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ABSTRACT 

 

 The γ-aminobutyric acid type A (GABAA) receptor is inhibited by the endogenous 

sulfated steroids pregnenolone sulfate (PS) and dehydroepiandrosterone sulfate (DHEAS). It 

has been proposed in previous work that these steroids act by enhancing desensitization of the 

receptor. Here, we have investigated the modulatory effects of the steroids on the human 

α1β3γ2L GABAA receptor. Using electrophysiology and quantitative model-based data analysis, 

we show that exposure to the steroid promotes occupancy of a non-conducting state that retains 

high affinity to the transmitter but whose properties differ from those of the classic, transmitter-

induced desensitized state. From the analysis of the inhibitory actions of two combined steroids, 

we infer that PS and DHEAS act through shared or overlapping binding sites. 

 

 

 

 

 

Significance Statement:  Previous work has proposed that sulfated neurosteroids inhibit the 

GABAA receptor by enhancing the rate of entry into the desensitized state. We show here that 

the inhibitory steroids pregnenolone sulfate and dehydroepiandrosterone sulfate act through a 

common interaction site by stabilizing a distinct non-conducting state. 
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INTRODUCTION 

 

 The sulfated steroids pregnenolone sulfate (PS) and dehydroepiandrosterone sulfate 

(DHEAS) are synthesized in the brain and are thus termed neurosteroids (Corpechot et al., 

1981; Corpechot et al., 1983; Majewska and Schwartz, 1987). Both compounds have been 

linked to cognition, neuroprotection, stress response, and pathophysiology of schizophrenia 

among others (Charalampopoulos et al., 2006; Morgan et al., 2004; Ritsner, 2011; Valenti et al., 

2009), although it is not fully understood which targets are involved in the actions. Both steroids 

inhibit the GABAA receptor (Majewska et al., 1990; Majewska et al., 1988; Park-Chung et al., 

1999). In addition, PS potentiates the NMDA receptor while DHEAS is an agonist of the σ1 

receptor (Monnet et al., 1995; Wu et al., 1991). The concentration of PS in brain regions and the 

concentration-dependence of some actions on brain receptors have been reviewed previously 

(Smith et al., 2014). 

 The inhibitory effect of PS on the function of the GABAA receptor manifests as an 

increase in the rate and extent of apparent desensitization in macroscopic recordings, and a 

reduced mean cluster duration in single-channel recordings (Akk et al., 2001; Shen et al., 2000; 

Wang et al., 2002). In macroscopic recordings, the addition of PS in the absence of GABA does 

not significantly reduce the initial peak amplitude of the subsequent response to GABA, 

supporting the idea that PS selectively blocks active receptors. These effects have been 

interpreted as enhanced desensitization in the presence of steroid. At least qualitatively, the 

effect of DHEAS on apparent desensitization appears similar (Demirgoren et al., 1991; Spivak, 

1994) (but see: (Hansen et al., 1999; Le Foll et al., 1997; Sachidanandan and Bera, 2015)). 

 Direct examination of the effect of PS on muscimol binding has shown that the state(s) 

promoted by PS has high affinity to the transmitter (Akk et al., 2020), thereby rejecting the 

possible mechanism that PS stabilizes the resting (low-affinity) state. However, at present there 

is no direct evidence that the steroid increases occupancy of the classic, transmitter-induced 
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desensitized state. The possibilities of fast or slow simple open-channel block have been 

excluded by lack of changes in single-channel kinetics or amplitude and by a non-zero current 

response in the presence of saturating PS or DHEAS (Akk et al., 2001; Germann et al., 2019a; 

Germann et al., 2019b; Mienville and Vicini, 1989; Sachidanandan and Bera, 2015).  

 The location of the binding sites for PS and DHEAS in the GABAA receptor is unknown. 

The α1(V257S) mutation (a Val-to-Ser substitution at the 2' location in the second 

transmembrane domain TM2) significantly reduces inhibition by PS, DHEAS, and several 3β-

OH inhibitory steroids (Akk et al., 2001; Sachidanandan and Bera, 2015; Wang et al., 2002). 

This residue is located in the ion channel of the receptor, but a direct role in steroid binding was 

considered to be unlikely due to the observation that PS binding shows no voltage sensitivity 

(Akk et al., 2001; Eisenman et al., 2003). X-ray crystallographic analysis of a homomeric 

receptor of chimeric subunits containing the N-terminal sequence of GLIC and the 

transmembrane sequence of the GABAA α1 subunit indicated a binding site for PS at the lipid-

exposed face of TM3 and TM4 where the C3-sulfate group may interact with K390 at the 

cytoplasmic end of TM4 and the D-ring of steroid reaches F399 in the middle of TM4. Mutations 

to K390 and along the putative binding groove reduced the extent of inhibition at high PS 

concentrations (Laverty et al., 2017). 

 Here, we have investigated the mechanisms of inhibition of the α1β3γ2L GABAA 

receptor by the sulfated steroids PS and DHEAS. Our major conclusions are that the state 

promoted in the presence of the inhibitory steroids is distinct from the desensitized state 

promoted by the transmitter, and that both steroids act by the same mechanism. We also show 

that the sulfated steroids PS and DHEAS inhibit the receptor by interacting with an overlapping 

binding site. 
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MATERIALS AND METHODS 

Receptor expression and electrophysiology 

 

 The experiments were conducted on human α1β3γ2L GABAA receptors expressed in 

oocytes from Xenopus laevis (African clawed frog). Frog quarter ovaries were purchased from 

Xenoocyte (Dexter, MI), and digested at 37 oC with shaking at 250 RPM for 15-30 minutes in 2% 

w/v (mg/mL) collagenase A solution in ND96 (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM 

MgCl2, 5 mM HEPES; pH 7.4) with 100 U/ml penicillin and 100 μg/ml streptomycin. Following 

digestion, the oocytes were rinsed in ND96 and incubated in ND96 with supplements (2.5 mM 

Na pyruvate, 100 U/ml penicillin, 100 μg/ml streptomycin, 50 μg/ml gentamycin) at 15 oC for at 

least 4 hours before injection.  

