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Abstract

Time profiles of the pregnanolone isomers epipregnanolone (3f-hydroxy-5 B-pregnan-20-one), allopregnanolone (3a-hydroxy-5o-
pregnan-20-one), pregnanolone (3u-hydroxy-5B-pregnan-20-one), and isopregnanolone (3B-hydroxy-5a-pregnan-20-one) were
measured around parturition and in the postpartum period in the serum of 13 and three women with subarachnoidal and epidural
analgesia, respectively. In addition, the levels of polar conjugates of all pregnanolone isomers were followed during parturition.
GC/MS analysis was used for the measurement of steroid levels. Changes in concentrations of free steroids exhibited a similar
pattern, with a fall primarily within the first hour after delivery. The decrease in conjugated steroids was shifted to the interval
within the first hour and first day after delivery, and the changes were more pronounced. The time profile of the conjugated/free
steroid ratio exhibited a significant decrease within the first hour and the first day after delivery in all of the isomers investigated.
A decrease was also observed in the ratio of 3o/3p-isomers and So/5B-isomers around parturition. The possible physiological
consequences of the findings are indicated. © 2001 Elsevier Science Ltd. All rights reserved.
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neurotransmitter receptors influencing the permeability
of ion channels [1-7], and some also act at proges-
terone receptors [8,9]. Epipregnanolone sulfate has been
reported in Xenopus laevis oocytes as a competitor of
pregnenolone sulfate [10] known to act as activator of
the membrane N-methyl-D-aspartate (NMDA) recep-
tors regulating the permeability of calcium channels

1. Introduction

The role of some neuroactive steroids has recently
been evaluated in connection with the onset of parturi-
tion. These are effective primarily as modulators of the

Abbreviations: AlloPal, allopregnanolone (3u-hydroxy-5a-pregnan-
20-one); AlloPalC, conjugated allopregnanolone; EpiPal, epipreg-
nanolone (3p-hydroxy-5B-pregnan-20-one); EpiPalC, conjugated
epipregnanolone; GABA, y-aminobutyric acid; GC/MS, gas chro-
matography/mass spectrometry; HPLC, high performance liquid
chromatography; IsoPal, isopregnanolone (3B-hydroxy-5a-pregnan-
20-one); IsoPalC, conjugated isopregnanolone; NMDA, N-methyl-D-
aspartate; Pal, pregnanolone (3a-hydroxy-5B-pregnan-20-one); PalC,
conjugated pregnanolone.
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[4,5,10].

The well-known activating effect of pregnanolone
isomers on y-aminobutyric acid (GABA) receptors can
be reversed by their sulfatation at position C-3 [11]. A
precursor of pregnanolone isomers, progesterone, de-
creases near parturition. As Leng and Russell [12] have
previously suggested, a decrease in the levels of preg-
nanolone isomers (which are also produced by placenta
[13,14]) could trigger the production of oxytocin [15~
17], thus resulting in a rapid delivery.
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In this study the authors investigated the time profi-
les of all of the isomers of pregnanolone, i.e. epipreg-
nanolone  (3B-hydroxy-5B-pregnan-20-one, EpiPal),
allopregnanolone (3a-hydroxy-5a-pregnan-20-one, Al-
loPal), pregnanolone (3a-hydroxy-5p-pregnan-20-one,
Pal), and isopregnanolone (3B-hydroxy-5a-pregnan-20-
one, IsoPal), around parturition. The primary aim was
to evaluate patterns in the time profiles of preg-
nanolone isomers—including their polar conjugates
(the mixture of sulfates and glucuronides)—in maternal
and umbilical serum during parturition and postpar-
tum. To evaluate the differences in the production of
individual pregnanolone isomers, differences in their
time profiles and in those of their polar conjugates
around delivery were investigated. The following ques-
tions were addressed:

1. What are the changes in serum levels of preg-
nanolone isomers and their polar conjugates during
parturition?

2. Are there any changes in the proportions of the 3a-
and 3B-isomers or their polar conjugates?

3. Are there any changes in the proportions of the Sa-
and 5B-isomers or their polar conjugates?

4. Are there any changes in the proportions of conju-
gated and unconjugated pregnanolone isomers
around parturition?

2. Experimental
2.1. Subjects

The patient group consisted of 16 women at delivery,
of whom 13 were treated with subarachnoidal and three
with epidural analgesia. Both types of analgesia have
been reported in detail elsewhere [18].

