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Abstract Certain endogenously occurring 3~-hydroxy- 
lated, 5-reduced pregnane steroids act at a specific site 
on the GABAA receptor complex (GRC) to modulate 
the effects of GABA at its receptor° Modulators that 
potentiate GABA at the GABAA receptor often pos- 
sess anxiolytic properties. The anxiolytic potential of 
four 5-reduced, 3c~, 20-pregnanediols, differing only in 
the stereochemical orientation of the steroid A-ring and 
the 20-hydroxyl group, were tested in the Vogel test fol- 
lowing intracerebroventricular (ICV) administration. 
The efl~cts of  these pregnanediols were compared to 
those of their 20-ketone analogues, 3~-hydroxy-5~- 
pregnan-20-one (3c~,5~-P) and 3~-hydroxy-5/%pregnan- 
20-one (3~,5/~-P). All four pregnanediols tested 
significantly enhanced punished drinking at doses 
ranging t~om 10 to 60 ~tg. The rank order of potency 
based on the minimum effective dose (MED) observed 
was 5c~-pregnan-3c~,20c~-diol = 5/~-pregnan-3~.,20~-diol 
> 5/~-pregnan-3~,20fl-diol > 5~-pregnan-3~,20/3-diol. 
3~,5/~-P and 3~:,5c~-P enhanced punished responding 
when administered at 2.5 and 5 gg, respectively. 3fl,5~- 
P which is inactive at the GRC was also inactive (up 
to 100 gg) in the Vogel test. The benzodiazepine con- 
trol diazepam was efficacious when administered at 
2.5 gg. 5~-Pregnan-3~,20~-diol was further tested in the 
mouse elevated plus-maze model following systemic 
administration where it was found to be active in a dose 
range of 10-40 mg/kg IR These results raise the pos- 
sibility that in addition to 3c~,5~-P and 3~,5fl-R some 
of their endogenously occurring pregnanediot metabo- 
lites may also influence physiological processes related 
to anxiety via the GRC. 
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Introduction 

Anxiolytic activity is found among the diverse classes 
of drugs that act on the ?-aminobutyric acida 
(GABAA)-receptor chloride channel complex (GRC) 
to potentiate the effects of GABA on chloride channel 
conductance. It is now known that certain neuro- 
steroids act specifically at the GRC to produce a 
variety of pharmacological effects, some of which 
appear to overlap those of the benzodiazepines (BZs), 
barbiturates, and certain GABA-mimetics. Sufficient 
evidence has now accumulated to suggest that these 
neuroactive steroids may be representatives of a 
novel class of ligands with high specificity for the 
GRC and the word "'epalons" (i.e., an psuedoacronym 
for epiallopregnanolone) has been proposed to define 
this class (for a review, see Gee et al. 1995). Thus 
based on functional criteria, epalons, including 
both naturally and synthetically derived steroids, act 
at a unique site(s) distinct from those for BZs and 
barbiturates, to modulate allosterically the effects of 
GABA at the GRC (Lan et al. 1990; Puia et al. 1990). 
These neuroactive steroids allosterically i nh i b i t  [35S]t- 
butylbicyclophosphorothionate ([35S]TBPS) binding, 
increase binding of the GABAA agonist [3H]muscimol 
to the GABA recognition site and enhance the affinity 
of [3H]flunitrazepan binding to the BZ site in brain 
membrane homogenates (Majewska et al. 1986; Gee 
et al. 1987, 1988; Harrison et al. 1987; Peters et al. 
1988). 
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Fig. 1 Metabolic pathway for 
the enzymatic conversion of 
progesterone to 3~-hydroxy- 
5~-pregnan-20-one and 
5~-pregnan-3e,20e-diol. The 
formation of the 5/~- and 
20/?-reduced isomers result 
from the action of 
5/~-reductase and 
20/~-hydroxysteroid- 
oxidoreductase, respectively 
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GRC-active 3c~-hydroxylated, 5~(/~)-pregnan-20-one 
steroids can be formed in brain via the action of specific 
reductase enzymes on progesterone (Corpechot 
et al. 1993). These neuroactive steroids can be further 
metabolized by 20-hydroxysteroid dehydrogenase to 
5/~-pregnan-3c~,20~-diol (5/~,3e,20e-diol) 5c~-pregnan- 
3e,20c~-diol (5c~,3~,20c~-diol), 5/?-pregnan-3c~,20/~- 
diol (5/~,3c~,20/3-diol) and 5e-pregnan-3cz,20//-diol 
(5c~,3c~,20/~-diol). As an example, the pathway for the 
endogenous formation of 5~,3~,20c~-diol from proges- 
terone is illustrated in Fig. 1. Like their GRC-active 
precursors, all four of the pregnanediols have the capa- 
bility of allosterically modulating [35S]TBPS and 
[3H]flunitrazepam binding to brain homogenates and 