 The cDNAs for human α1 (GenBank accession no NM_000806.5), β3 (NM_000814.5), 

and γ2L (NM_198904.2) subunits in the pcDNA3 vector were linearized with XbaI (NEB Labs, 

Ipswich, MA). The cRNAs were synthesized from linearized cDNA using mMessage mMachine 

(Ambion, Austin, TX).  

 The oocytes were injected with a total of 3.5 ng of cRNA per oocyte, in the ratio of 1:1:5 

(α1:β3:γ2L) to enhance the incorporation of the γ2L subunit and minimize the expression of 

α1β3 receptors. Following injection, the oocytes were incubated in ND96 (96 mM NaCl, 2 mM 

KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES; pH 7.4) with supplements (2.5 mM Na 

pyruvate, 100 U/ml penicillin, 100 μg/ml streptomycin and 50 μg/ml gentamycin) at 15 oC for 1-2 

days prior to conducting electrophysiological recordings.  

 The electrophysiological recordings were done using standard two-electrode voltage 

clamp. The oocytes were clamped at -60 mV. The solutions were gravity-applied from glass 

syringes with glass luer slips via Teflon tubing to the recording chamber (RC-1Z, Warner 

Instruments, Hamden, CT) at a flow rate of 6-8 ml/min (solution exchange time <10 s). Solutions 

were switched manually using 4-port bulkhead switching valves and medium pressure 6-port 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 1, 2021 as DOI: 10.1124/molpharm.121.000385

 at A
SPE

T
 Journals on A

pril 9, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


7 
 

bulkhead valves (IDEX Health and Science, Rohnert Park, CA). All experiments were conducted 

at room temperature. The current responses were amplified with an OC-725C amplifier (Warner 

Instruments, Hamden, CT), digitized with a Digidata 1200 series digitizer (Molecular Devices), 

and stored using pClamp (Molecular Devices). Records were low-pass filtered at 30 Hz and 

sampled at 100 Hz. The current traces were analyzed using Clampfit (Molecular Devices).  

 All experiments were conducted using a saturating concentration (1 mM) of GABA to 

activate receptors. This approach has several advantages over using a lower (e.g., EC50) 

concentration of agonist. First, it minimizes the fraction of receptors in the resting state and 

removes binding status from analysis. Second, it reduces cell-to-cell variability associated with 

differences in affinity to GABA. Lastly, it enables the use of lower concentrations of PS and 

DHEAS because the IC50 of inhibition is higher when measured at low GABA (Germann et al., 

2019a). 

 The effects of steroids on apparent desensitization were determined by recording 

currents elicited by 1 mM GABA or 1 mM GABA coapplied with 30 µM PS or DHEAS. The time 

course of apparent desensitization decay was fitted to a single exponential or a sum of two 

exponentials. In the latter case, a weighted time constant was calculated. 

 Steroid concentration-response curves were measured by activating the receptors with 1 

mM GABA and, upon reaching steady-state response, coapplying a steroid (PS or DHEAS) with 

GABA. Each oocyte was exposed to a single concentration of a single steroid. Experiments 

aimed at determining competition between steroids were conducted by consecutively applying a 

single steroid and a combination of two steroids during a steady-state response to 1 mM GABA. 

 All data are included in analysis. The results are presented as mean ± S.D., unless 

indicated otherwise. The study is exploratory by nature, and the findings are reported according 

to the guidelines detailed in (Michel et al., 2020).  

  

Descriptive characterization of receptor inhibition by steroids 
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 Descriptive characterization of steroid-induced inhibition of steady-state current was 

done by fitting a Hill equation to the normalized steroid concentration-response relationship: 

 

 
Hill

Hill Hill

n

min max min n n

50

[steroid]
Y Y (Y Y )

[steroid] IC
  


  (1) 

 

where Ymin and Ymax are the high- and low-concentration asymptotes, respectively, [steroid] is 

the concentration of steroid, IC50 is the concentration producing half-maximal effect, and nHill is 

the Hill coefficient. Fitting was done on data averaged from multiple oocytes (at least 5 per 

concentration of a steroid). Curve-fitting results are expressed as best fitting parameter ± S.E. of 

the fit. 

 

Mechanistic characterization of receptor inhibition by steroids 

 

 Mechanistic characterization of steroid-induced inhibition was done in the framework of a 

four-state Resting-Active-Desensitized/Blocked (RADB) model (Fig. 1). The RADB model is 

based on the Monod-Wyman-Changeux concerted transition model originally used to describe 

enzyme function (Monod et al., 1965). The RADB model contains one state with lower affinity to 

the transmitter (resting, R, with a closed channel) than the other three. There are two higher 

affinity states that are also non-conducting (desensitized, D, and blocked, B). Finally, there is 

one state with high affinity that has an open channel (active, A). In this model, an inhibitory 

steroid stabilizes the blocked state. 

 Receptor properties in the RADB model are defined by three parameters: L=R/A (the 

ratio of resting to active receptors in the absence of any active compounds), Q=A/D (the ratio of 

active to desensitized receptors in the absence of active compounds), and W=A/B (the ratio of 
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active to blocked receptors in the absence of active compounds). When referred to the R state, 

A=R/L, D=R/(LQ), and B=R/(LW). 

 Interaction of the hypothetical drug X with the receptor is described by five parameters: 

NX – the number of identical sites on a receptor for X, KR,X (KX in the equations) – the affinity for 

the resting state, KA,X – the affinity for the active state (KA,X = cXKR,X), KD,X – the affinity for the 

desensitized state (KD,X = dXKA,X = cXdXKR,X), and KB,X – the affinity for the blocked state (KB,X = 

eXKA,X = cXeXKR,X). Figure 1 shows an enlarged version of the RADB model, with equilibrium 

ratios for prevalence between 2 states. 