Informed written consent was obtained from all of
the subjects both for the collection and utilization of
the samples.

2.2. Sample collection

The blood samples for the experiment were collected
in five stages during parturition and in the postpartum
period. The first stage named ‘cervical dilatation 3 cm’
was characterized by a diameter of the Os uteri of 3—4
cm. The border that remained of the Os uteri after 30
min from the ‘cervical dilatation 3 cm’ stage, when the
cervical dilatation reached a diameter of 10—11 cm,
identified the second stage, named ‘cervical dilatation
11 ¢m’. The third, fourth and fifth stages, named ‘1
hour after’, ‘1 day after’ and ‘5 days after’ respectively,
corresponded to samples collected after lapses of 1 h, 1
day and 5 days from delivery. Each sample was col-
lected in a cooled plastic tube containing 100 wl 5%
EDTA and 50 pl aprotinin (Antilysin from Spofa,

Prague, Czech Republic). The serum was obtained us-
ing centrifugation for 5 min at 2000 x g at 0 °C. The
samples of serum were stored at —20 °C until
analyzed.

2.3. Steroids and chemicals

The non-radioactive steroids and their conjugates
were from Steraloids (Wilton, NH, USA). The solvents
for extraction and high performance liquid chromatog-
raphy (HPLC), and pyridine, were of analytical grade,
from Merck (Darmstadt, Germany). The derivatization
agent Sylon BFT was purchased from Supeico (Belle-
fonte, PA, USA).

2.4. Instruments

The gas chromatography/mass spectrometry (GC/
MS) system was supplied by Shimadzu (Kyoto, Japan).
The system consisted of a GC 17A gas chromatograph
equipped with automatic flow control, AOC-20 au-
tosampler and for the MS a QP 5050A quadrupole
electron-impact detector with a fixed electron voltage of
70 eV. The liquid scintillation spectrometer was sup-
plied by Beckmann Instruments, (Fullerton, CA, USA).

2.5. Analytical methods

The pregnanolone isomers EpiPal, AlloPal, Pal, and
IsoPal, and their polar conjugated analogues (EpiPalC,
AlloPalC, PalC, and IsoPalC), were measured using the
GC/MS analysis described elsewhere [18].

2.6. Statistical evaluation of the data

For the evaluation of changes in the time profiles,
two-way ANOVA was used with stage and subject as
the factor 4 and B, respectively. Tukey interaction
between the factors was not included in the model. For
hypothesis testing it is strictly assumed that the model
error is normally and independently distributed with a
mean of zero and variance ¢2, i.e. a homoscedasticity
or a constant variance throughout the level treatments.
Prior to statistical hypothesis testing, the data under-
went power transformation to stabilize the group vari-
ances and to approximate a normal distribution of the
data [19] The group means calculated from the trans-
formed data with their lower and upper limits of confi-
dence intervals were re-transformed to the original
scale, and the values thus obtained were used for a
graphical demonstration of the time profiles. The re-
transformed mean values were close to the medians and
their confidence intervals were more or less asymmetri-
cal, reflecting the skewness of the original data. Individ-
ual differences between the stages were evaluated by the
use of the least significant difference multiple compari-
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Fig. 1. Time profiles of pregnanolone isomers and their polar conjugates (mixture of sulfates and glucuronides) in maternal serum during
parturition. The squares with whiskers represent group mean values with 95% confidence intervals calculated using the least significant difference
multiple comparison. Asterisks denote the statistical significance (***P < 0.001, ****P < 0.0001) of the differences in all stages around parturition.
Clamps denote groups with insignificant differences between mean values. (For statistical treatment see Section 2.6).
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son. Statistical computations were performed using
Statgraphics Plus 3.3 (Manugistics Rockville, MA,
USA) statistical software.