36 potentiate Cl-uptake into brain synaptoneurosomes 
in manners consistent with GABA-mimetic pharma- 
cology (Belelli and Gee 1989; McCauley et al. 1995). 
Furthermore, two of these pregnanediols, 5~,3c~,20~- 
diol and 5/3,3~,20/3-diol appear to have limited efficacy 
in these in vitro assays. Coupled with evidence that 
the precursors to the pregnanediols, progesterone, 
3~-hydroxy-5c~-pregnan-20-one (3~,5~-P) and 3~- 
hydroxy-5/?-pregnan-20-one (3~,5/~-P), are anxiolytic 
in animal models (Rodriguez-Sierra et al. 1984; Bitran 
et al. 1991, 1995; Wieland et al. 1991), it is likely that 
these pregnanediols may also have anxiolytic proper- 
ties. Furthermore, the observation that some of these 
reduced steroids are also formed endogenously has 
raised the question of whether they play a role in the 
physiological regulation of anxiety via the GRC (Arafat 
et al. 1988). 

In the present study, the anxiolytic properties of four 
pregnanediols were compared to their metabolic 
precursors 3c~,5/~-P and 3~,5c~-P in the rat Vogel test 
(Vogel et al. 1971). 5~,3e,20~-Diol was further tested 
in the mouse elevated plus-maze (Pellow et al. 1985) 
model of anxiety. 

Materials and methods 

Male Sprague-Dawley rats ( -  300 g) were individually housed at 23 
_+ I°C under a normal 12-h light-dark cycle with free access to food 
and water except as indicated for the Vogel test. 

Intracerebroventricular cannulae implantation 

Guide cannulae (C313G, Plastic One, Roanoke, Va.) were asepti- 
cally implanted in the lateral ventricle (coordinates from Paxinos 
and Watson (1986): A = 0.9; L = 1.3; V = 3.3 mm from dura), 
under ketamine (Western Medical Supply, Arcadia, Calif.; 80 mg/kg 
IP) and xylazine (Western Medical Supply; 10 mg/kg IP) anesthe- 
sia. Rats were allowed to recover for 1 week followed by training 
for the Vogel test (Vogel et al. 1971). The intracerebroventricular 
(ICV) route of administration was chosen initially to limit the 
influence of absorption barriers and metabolic degradation on drug 
response. All steroids and BZs used in the present study were 
obtained from CoCensys (Irvine, Calif., USA) and Sigma (St Louis, 
Mo., USA), respectively. 

Rat Vogel test 

A slightly modified version of the Vogel procedure was used. Briefly, 
the rats were trained for 3 days and the test was performed on day 
4 only. Rats had no access to water at 1600 hours on day 1 and 
limited access to water (1300 1600 hours) on days 2 and 3. On the 
morning of day 2, rats were exposed to the test cage (Anxiomonitor, 
Omnitech Electronics, Columbus, Ohio, USA) and were allowed to 
drink freely for 10 min (i.e., the pre-test). The number of licks and 
time spent in the cage before drinking (i.e., delay) were recorded. 
Rats that did not drink within t0 rain were not included in this 
study. Rats that drank in the pre-test were assigned randomly to a 
vehicle control or drug treatment groups consisting of at least eight 
rats per group. The average number of licks and the average delay 
were not significantly (by analysis of variance) different among the 
groups. Rats were tested on day 4. Drugs were dissolved by soni- 
cation in 60% hydroxypropyl-7-cyclodextran (RBI, Natick, Mass.) 
in normal saline at a concentration of 4 mg/ml and then diluted 
with the same vehicle according to the dose to be administered. The 