 In the presence of drug X (and no other active compounds) the probability of being 

active (PA) is: 

 

 
X

X X

A,[X] N

X

N N

X X
X X X X

X X X X X X

1
P

1 [X] / K 1 1
1 L

1 [X] / ( K ) 1 [X] / ( K ) 1 [X] / ( K )
Q W

1 [X] / ( K ) 1 [X] / ( K )


 

   
       

   
    

c c c

c d c e

  (2) 

To simplify the notation, define: 

 

 

X

X

X

N

X

[X]

X X

N

X X

[X]

X X X

N

X X

[X]

X X X

1 [X] / K

1 [X] / ( K )

1 [X] / ( K )

1 [X] / ( K )

1 [X] / ( K )

1 [X] / ( K )

 
  

 

 
  

 

 
  

 

c

c

c d

c

c e

  (3) 

so: 

 

 A,[X]

[X]

[X] [X]

1
P

1 1
1 L

Q W



   
 

  (4) 
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When [X]=0, then ΓX= ΔX = ΘX=1, and 
A,[X] 0

1
P

1 1
1 L

Q W

 

  

   

As [X]→∞, then X X XN N N

[X] X [X] X [X] X, ,     c d  e , and: 

 
X

X X

A,[X]
N

X N N

X X

1
P

1 1
1 L

Q W



  c
d e

  (5) 

 

 If 2 drugs (X and Y) that interact with non-overlapping sites on the receptor are present, 

the values for Γ, Θ and Δ multiply (Karlin, 1967; Steinbach and Akk, 2019), so: 

 

 A,[X],[Y]

[X] [Y]

[X] [Y] [X] [Y]

1
P

1 1
1 L

Q W



    
   

  (6) 

 

 On the other hand, if X and Y bind to the same site(s) on the receptor then a composite 

parameter replaces the product (Karlin, 1967; Steinbach and Akk, 2019). For example, ΔXΔY in 

eq. 6 is replaced with:  

 

N

X X Y Y

XY

X X X Y Y Y

1 [X] / (K ) [Y] / (K )

1 [X] / (K ) [Y] / (K )

  
   

  

c c

d c d c
  (7) 

 

and analogously for ΓXY and ΘXY. 

 GABA is an agonist, with cGABA less than 1, and it is assumed that it does not stabilize 

either the D or B states (dGABA=1 and eGABA=1). The steroids are not agonists (cPS=1, cDHEAS=1). 

For simplicity, it is assumed that neither stabilizes the D state (dPS=1, dDHEAS=1), while both 

stabilize the B state (ePS<1, eDHEAS<1).  

 In the presence of GABA and a single steroid (here, PS) the PA is: 
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 A,[GABA],[PS]

[GABA] [PS] [GABA]

[GABA] [PS] [GABA] [PS] [PS]

1 1
P

1 1 1 1
1 L 1 L

Q W Q W

 

        
    

  (8) 

 

 With both steroids (PS and DHEAS) binding to the same site, it is: 

 

 A,[GABA],[PS],[DHEAS]

[GABA]

[PS][DHEAS]

1
P

1 1
1 L

Q W



   


  (9) 

 

where 

 PS DHEAS

[PS][DHEAS]

PS PS DHEAS DHEAS

1 [PS] / K [DHEAS] / K

1 [PS] / (K ) [DHEAS] / (K )e e

 
 

 
  (10) 

 

 With the steroids PS and DHEAS binding to distinct sites, the probability of being active 

is: 

 A,[GABA],[PS],[DHEAS]

[GABA]

[PS] [DHEAS]

1
P

1 1
1 L

Q W



   
 

  (11) 

 

Materials 

 

 The stock solution of GABA was made in ND96 at 500 mM and stored in aliquots at -20 oC. 

The steroids PS and DHEAS were dissolved in DMSO at 30-50 mM, and stored at room 

temperature. Final dilutions were made on the day of experiment.  
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RESULTS 

Inhibition of GABAA receptor activity by PS and DHEAS 

 

 Exposure to PS or DHEAS inhibits the response of the α1β3γ2L GABAA receptor to the 

transmitter GABA. Coapplication of the steroid with GABA enhances the apparent rate of 

desensitization. In four cells exposed to 1 mM GABA and 1 mM GABA + 30 µM PS, the 

apparent desensitization time constants were 41 ± 12 s and 4.1 ± 0.4 s, respectively (P < 0.01; 

unequal variances t-test). In a separate set of four cells, the apparent desensitization time 

constants were 43 ± 12 s in the presence of 1 mM GABA and 2.3 ± 0.8 s in the presence of 1 

mM GABA + 30 µM DHEAS (P < 0.001; unequal variances t-test). The peak amplitudes were 

reduced to 82 ± 7% of control in the presence of PS, and to 80 ± 9% of control in the presence 

DHEAS. Sample current traces are given in Fig. 2A. The data are summarized in Table 1. 

 When coapplied during the steady-state response to saturating (1 mM) GABA, PS 

rapidly reduces the current amplitude. Particularly at lower steroid concentrations, the initial 

peak inhibitory effect is transient, followed by partial recovery of current response. For example, 

in the presence of 0.3 µM PS, the current level during the peak steroid effect was 50 ± 8% (n = 

5 cells) of the control steady-state response to 1 mM GABA. Upon continued exposure to PS, 

the current response partially recovered and reached during the sustained effect 80 ± 14% of 

control (i.e., 20% inhibition). Sample current traces are shown in Fig. 2B. 

 The PS concentration-response relationship was established by measuring the effect of 

0.01-50 µM PS on steady-state current elicited by 1 mM GABA. Each cell was exposed to a 

single concentration of PS to avoid measurement errors due to long-duration recordings and 

steroid exposure. Peak and sustained effects of the steroid were measured and analyzed 

separately. Fits of the mean data to the Hill equation (eq. 1) yielded IC50s and nHill values of 0.26 

± 0.03 µM (best fitting value ± SE of the fit) and -0.73 ± 0.05 for peak effect, and 1.45 ± 0.26 µM 

and -0.90 ± 0.11 for sustained effect (Table 1). The fitted high-concentration asymptotes, 
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indicating incomplete inhibition at saturating steroid concentrations, were 0.03 ± 0.02 and 0.01 ± 

0.04 for peak and sustained effects, respectively. The concentration-response relationships are 

given in Fig. 2C.  