3. Results

3.1. Time profiles of free steroids

All of the pregnanolone isomers exhibited significant
changes during parturition and postpartum. More pro-
nounced changes were found in Sa-isomers (Fig. 1).

3.2. Profiles of conjugated steroids

The changes in the levels of conjugated pregnanolone
isomers are demonstrated in Fig. 1. The shapes of the
profiles for the conjugates differed from those for their
non-conjugated analogues. While in the free steroids
the major change was observed during labor and 1 hour
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Fig. 2. Time profiles of the index I, characterizing the overall
3a-/3B-isomer ratio of pregnanolone (free steroids: panel A, conju-
gates: panel B) in maternal serum during parturition. The squares
with whiskers represent group mean values with 95% confidence
intervals. Asterisks denote the statistical significance (*P < 0.05) of
the differences in all stages around parturition. Clamps denote groups
with insignificant differences between mean values. (For statistical
treatment see Section 2.6).

after delivery, the change in the conjugates was most
prominent over the first day postpartum. The levels of
AlloPalC and EpiPalC remained constant, while a ten-
dency to decrease was found in the levels of IsoPalC
and PalC during the cervical dilatation 3 and 11 cm
stages. For PalC, this decline even reached statistical
significance.

3.3. Time profiles of the 3x-/3p-isomer ratio

Changes in the 3o-/3B-isomer ratio were evaluated
using the index /¢, defined as the square root of the
ratio of the product of 3a-isomers to the product of
3p-isomers (Eq. (1), Fig. 2):

AlloPal-Pal
leasn = | Epipal TsoPal v

The square root was used to approach the same scale as
in the comparison of the two steroids. The formulation
mentioned above enables a simple notion of how many
times the levels of 3a-isomers exceed those in 3p-iso-
mers regardless of the configuration in the C-5 position.

The free 3a-/3B-isomer ratio continually decreases,
primarily in the cervical dilatation 3 cm stage and
during the first day after delivery (Fig. 2A). The situa-
tion in the conjugated steroids is different (Fig. 2B).
The decline, as evaluated by ANOVA, is below the level
of significance. However, a least significant difference
multiple comparison revealed a significant decrease at
the cervical dilatation 3 and 11 c¢m stages.

3.4. Time profiles of the 5x-/5f-isomer ratio

Changes in the 5q-/5B-isomer ratio were evaluated
using the index I, defined as the square root of the
ratio of the product of 5u-isomers to the product of
5B-isomers (Eq. (2)):

AlloPal-IsoPal
le s = |[—————— 2
3«6/ Epipal-Pal @

A significant decrease was-found in the free 5a-/5p-iso-
mer ratio in the first hour and the first day after
delivery (Fig. 3A); a similar situation was found in the
conjugates (Fig. 3B).

3.5. Time profile of the conjugates|free pregnanolone
isomer ratio

Overall changes in the conjugated/free steroid ratio
were evaluated using the index J pnjug e defined as the
fourth root of the ratio of the product of the conjugates
to the product of the free steroids (Eq. (3)):
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Fig. 3. Time profiles of the index Ic s, characterizing the overall
5a-/5B-isomer ratio of pregnanolone (free steroids: panel A, conju-
gates: panel B) in maternal serum during parturition. The squares
with whiskers represent group mean values with 95% confidence
intervals. Asterisks denote the statistical significance (***P < 0.001,
*P < 0.05) of the differences in all stages around parturition. Clamps
denote groups with insignificant differences between mean values.
(For statistical treatment see Section 2.6).
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Fig. 4. Time profiles of the index I,,,jug sivee Characterizing the overall
conjugated/free isomer ratio of pregnanolone in maternal serum
during parturition. The squares with whiskers represent group mean
values with 95% confidence intervals. Asterisks denote the statistical
significance (***P < 0.001, *P < 0.05)-of the differences in all stages
around parturition. Clamps denote groups with insignificant differ-
ences between mean values. (For statistical treatment see Section 2.6).

As shown in Fig. 4, no changes were observed within
the cervical dilatation 3 cm stage or during the first
hour after delivery. A significant change was found in
the first hour and the first day after labor. As is evident
from Fig. 4, the conjugate/free steroid ratio decreases
to about 1/5 of the levels observed close to labor by the
fifth day after delivery.