drug vehicle or test drug was injected ICV. Rats received 10 gl injec- 
tions over 6 rain while in their home cage using an electric pump 
driven 25 gl Hamilton syringe (Stoelting, Wood Dale, Ill., USA). 
Two minutes later, rats were exposed to the test cage where they 
received a 0.8 mA shock for every 25 licks. Rats were left in the 
cage for 10 rain after the first lick. The number of licks and the 
delay were recorded. Separate groups of rats were tested for each 
drug dose or vehicle. Data were expressed as the number of licks 
during the 10-rain period following the first lick. Data analysis uti- 
lized the t-test for comparisons between a drug dose and its own 
vehicle control. Comparisons between several drug doses and a com- 
mon vehicle conUcol utilized ANOVA followed by Dunnett's t-test 
for post-hoc comparisons. The minimum effective dose (MED) was 
defined as the lowest dose above a no-effect dose showing a statis- 
tically (t-test) significant difference from vehicle controls. 

Mouse elevated plus-maze 

Male NIH Swiss-Webster mice weighing 20 30 g were used in this 
model of anxiety. Animals were housed in groups of four at 
23 ° _+ I°C under a 12-h light-dark cycle with free access to food 
and water. Drugs were micronized and suspended in a solution con- 
taining 0.35 % hydroxypropylmethylcellulose (Sigma), 4.0% Tween- 
80 (Sigma), and normal saline. The method used was described 
previously (Pellow et al. 1985). The apparatus included two open 
arms perpendicular to two enclosed arms elevated 50 cm from the 
floor. Each arm was 50 cm long and the walls of the enclosed arms 
were 40 cm tall. The maze was made completely of black Plexiglas. 
Incandescent 200 W light bulbs were positioned above each of the 
open arms to produce a strong contrast between the open arms and 
the enclosed arms. 

Ten minutes after an IP injection, the mice were placed in the 
center of the plus-maze facing an open arm. During the 5-min test 
period, the number of entries onto the open arms and the enclosed 
arms, and the time spent in the open arms and enclosed arms were 
recorded. All four paws had to be within an arm tbr the dependent 
variable to be measured. Therefore, the time spent in the center of 
the maze is not counted, so the total spent in the open arms and 
the enclosed arms may not equal 5 rain. All observations were made 
by the same observer who was blinded regarding treatment condi- 
tions. Dunnett's t-test was used for comparisons between drug and 
vehicle control groups. 

Chemical structure 

Figure 2 illustrates the structural relationships between the GRC- 
active steroids used in this study. All the neurosteroids tested belong 
to two groups with different chemical composition. They either have 
20-ketone or 20-hydroxyl substituents. The remaining difl~rences 
are stereochemicaL in that the orientation of the 5-H, 3-hydroxyl 
and 20-hydroxyl groups is either cz or /L The hydrogen group in 
position 5 determines the orientation of the steroid A-ring relative 
to the B ring. 

Results 

N o n e  o f  the drugs  at the  doses  tested had  any  
significant effect on  u n p u n i s h e d  d r ink ing  (da ta  no t  
shown).  3c~,50~-P increased pun i shed  d r ink ing  at b o t h  
5 and  10 gg bu t  ha d  no  effect at  a dose  o f  2.5 pg 
(Fig. 3A). The  5/? i somer  37,5/?-P was m o r e  p o t e n t  as 
it was able signif icantly to  increase pun ished  d r ink ing  
at a dose  o f  2.5 ~tg (Fig. 3B). 3/?,5~-R a steroid tha t  is 
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Fig. 2 Chemical structures of the various GRC-active neurosteroids 
tested 

inact ive at  the G R C ,  d id  no t  show any  effect in the 
Vogel test when  injected at doses  u p  to  100 gg  (Fig. 3C). 
For  the posit ive con t ro l  d iazepam,  the dose  o f  2.5 pg 
I C V  p r o d u c e d  a significant increases in pun i shed  dr ink-  
ing (Fig. 3D). In  cont ras t ,  1 gg d i a z e p a m  was inactive, 
thus suggest ing that  its M E D  u n d e r  the cond i t ions  used 
was be tween  1 and  2.5 gg. The  effects (i.e., pe rcen tage  
o f  vehicle con t ro l  l icking) reached  at the h ighes t  doses  
o f  3c~,5e-P and  3~,5/?-P tested were greater  t han  tha t  
fo r  d iazepam.  