 DHEAS reduced the steady-state response to 1 mM GABA. Similar to PS, exposure to 

DHEAS resulted in a transient peak inhibitory effect followed by partial recovery to a sustained 

level of inhibition. Fits to the Hill equation (eq. 1) gave an IC50 of 1.01 ± 0.12 µM (best fitting 

value ± SE of the fit)  and nHill of -0.81 ± 0.06 for peak effect, and an IC50 of 11.4 ± 0.8 µM and 

nHill of -1.51 ± 0.10 for sustained effect (Fig. 2B). The fitted high-concentration asymptotes were 

0.06 ± 0.03 and 0.21 ± 0.02 for the peak and sustained inhibition. 

 At up to 50 µM, neither steroid fully inhibited receptor function even during peak effect. 

The remaining current response was 4.3 ± 1.4% (n = 5 cells; P < 0.01 that the ratio is 

indistinguishable from 0; 1 sample t-test) or 3.5 ± 1.3% (n = 5; P < 0.01; 1 sample t-test) of the 

steady-state response to GABA alone in the presence of 30 or 50 µM PS, respectively. 

Exposure to 30 or 50 µM DHEAS reduced the current level to 11.2 ± 4.3% (n = 5; P < 0.01; 1 

sample t-test) or 8.7 ± 6.3% of control (n = 5; P < 0.05; 1 sample t-test), respectively.  

 

Does PS promote receptor desensitization? 

 

 Whole-cell and single-channel patch-clamp studies have suggested that PS inhibits the 

GABAA receptor by promoting entry into a desensitized state (Akk et al., 2001; Eisenman et al., 

2003) (also, Fig. 2). Here, we compared the properties of the non-conducting states induced by 

prolonged exposure to the transmitter in the absence (i.e., desensitization) and presence of PS 

(i.e., PS-induced inhibition). The goal of these experiments was to determine whether the 

GABA- and PS-induced states are functionally identical. 

 We compared the time courses of recovery from transmitter-induced desensitization and 

PS-induced inhibition. We reasoned that similar recovery rates upon the removal of GABA or 
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GABA + PS would support a model where the steroid acts by enhancing transmitter-induced 

desensitization. In contrast, different recovery rates, particularly if recovery from PS-induced 

inhibition proceeds faster than recovery from GABA-induced desensitization, would be 

suggestive of the steroid promoting entry into a distinct non-conducting state, with distinct 

properties.  

 Recovery from GABA-induced desensitization was measured by exposing the cells to 1 

mM GABA until steady-state response was reached, followed by variable-duration wash in bath, 

and a second, test application of 1 mM GABA. A sample recording is shown in Fig. 3A. The ratio 

of the peak responses (test response over the initial control response) is plotted in Fig. 3B. 

Fitting the fractional recovery from GABA-induced desensitization over time to a single-

exponential function gave a time constant of 81 ± 6 s. This is similar to recovery from 

desensitization reported previously (Chang et al., 2002; Xu et al., 2016). 

 Recovery from steroid-induced inhibition was measured by first activating the receptors 

with 1 mM GABA. Upon reaching the peak response, the solution was switched to GABA + 10 

µM PS, which induced rapid current decay. This was followed by a ~60-70 s wash in bath, and a 

second, test application of 1 mM GABA. The duration of the GABA + PS application was kept 

similar (~ 5 min) to the duration of the GABA application in the experiments aimed at estimating 

recovery from GABA-induced desensitization (above). A sample current trace showing the order 

of applications is given in Fig. 3A. The ratio of the peak responses after and before exposure to 

PS is plotted in Fig. 3B. Data from 5 cells indicate that a ~60-70 s wash is sufficient for full 

recovery (test/control = 1.08 ± 0.06). These observations indicate that the non-conducting states 

occupied in the presence of GABA or GABA + PS recover with different rates.  

 We then examined the time course of development of PS-induced inhibition and 

recovery in the continued presence of 1 mM GABA. Current traces in Fig. 3C show that the 

switch from GABA to GABA + PS or GABA + DHEAS generates an initial peak inhibitory effect 

that then partially recovers, and a transient rebound current upon the switch from GABA + 
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steroid to GABA alone followed by slow decay to the original GABA steady-state current. 

Inspection of the traces in the figures indicates that inhibition develops and recovers rapidly. 

This suggests that the equilibrium between active and blocked states in the RADB model (Fig. 

1) occurs rapidly. When this is the case, the RADB model predicts upon the application of 

steroid an initial rapid shift of receptors from the active to blocked state. This is followed by a 

slower re-equilibration among the desensitized, active, and blocked states. Similarly upon the 

removal of steroid, there is a rapid initial shift from blocked to active state, followed by the more 

slowly developing re-equilibration from active to desensitized state. We note that at this high 

[GABA] occupancy of the resting state is negligible. 

 Additional insight into the rate of recovery from steroid-induced inhibition was gained by 

examining the current rise times upon the removal of steroid in the continued presence of 

GABA. In the simplest interpretation, this time course will reflect the dissociation of steroid 

followed by transition from the blocked to active state. The cells were exposed to 1 mM GABA + 

0.1-50 µM PS (or 1 mM GABA + 0.3-50 µM DHEAS). Upon reaching steady-state, sustained 

inhibition, the solution was switched to 1 mM GABA alone that produced a rapid rise in current 

response. Sample current traces are given in Fig. 3C. Fitting the rising phase of the current 

response to an exponential function yielded time constants that ranged from 12-25 s for 0.1 to 

50 µM PS and 6-14 s for 0.3 to 50 µM DHEAS (Fig. 3D). The somewhat slower recovery at 

higher concentrations of steroids likely reflects slower removal of the steroid from the membrane 

(Chisari et al., 2019; Eisenman et al., 2007). Recovery was more rapid following inhibition by 

DHEAS compared to PS. This difference may arise from a more rapid dissociation of DHEAS 

from the receptor or a more rapid removal of DHEAS from the environment surrounding the 

receptor. Overall, the rates of recovery from steroid-induced inhibition were faster than the rate 

of recovery from desensitization, and we interpret these findings as indicating that the 

transmitter-induced desensitized and PS-induced inhibited states are distinct. 

