the first transmembrane domain 

to enhance the desensitization of free α1β3δ receptors (Feng and Macdonald, 2010). Given 

that etomidate decreases the desensitization of β3-α1-δ/β3-α1 receptors, it is likely that 

different receptor structural elements mediate the desensitization effects of etomidate vs. 

pentobarbital. Indeed, in αβγ GABAA receptors, etomidate binds exclusively to 

transmembrane β+/α− interfacial pockets while barbiturates bind preferentially to 

homologous α+/β− and γ+/β− sites (Chiara et al., 2013). Modulation of α1β3δ receptor 

desensitization by general anesthetics may also be influenced by the presence of receptors 

assembled with different numbers of the δ subunit in HEK293 cells (Wagoner and 

Czajkowski, 2010). However, concatenated α1β3δ receptors designed to incorporate two 

copies of δ subunit produced very small maximal GABA currents, which were not sensitive 

to THDOC modulation (Kaur et al., 2009). The inconsistent properties of αβδ receptors 

expressed in HEK293 cells using free subunits at variable ratios significantly limit the 

strength of inferences in comparing different drug effects. The use of concatenated subunit 

assemblies appears to be a strategy that provides more consistent results. Future studies of 

barbiturate and neurosteroid modulation in concatenated β3-α1-δ/β3-α1 receptors are 

therefore warranted.
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Etomidate prolonged the deactivation of β3-α1-δ/β3-α1 receptors in the current study. This 

observation is consistent with previous studies in native neurons (Yang and Uchida, 1996, 

Bai et al., 1999, Zhang et al., 2002) and in free recombinant αβδ and αβγ receptors that 

general anesthetics slowed the deactivation of GABAA receptors (Li and Pearce, 2000, 

Wohlfarth et al., 2002, Feng et al., 2004, Zhong et al., 2008). The mechanistic basis of 

prolonged deactivation is likely that etomidate stabilizes open conductive receptor states 

relative to the closed state. Thus, prolonged deactivation is mechanistically linked to other 

changes in experimental parameters, such as enhanced GABA potency and increased GABA 

efficacy, which also reflect etomidate effects on channel gating.

3.3. Etomidate favorably modulates the steady-state current of concatenated α1β3δ 
receptors

In the current study, we demonstrated that etomidate at a clinically relevant concentration 

substantially enhanced the peak currents evoked by saturating or low concentrations of 

GABA for β3-α1-δ/β3-α1 receptors. These observations are consistent with previous studies 

on modulation of αβδ receptors by etomidate in both whole cells and single channels 

(Brown et al., 2002, Seymour et al., 2012, Feng et al., 2014). Importantly, we also observed 

that the steady-state currents of HEK293T-expressed β3-α1-δ/β3-α1 receptors were 

potentiated by etomidate to a much greater extent than peak currents. Increased gating 

efficacy contributes to etomidate enhancement of both peak and steady-state currents, while 

reduced desensitization results in greater overall enhancement of steady-state current. A 

recent study observed that etomidate enhanced the steady-state currents of α1β2γ2L 

receptors evoked by low concentration of GABA (Li and Akk, 2015), suggesting that 

modulation of tonically activated synaptic-type receptors also contributes to the clinical 

action of etomidate. Interestingly, comparing etomidate effects in β3-α1-δ/β3-α1 receptors 

expressed in oocytes (Feng et al., 2014) vs. HEK293T cells (present study) indicates that 

peak current enhancement is greater in oocytes, and comparable in magnitude to steady-state 

enhancement of HEK293T currents. This may be because peak currents in oocytes evolve 

more slowly than the fast desensitization phases that are readily observed using smaller 

HEK293T cells and rapid solution exchange.

In summary, etomidate at clinically relevant concentrations produced substantial 

enhancement of maximal GABA-induced currents for β3-α1-δ/β3-α1 receptors expressed in 

HEK293T cells, in line with our previous findings in oocytes. Etomidate also reduced the 

extent of desensitization and prolonged the deactivation of these receptors. The effects of 

etomidate on channel desensitization resulted in greater enhancement of the steady-state 

current relative to the peak phasic current of β3-α1-δ/β3-α1 receptors. Thus, its 

desensitization effects may contribute significantly to etomidate modulation of GABAergic 

tonic inhibition in the CNS, as observed in both thalamus and cortex (Belelli et al., 2005, 

Drasbek et al., 2007).
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Highlights

• The function of concatenated αβδ receptors is similar in HEK cells and oocytes.

• Etomidate reduces desensitization and prolongs deactivation of αβδ receptors.

• Etomidate produces a greater enhancement of steady-state vs. peak currents.
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Figure 1. Etomidate produced similar modulation on β3-α1-δ/β3-α1 receptors expressed with 
different amount of cDNA transfections
A, Representative whole cell current traces evoked by saturating GABA (1 mM) and co-

application of saturating GABA (1 mM) and etomidate (3.2 μM) with etomidate pre-applied 

for β3-α1-δ/β3-α1 receptors transfected with 2.0 µg cDNAs. The solid lines indicated the 

application of GABA, and the dashed lines denoted the application of etomidate. The grey 

trace was the GABA current, whose peak current amplitude was normalized to that of the 

current evoked by GABA and etomidate to show the alterations of desensitization and 

deactivation induced by etomidate. B, The mean fold of enhancement of GABA (1 mM) 

currents by etomidate for β3-α1-δ/β3-α1 receptors transfected with 0.6, 2.0 and 6.0 µg 

cDNAs, respectively. C, The reduction of the extent of desensitization by etomidate for β3-

α1-δ/β3-α1 receptors transfected with 0.6, 2.0 and 6.0 µg cDNAs, respectively. D, The 

increase in the weighted deactivation time constant (τw) by etomidate for β3-α1-δ/β3-α1 

receptors transfected with 0.6, 2.0 and 6.0 μg cDNAs, respectively. In panel C and D, the 

filled bars represented the properties of currents evoked by GABA, and the open bars 

represented those by GABA plus etomidate. Error bars denoted S.E.M. *, Significantly 

different from GABA control at p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 2. GABA concentration-response in the absence and presence of etomidate
A, Representative current traces evoked by increasing concentrations of GABA as well as 

by increasing concentrations of GABA and 3.2 µM etomidate for β3-α1-δ/β3-α1 receptors. 

B, GABA concentration-response curves of β3-α1-δ/β3-α1 receptors in the absence and 

presence of 3.2 µM etomidate.
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Figure 3. Etomidate evoked a greater enhancement of steady-state currents than that of peak 
currents
A, Representative current traces evoked by prolonged application (30 s) of 1 mM GABA as 

well as 1 mM GABA and 3.2 μM etomidate (with etomidate pre-applied) to show the 

steady-state current change evoked by etomidate for β3-α1-δ/β3-α1 receptors. The solid 

lines indicated the application of GABA, and the dashed lines denoted the application of 

etomidate. B, The mean fold of peak current and steady-state current enhancement by 

etomidate in the presence of 1 mM GABA for β3-α1-δ/β3-α1 receptors. C, Representative 

current traces evoked by prolonged application (30 s) of 10 µM GABA as well as 10 µM 

GABA and 3.2 µM etomidate (with etomidate pre-applied) to show the steady-state current 

change evoked by etomidate for β3-α1-δ/β3-α1 receptors. D, The mean fold of peak current 

and steady-state current enhancement by etomidate in the presence of 10 µM GABA for β3-

α1-δ/β3-α1 receptors. *, Significantly different from peak current enhancement at p < 0.05; 

*** p < 0.001.
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