The  effects o f  the four  p regnaned io l s  in the Vogel 
test are shown in Fig. 4. Based  on  a p p a r e n t  M E D s ,  
two o f  four  p regnaned io l s  were approx ima te ly  equ ipo-  
tent  in this test. 5c~,3~,20c~-Diol and  5/?,3c~,20~-diol 
significantly e n h a n c e d  pun i shed  d r ink ing  at a dose  o f  
10 ~g, whereas  5/?,3~,20/?-diol was active at  20 gg  
(Figs. 4A,  4B and  4C, respectively). In  cont ras t ,  
5~,3e,20/?-diol (Fig. 4D)  e n h a n c e d  pun i shed  d r ink ing  
only  at the highest  dose  tested o f  60 ~tg. T h e  m o s t  
po ten t  (i.e., based  on  m o d u l a t i o n  [35S]TBPS binding)  
pregnanedio l ,  5~,3c~,20c~-diol, was chosen  for  evalua-  
t ion  in the m o u s e  elevated plus  maze.  The  posi t ive 
control ,  ch lord iazepoxide ,  was act ive at 10 m g / k g ,  
5c~,3e,20c~-Diol was  also systemical ly active at doses as 
low as 5 m g / k g  I P  (Table 1). 

Discussion 

I t  is n o w  well established tha t  rat  bra in  and  p i tu i ta ry  
can  metabo l ize  p roges te rone  to  5c~-reduced p roduc t s  
(Karavolas  et al. 1984). A4-5~-Reductase catalyzes 
the r educ t ion  o f  p roges te rone  to 5~-preganane-3 ,20-  
d ione  (5~-hydroxy-proges te rone)  which  in tu rn  can  be 
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Fig. 3A-D The effects of 3c~-hydroxy-5c~-pregnan-20-one A, 3~- 
hydroxy-5fl-pregnan-20-one B, 3fl-hydroxy-5~-pregnan-20-one C, 
and diazepam D in the Vogel test. Columns represent punished 
drinking expressed as the number  of licks in the 10-rain period fol- 
lowing the first lick. Rats received a shock of 0.8 mA every 25 licks. 
Each column in the mean + SE of the results obtained from at least 
eight rats. *P < 0.05 and **P < 0.01, by t-test or Dunnet t ' s  t-test 
where appropriate 

¢ 

Fig. 4A-D The effects of 5c~-pregnan-3~,20~-diol A, 5fi-pregnan- 
3~,20~-diol B, 5fi-pregnan-3e,20fi-diol C, 5~-pregnan-3~,20fl-diol D 
in the Vogel test. Columns represent punished drinking expressed 
as the number  of licks in the 10-rain period following the first lick. 
Rats received a shock of 0.8 mA every 25 licks. Each column 
in the mean _+ SE of the results obtained from at least eight 
rats. *P < 0.05 and **P < 0.01, by t-test or Dunnett ' s  t-test where 
appropriate 
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Table 1 The effect of 5~.-pregnan-3c~,20c~-diol (5c~,3¢q20R-diol) and 
chlordiazepoxide on the percentage of entries into the open-arm 
and the percentage of time spent in the open-arm expressed as the 
mean _+ SE in the mouse elevated plus-maze. Number mice tested 
at each dose was 10 

Drug Dose (mg/kg, IP) % Open entries % Time 

Vehicle 0 20.9 + 5.1 I2.4 + 4.3 
5c~,3¢,20c~-diol 5 48.4 _+ 6.8** 36.6 + 8.6* 

10 40.5 + 5.6* 33.2 + 7.2 
Chlordiazepoxide 10 64.3 _+ 5.1"* 61.8 + 7.1"* 

Values for 5~,3~,20~-diol and chlordiazepoxide are significantly 
different from vehicle at *P<0.05 and **P<0.01 level of 
significance or greater by Dunnett 's t-test 