 Finally, the rapid recovery following removal of steroid is postulated to reflect entry of 
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receptors into the active state, followed by the re-establishment of the equilibrium between 

active and desensitized states. Accordingly, the time course for the decay from the rebound 

current should be the same as the initial development of desensitization. Due to the somewhat 

slower apparent washout of PS, this analysis was made of responses to DHEAS. As shown in 

the inset to Fig. 3C the rebound peak and subsequent decay were fit simultaneously with the 

sum of two exponentials of opposite sign. The initial desensitization in the presence of GABA in 

the same traces was fit with either a single exponential or the sum of two exponentials (in which 

case the weighted time constant was calculated). As we had noted previously with the recovery 

time constant, the time constant for the decay to steady-state was prolonged at higher 

concentrations of DHEAS. However, for 18 responses involving 0.3 to 3 μM DHEAS the ratio of 

the recovery time constant to the desensitization time constant was 1.03 ± 0.28 (P=0.68 that the 

ratio is indistinguishable from 1; 1 sample t-test). In contrast, for 14 responses involving DHEAS 

concentrations of 10 to 50 μM the ratio was 1.39 ± 0.46 (P=0.006). The similarity of the two time 

constants is consistent with our interpretation that the decay of the rebound current results from 

desensitization. 

 

Model-based analysis of sustained inhibition by PS and DHEAS 

 

 Given the overall support for the use of the RADB model we have just described, further 

characterization of steroid-induced inhibition was done in the framework of the RADB model 

(Fig. 1). In this model, a steroid has higher affinity to the blocked than active state thereby 

stabilizing the blocked state and inhibiting current response. For simplicity, we assumed that the 

steroid is not an agonist (does not stabilize the active state relative to the resting state) and 

does not desensitize (does not stabilize the desensitized state). 

 Conversion of raw current responses to units of probability of being in the active state 

(PA units) was done by normalizing current amplitudes to the peak response to saturating (1 
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mM) GABA + 50 µM propofol, that was considered to have a peak PA indistinguishable from 1 

(Shin et al., 2017). The steady-state PA in the presence of PS (or DHEAS), reflecting sustained 

inhibition by a steroid, was fitted to eq. 12: 

 

 
A,[GABA],[PS]

[GABA]

[PS]

1
P

1 1
1 L

Q W



   


  (12) 

 

where the term LΓ[GABA] was calculated from the observed peak PA (0.88 ± 0.06; n = 9 cells) of 

the α1β3γ2L receptor in the presence of 1 mM GABA as: 

 

 
A,peak

[GABA]

A,peak

1 P
L

P


    (13) 

and 

 
XN

X X

[X]

X X X

1 [X] / ( K )

1 [X] / ( K )

c

c e

 
   

 
  (14) 

 

The value of Q in eq. 12 was calculated from the response to GABA alone as: 

 

 
steady state steady state

A,peak

peak peak

I I
Q P [ / (1 )]

I I

 
     (15) 

 

where Ipeak is the initial response to 1 mM GABA and Isteady-state is the steady response just before 

addition of steroid, with PA,peak constrained to 0.88. The value of W in eq. 12 was arbitrarily 

constrained to 100. 

 Fitting eq. 12 to steady-state PA observed at various PS concentrations gave a KPS of 

22.6 ± 3.6 µM (best fitting value ± SE of the fit) and an ePS of 6.2 × 10-5 ± 3.3 × 10-5. For fitting 

the PA data in the presence of DHEAS, we opted to constrain eDHEAS to the value estimated for 
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PS while allowing KDHEAS vary freely. This was done due to lack of clear saturation in the PA 

curve at high concentrations of DHEAS. With this constraint, fitting eq. 12 to steady-state PA in 

the presence of DHEAS gave a KDHEAS of 336 ± 25 µM (best fitting value ± SE of the fit). The fits 

are given as dashed lines in Fig. 4. The data are summarized in Table 1. 

 

Analysis of peak inhibition by PS and DHEAS 

 

 We predicted the concentration-dependence of peak inhibition from the parameters 

estimated from the steady-state responses. In the RADB model, the initial reduction in PA takes 

place due to rapid transition of receptors from the active into the blocked state, while the more 

slowly occurring equilibration between desensitized and other states increases PA leading to 

reduced sustained inhibition. To predict the peak inhibition, we calculated the probability that a 

receptor is in either the active or blocked state at the steady-state response to 1 mM GABA. We 

then multiplied this by the probability that the receptor is in the active state in the presence of a 

given concentration of steroid, given that the receptor is in either the active or blocked state. 

The experiments were conducted using the steady-state response to a saturating concentration 

(1 mM) of GABA as the control condition. In this situation, a very small proportion of receptors is 

in the R state and its contribution can be neglected.  

 The steady-state probabilities of being in each of the 4 states are: 

 

 

R,[X]

[X] [X] [X] [X] [X]

A,[X]

[X] [X] [X]

D,[X]

[X] [X] [X] [X] [X]

B,[X]

[X] [X] [X] [X] [X]

1
P

1 1/ L 1/ (L Q ) 1/ (L W )

1
P

1 L 1/ (Q ) 1/ (W )

1
P

1 L Q Q Q / (W )

1
P

1 L W W W / Q


       


     


       


       

  (16) 
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 so 

 A,[X] B,[X]

[X] [X] [X] [X] [X] [X] [X] [X]

1 1
P P

1 L 1/ (Q ) 1/ (W ) 1 L W W W / Q
  

             
  (17) 

 

The ratio of A to B at equilibrium is: 

 

 [X] [X] [X] [X] [X]

A,[X] B,[X] X

[X] [X] [X]

1 L W W W / Q
P / P W

1 L 1/ (Q ) 1/ (W )

       
  

     
  (18) 

 

 Accordingly, the fraction of the receptors in A, given that the receptors are in either A or B, is: 

 

  X XW / 1  W     (19) 

 

Under the assumptions that GABA stabilizes the A state (cGABA<1) but not the D or B states 

(dGABA=1 and eGABA=1), at the steady-state response to 1 mM GABA:  

 

 A,GABA B,GABA

[GABA] [GABA]

1 1
P P

1 L 1/ Q 1/ W 1 L W W W / Q
  

       
  (20) 

 

and during peak inhibition: 

 

 A,GABA PS

[GABA] [G

X

A]X AB

1 1
P

1 L 1/1 Q 1/ W

W

 W 1 L W W W / Q






 
  

        
  (21) 

 

 

 Using eq. 21, we calculated the predicted PA during peak inhibition in the presence of 

GABA and PS. Rather than calculating all the terms in the equation, we used the global average 
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estimate LΓ1 mM GABA = 0.136 (see above) and the experimentally determined value of Q = 0.135 

for this group of cells (n = 58). For an example of the predicted PA at peak inhibition upon the 

addition of 0.3 μM PS, with KPS = 23 μM, cPS = 1, dPS = 1, ePS = 6.2 × 10-5 and NPS = 1 (all values 

from analysis of sustained inhibition; above), the calculated WΘPS = 0.48 and the predicted 

PA,GABA+PS at peak inhibition is 0.04. This is less than the observed value (0.056 ± 0.009) but 

comparable, given that it was calculated with no free parameters. The observed values and the 

predicted concentration-response curve for peak inhibition by PS are given in Fig. 4A. 

 Similarly for inhibition by DHEAS, using the experimentally determined value of Q = 

0.157 for this group of cells (n = 44), and KDHEAS = 336 μM, cDHEAS = 1, dDHEAS = 1, eDHEAS = 6.2 × 

10-5 and NDHEAS = 1 (all values from analysis of sustained inhibition), the predicted PA at peak 

inhibition upon the addition of 3 μM DHEAS is 0.055. As shown in Fig. 4B this is similar to the 

observed value (0.046 ± 0.008). Variations between observed data and the simulations likely 

arise from the underlying assumption in eq. 21 that peak inhibition is fully resolved and not 

modified by the more slowly occurring equilibration from desensitized state. However, the 

generally good agreement between the predictions and observed data for the peak inhibition 

support the validity of the RADB model in describing the inhibitory effects of sulfated steroids. 

 

Do PS and DHEAS interact with a common site? 

 

 We next addressed whether the inhibitory effects of PS and DHEAS are mediated by 

common or distinct binding sites. The consequences of application of a mixture of two steroids 

will depend on whether the steroids bind to different (non-overlapping) sites or to the same 

(overlapping) sites. In the first case, both steroids may be bound and hence modulate receptor 

function at the same time resulting in allosteric amplification of inhibition, while in the second 

case they compete for binding. We employed an approach in which the observed current 

response in the simultaneous presence of the two steroids is compared to the responses 
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predicted by the distinct and same site models (Germann et al., 2020; Shin et al., 2019). 

 PS and DHEAS are high-efficacy inhibitors of the GABAA receptor (Fig. 2), and both the 

common and distinct site models predict an increase in inhibition (i.e., smaller current) when the 

two steroids are coapplied. The extent of the predicted increase in inhibition is, however, 

remarkably different in the two models. 

 We measured the combined effects of the steroids by coapplying 10 µM DHEAS and 1 

µM PS. In 5 cells, the mean steady-state PA in the presence of 1 mM GABA was 0.143 ± 0.031. 

Coapplication of 10 µM DHEAS with GABA reduced the PA to 0.081 ± 0.016. The PA was further 

reduced to 0.061 ± 0.014 in the presence of GABA + DHEAS + 1 µM PS. A sample current 

trace is shown in Fig. 5. Using the affinity and efficacy estimates for the two steroids (above) 

and the experimentally determined value of Q of 0.155 in this group of cells (n = 5), we 

estimated a probability of being in the active state of 0.000309 ± 0.000001 using the distinct site 

model (eq. 11) and 0.053 ± 0.004 using the same site model (eq. 9).  

 The abilities of the two models to describe the data were compared by calculating the 

difference in second-order Akaike information criterion scores of the two models (Burnham et 

al., 2011; Wagenmakers and Farrell, 2004): 

 

 Model 1 Model 2RSS RSS
= n ln n ln

n n

   
    

   
  (22) 

 

where n is the number of oocytes, RSS is the residual sum of squares, and Models 1 and 2 

refer to models considering distinct sites and same sites, respectively. Akaike weights (w) for 

each model were calculated as: 

 
Model 1

1
exp[ ]

2
1

exp[ ] 1
2

w

 



  

  (23) 
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where wModel 1 is the probability that Model 1 is the best model describing data. The probability of 

Model 2 was then calculated as 1-wModel 1.  

 For the combination of DHEAS and PS, the wdistinct sites was 2 × 10-5 and the wcommon sites 

was 1 - (2 × 10-5). The same site model is clearly more likely than the distinct site model, 

although we note the caveat that the calculated w values rank the two chosen models but do not 

address the question of whether either is the globally best model.  
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DISCUSSION 

 

 The major conclusion of this study is that the steroids PS and DHEAS inhibit the 

α1β3γ2L GABAA receptor by stabilizing a non-conducting state that is functionally distinct from 

the transmitter-induced desensitized state. Previous work using single-channel and whole-cell 

electrophysiology has proposed that PS speeds receptor desensitization (Akk et al., 2001; 

Eisenman et al., 2003; Wang et al., 2007). A recent study examining the effect of PS on binding 

of [3H]muscimol inferred that the PS-bound state has high affinity to the orthosteric agonist (Akk 

et al., 2020), similar to that of desensitized receptors (Chang et al., 2002). Our present data, in 

agreement with prior reports, indicate that coapplication of PS or DHEAS with GABA enhances 

the rate of current decay and inhibits steady-state current. The new interpretation regarding the 

nature of the non-conducting state is supported by the difference in rates of recovery from 

GABA-induced desensitization and steroid-induced inhibition. Specifically, the receptors 

recovered from PS- or DHEAS-induced inhibition more rapidly than from GABA-induced 

desensitization. This difference strongly supports the idea that the inactive states induced by 

prolonged exposure to GABA and to PS or DHEAS in the presence of GABA differ.  