further reduced by a 3c~-hydroxysteroid-dehydrogenase 
to 3~,5~-R Via an alternative route, progesterone can 
be converted by a 20cz-hydroxysteroid-dehydrogenase 
to 20~-hydroxypregn-4-en-3-one (20c~-dihydroproges- 
terone) which in turn can be reduced by a A4-50~ - 
reductase to 20c~-hydroxy-5c~-pregnan-3-one. A final 
conversion to 5~,3~,20~-diol is catalyzed by 30~- 
hydroxysteroid-dehydrogenase. It has been recently 
demonstrated that brain conversion of progesterone to 
3c~,5c~-P occurs in neurons and astrocytes (Kabbadj 
et al. 1993). Indeed, the anxiolytic effect of proges- 
terone in animal models is now known to be mediated 
by GRC-active metabolites of progesterone (Bitran 
et al. 1995). Collectively, these observations have fueled 
speculation that the GRC-active neurosteroids may 
play physiological roles as modulators of neuronal 
excitability under certain physiological conditions such 
as stress when levels are sufficient to influence GRC 
function (Paul and Purdy 1992). The in vivo pharma- 
cology of further reduced metabolites of 3cz,5c~-P and 
3~,5fl-P have not been investigated in this regard. The 
present study provides preliminary evidence that the 
20-reduced analogues of 3~,5c~-P and 3c~,5fi-P have anx- 
iolytic activity in two rodent models of anxiety. 

The Vogel test is a relatively simple behavioral test 
for detecting anticonflict properties of drugs (Vogel 
et al. 1971). Its validity in our hands was supported in 
part by the observation that diazepam produced a 
significant increase in punished responding whereas the 
GRC-inactive neurosteroid 3fi,5~-P did not. The ICV 
route of administration was chosen for the initial com- 
parative studies between the pregnanediols because of 
certain advantages. First, ICV administration maxi- 
mizes the amount of active steroid at the site of action 
since all of the steroids tested have hydroxyl groups in 
position 3 which render them highly susceptible to 
rapid liver metabolism (i.e., rapid conjugation and 
excretion). Second, these neuroactivesteroids have very 
low water solubility, and thus would be insoluble at the 
doses required for systemic administration. Third, ICV 
injection allows detection of drug effects using rela- 
tively small quantities of drug when compared to 
the amounts required for systemic administration. 

Nevertheless, some of the steroids tested have already 
been shown to have anxiolytic activity when systemi- 
cally administered (Wieland et al. 1991, 1995). 

Both 3c~,5/~-P and 3cz,5c~-P increased punished drink- 
ing with greater effect than diazepam in the Vogel test. 
3c~,5/3-P was equipotent to diazepam based on appar- 
ent MEDs. The steroid effect observed was 
stereospecific in that 3/~,5~-R the GRC-inactive steroid, 
did not produce any statistically significant anticonflict 
effect at doses up to 100 gg. This is consistent with 
the relative anxiolytic potency and efficacy of these 
epimers previously reported for other animal models 
of anxiety (Bitran et al. 1991). The four endogenously 
occurring pregnanediols were also active but less potent 
than their precursors in enhancing punished drinking 
with MEDs in the range of 10-20 ~tg. Systemically, 
5~,3~,200~-diol was also active in the mouse elevated 
plus-maze, a nonpunished conflict model of anxiety. 
This particular pregnanediol was chosen out of the four 
evaluated in the Vogel test because it has the greatest 
in vitro potency and is thus the most likely to yield an 
unequivocal response upon systemic administration. It 
is possible that the effects of the pregnanediols at the 
GRC are mediated by back conversion to their respec- 
tive ketones. HoweveL the latency to onset of action of 
these steroids in other functional assays (e.g., synap- 
tosomal 36C1- uptake and GABA-gated CF channel 
conductance as measured by patch clamp methods) is 
in the second to millisecond time frame which renders 
such a possibility unlikely if the hypothesis that their 
anxiolytic effects are mediated by the GRC proves to 
be cogent (Peters et al. 1988; Belelli et al. 1989). 

In conclusion, preliminary behavioral data indicate 
that both the 5-reduced-pregnan-3~-ol-20-one steroids 
and their corresponding pregnanediols are capable of 
producing robust anxiolytic effects in the models tested. 
Under physiological conditions, plasma levels of 
5c~,3c~,200~-diol are in the 75 nM range (Ichikawa et al. 
1974) during estrus and early diestrus phases of the rat 
estrous cycle. When compared to the apparent ICs0 
value of 69 nM in vitro as a modulator of [35S]TBPS 
binding to the GRC (McCauley et al. 1995), it is plau- 
sible that physiological levels of 5~,3c~,20~-diol alone 
are sufficient to potentiate GABA-action on chloride 
channel conductance. These data suggest that if 
sufficient levels of both the 5-reduced-pregnan-3~-ol- 
20-one steroids and their further-reduced metabolites 
are achieved in the brain, they may play an anxiolytic 
role mediated by the GRC. 
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