 Additional support for the distinct nature of transmitter-induced desensitization and 

steroid-induced inhibition comes from the observation that the switch from GABA to GABA + 

steroid generates an initial peak effect that then partially recovers, and a transient rebound 

current upon the switch from GABA + steroid to GABA alone (e.g., Fig. 2A, 3C). In the RADB 

model, the initial peak decrease in PA upon exposure to the steroid is due to rapid transition of 

receptors from the active into the blocked state. This is followed by the more slowly occurring 

equilibration between desensitized and other states during which PA partially recovers at the 

expense of desensitized receptors. The transient rebound current upon the removal of steroid is 

predicted to arise from transition of receptors from the blocked to the active state. The 

subsequent decline in current is due to re-equilibration between active and desensitized states, 
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i.e., classic desensitization. In contrast, the RAD model (Germann et al., 2019a), in which 

exposure to an inhibitory steroid enhances the rate of onset of desensitization, predicts a steady 

decrease in current upon exposure to steroid and a steady recovery to the original current level 

when the application of steroid is terminated. We caution, however, that while the RADB model 

predicts distinct peak and sustained inhibition at all steroid concentrations, this was not 

consistently observed at high (30-50 µM) PS concentrations (Fig. 2B; right trace). Thus, there 

may be additional complexities in how PS inhibits the GABAA receptor. 

 Our calculations indicate that the parameters derived for the steady-state responses by 

fitting the RADB model are able to satisfactorily describe the concentration dependence of the 

transient peak inhibition, without any change in the parameters. The observation that PS and 

DHEAS share this qualitative pattern supports the idea that the steroids inhibit the α1β3γ2L 

GABAA receptor by the same mechanism. Experiments involving coapplications of PS and 

DHEAS indicate that the steroids interact with a common site or overlapping sites.  

 The transient rebound peak of activity upon the removal of steroid in the continued 

presence of GABA also would not be seen in the model postulating that steroids alter the rates 

for onset and/or recovery from desensitization. Instead, that model would predict a single 

exponential return to the steady-state level established in the presence of GABA alone. We note 

that the decline in activity from the transient rebound peak has a rate that is comparable to the 

onset of desensitization, as predicted by the RADB model. 

 It has been suggested previously that the mechanism of action of DHEAS may differ 

from that of PS, because of observations that DHEAS inhibits the GABA-elicited current in 

pituitary cells without altering the kinetics of desensitization (Hansen et al., 1999; Le Foll et al., 

1997). In contrast, we (Fig. 2A) and others (Demirgoren et al., 1991; Spivak, 1994) have 

reported faster apparent desensitization in the presence of DHEAS. Overall, our data support 

the conclusions that DHEAS and PS bind to a common site and block GABAA receptor function 

by the same mechanism.  
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 The value of the parameter W (=A/B) was arbitrarily constrained to 100 in our analysis. 

The occupancy of the blocked state in the absence of inhibitory steroid is likely very low 

although its precise value could not be determined. We note that a wide range of values for W 

could acceptably describe the effect of steroid. The PA at saturating steroid concentration is 

formally described by eq. 5, which for a strong inhibitory steroid such as PS applied in the 

presence of a saturating concentration of a strong agonist reduces to: 

 
A,[PS]

PS

1
P

1

W



e

  (24) 

 

Accordingly, pairs of W and e can describe the data as long as We = W'e'. Indeed, fitting the PS 

concentration-response curve with N constrained to 1 gave a value of ePS of 1.11 x 10-4 when W 

was constrained to 50 (WePS = 0.0055) and a value of ePS of 5.61 x 10-6 with W constrained to 

1000 (WePS = 0.0056). We note that this situation is also seen in the case of activation, in which 

the values for L and cX can be difficult to disentangle and essentially require measurements of 

constitutive activity in the absence of agonist and peak activity elicited by maximal agonist (Akk 

et al., 2018). 

 We note that an essential caveat exists, in that while the RADB model provides a 

description of block by PS and DHEAS that is better than that provided by the RAD model, there 

is no evidence indicating that it is globally the best description. In particular, there is an 

alternative model involving selective block of the active receptor: a two-step open-channel block 

(Lingle et al., 2001). This model also postulates an additional inactive (blocked), this state does 

not exist in the absence of blocker and hence more closely resembles an “induced fit” 

mechanism. We have argued against a simple open channel block mechanism because at a 

high concentration of blocker the inhibition is complete, whereas block by these inhibitory 

steroids is not complete at saturating concentrations. In the two-step process, however, the 

initial binding step does not result in block which reflects a resultant conformation change either 
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in the ligand, the receptor or a change in orientation of the association. Accordingly the block 

may not be complete even when binding is saturated. Modeling indicates that this model can 

also describe the data we have obtained, including the features of different peak and sustained 

levels of inhibition. 

 In sum, our data indicate that the inactive state induced by PS or DHEAS is a novel state 

that differs from the agonist-induced desensitized state. PS and DHEAS appear to share a 

mechanism and site of action, although it will require additional studies to determine whether 

other inhibitory steroids, particularly the uncharged 3β-OH steroids, act in this fashion. 
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LEGENDS FOR FIGURES 

 

Figure 1. The RADB model. The figure shows the kinetic scheme for the RADB model: a 

concerted transition, 4-state cyclic scheme with one active state. There are 2 identical sites for 

binding a hypothetical drug X. Due to the difficulty of seeing the individual transition between 

states, the scheme is broken into 5 sub-schemes: three for the paths between states with the 

same number of bound molecules of X and two for the binding steps between degrees of 

ligation. The arrows indicate the numerator and denominator of the ratio: the start state 

(numerator) is at the circle, the end (denominator) is at arrow head. The constants give the ratio 

of the probability of being in the starting state to that of the ending state, so X2R/X2A=Lc2 and 

X2A/XA=1/(cK/(2[X])). In the figure, the ratio K/[X] is given as K’. The highlighted ratios indicate 

the basic parameters of the scheme: L=R/A, Q=A/D, W=A/B, c=KX,A/KX,R, d=KX,D/KX,A and 

e=KX,E/KX,A. Detailed balance sets the requirement that two paths leading between the same two 

states must result in the same overall ratios. The boxed scheme shows the full 3-D kinetic 

scheme without equilibrium ratios. 

 

Figure 2. Inhibition of the α1β3γ2L receptor by sulfated steroids. (A) Comparison of 

apparent desensitization in the presence of 1 mM GABA, 1 mM GABA coapplied with 30 µM PS 

(upper panel) or 30 µM DHEAS (lower panel). The paired traces are from the same cells, and 

normalized to the peak response to GABA in the same cell. The fitted or weighted decay time 

constants are: 26 s (GABA) and 3.6 s (GABA + PS) in the upper panel, and 33 s (GABA) and 

1.3 s (GABA + DHEAS) in the lower panel. (B) Sample traces showing PS-induced inhibition of 

steady-state current elicited by 1 mM GABA. The inset indicates the time course of inhibition 

with peak and sustained effects shown with arrows. (C) Concentration-response relationships 

for PS- and DHEAS-induced inhibition of steady-state current elicited by 1 mM GABA. The data 

points show mean ± S.D. from 5-8 cells per condition. Each cell was exposed to a single 
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application of steroid. The curves were fitted with eq. 1. The fitted IC50s, values of nHill, and high-

concentration asymptotes are given in the text. 

 

Figure 3. Recovery from transmitter-induced desensitization and PS-induced inhibition.  

(A) The α1β3γ2L receptors were exposed to 1 mM GABA alone (top trace), or to a brief 

application of 1 mM GABA followed by a coapplication of GABA + 10 µM PS (bottom trace) for 

~5 min. This was followed by a 30-50 s washout in bath, and a test application of 1 mM GABA. 

(B) The graph shows fractional recovery from GABA-induced desensitization (open circles) or 

PS-induced inhibition. Fractional recovery was calculated as the ratio of peak responses to 1 

mM GABA after and before prolonged exposure to GABA or GABA + PS, with appropriate 

subtraction of the steady-state current. The line is the predicted curve generated by the best-

fitting exponential (81 ± 6 s) to the data. (C) The receptors were exposed to 1 mM GABA, 

followed by a coapplication of GABA + 3 µM PS (top) or GABA + 10 µM DHEAS (bottom), and 

subsequent return to GABA alone. The time courses of current response upon switch from 

GABA + steroid to GABA alone were fitted to sums of two exponentials (inset). For the trace in 

PS, the time constants were: 29 s (recovery) and 118 s (decay) while in DHEAS, the time 

constants were: 14 s and 29 s. (D) The graph compares recovery from steroid-induced inhibition 

and GABA-induced desensitization. The data points give mean ± S.D. from 5-8 cells per 

condition for recovery from PS- or DHEAS-induced inhibition at various steroid concentrations. 

The lines indicate mean (solid) ± S.D. (dashed) for recovery from GABA-induced desensitization 

from the fit shown in panel B. 

 

Figure 4. PA during peak and sustained inhibition by PS and DHEAS.  The graphs show the 

probability of being in the active state (PA) during sustained (open symbols) and peak effect 

(filled symbols) of PS (A) or DHEAS (B). The data points give mean ± S.D. from 5-8 cells per 

steroid concentration. The dashed line shows a fit of sustained inhibition data to eq. 12. The 
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fitted parameters are given in the text. The solid line was calculated using the RADB model (eq. 

21) in which equilibration between the desensitized and active states is slow compared to the 

onset of inhibition in the presence of steroid, and in which the initial peak inhibitory effect of a 

steroid is due to rapid transition of receptors from active to blocked state.  

 

Figure 5. Coapplication of PS and DHEAS.  The α1β3γ2L receptors were activated by 1 mM 

GABA. Upon reaching steady-state response, the cells were exposed to GABA + 10 µM DHEAS 

followed by a switch to GABA + DHEAS + 1 µM PS. The right panel shows a portion of the trace 

at the left (boxed in the left) at higher resolution. The dotted line shows holding current. The 

short solid lines marked as "distinct" or "same" indicate current levels predicted by models in 

which PS and DHEAS interact with distinct or same sites, respectively.  
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Parameter 

 

 

 

PS 

 

 

DHEAS 

 

τdesensitization at 30 µM (s) 

(control in same cells) 

 

 

4.1 ± 0.4 

(41 ± 12) 

 

2.3 ± 0.8 

(43 ± 12) 

 

IC50,peak (µM) 

 

 

0.26 ± 0.03 

 

1.01 ± 0.12 

 

nH,peak 

 

 

-0.73 ± 0.05 

 

-0.81 ± 0.06 

 

IC50,sustained (µM) 

 

 

1.45 ± 0.26 

 

11.4 ± 0.8 

 

nH,sustained 

 

 

-0.90 ± 0.11 

 

-1.51 ± 0.10 

 

K (µM) 

 

 

22.6 ± 3.6 

 

336 ± 25 

 

e 

 

 

6.2 × 10-5 ± 3.3 × 10-5 

 

6.2 × 10-5 * 

 

 

Table 1. Summary of properties of PS and DHEAS. The table provides the desensitization 

time constants in the presence of 30 µM steroid (τdesensitization), results of fits of steroid 

concentration-response data to the Hill equation (IC50 and nH), and results of fits to eq. 12 (K 

and e). * Constrained as described in Results. The numbers of cells are provided in text. 
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