4. Discussion

The discovery of the effect of allopregnanolone
down-regulating production of oxytocin during gravid-
ity [12,20-22] and the finding of changes in GABA
receptor affinity to AlloPal during pregnancy and the
lactation period [15,16], resulted in an increased interest
on the part of investigators in the role of neuroactive
steroids in human reproduction. Recently, the impor-
tance of the polar conjugates of pregnanolone isomers
has grown as a consequence of the discovery of retro-
gression in the effect of GABA-receptor steroid activa-
tors after their sulfatation on C-3 hydroxyl [11]. In this
connection, the investigation of changes in the levels of
neuroactive steroids around parturition suggests itself;
the current lack of available information is particularly
obvious for pregnanolone isomers and their conjugates.
Recently, results have been reported on the relationship
between levels of pregnanolone isomers and their polar
conjugates in maternal and umbilical serum at delivery
[18]. The serum levels of AlloPal during pregnancy and
at delivery were measured by Luisi et al. [23]. The
authors’ aim in the present study was to describe the
time changes in the levels of all pregnanolone isomers
and their polar conjugates in maternal serum during
parturition and postpartum. Particular attention was
paid to changes in the relative proportions of 3a- and
3p-isomers and of S5a- and 5B-isomers, and to the
conjugated/free isomer ratio.

The decrease in the levels of pregnanolone isomers
that activates GABA receptors during parturition is in
advance of the decline in their conjugates that has a
negative modulating effect (Fig. 1). The question is
whether the fall of the levels of steroids attenuating the
activity of oxytocin producing cells while concurrently
maintaining the levels of their sulfated antagonist could
influence the initiation and/or the course of parturition
via hypothalamic oxytocin production cells or on the
peripheral level. It is known that the sulfatation of
3a-pregnanolone isomers reverses the positive modulat-
ing effect on GABA receptor activity [11]. Moreover,
the role of GABA receptors in the timing of parturition
in rats has been reported [12,15-17].

The proportions of 3a- and 3B-isomers decreased
continually, particularly in the stages near delivery.
Given the GABA-activating effect of both of the 3a-
isomers, the decreasing 3a-/3B-isomer ratio accompany-
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ing the decrease in levels of all pregnanolone isomers
may be connected to the low physiological requirement
for GABA activators after the onset of parturition.

A time change in the proportions of both free and
conjugated 5a- and 5B-isomers that was even more
pronounced than that in the 3a-/3B-isomer ratio was
found, especially marked during the first day after
delivery. The decrease in the Su-/5B- ratio may be of
interest in the context of the different influences of
conjugated 5u- and 5B-pregnanolone isomers on
NMDA receptor function [24]. While conjugated S5a-
isomers potentiate NMDA receptors (which are present
both in CNS and peripherally [25,26]), 5B-isomers exert
an inhibitory effect [24]. The question is whether the
higher levels of conjugated So-isomers in the earlier
stages of parturition (relative to those in the postpar-
tum period) could positively influence the onset and
course of parturition at least at a peripheral level. A
parallel effect might be expected from pregnenolone
sulfate, levels of which are also substantially elevated in
maternal serum near delivery [27].

The fall in the conjugated/free steroid ratio during
the first day after delivery may be of importance. This
pattern of change was found in all of the individual
pregnanolone isomers. The question arises as to
whether the elevated activity of sulfotransferase invert-
ing the effect of GABA-activators [11] could be con-
nected to the initiation and course of parturition.
Further evaluation of the conjugated/free pregnanolone
isomer ratio (particularly as applied to 3o-isomers) in
the interval of several days before the onset of parturi-
tion could usefully contribute to answering this
question.

Acknowledgements

This study was supported by grants nos. IGA 5398
and IGA 4844 of the Internal Grant Agency of the
Czech Ministry of Health, and by grant 303/00/1559 of
the Grant Agency of the Czech Republic. The authors
also wish to express their thanks for the support pro-
vided by the Shimadzu Corporation.

References

[1] M.D. Majewska, Steroid regulation of the GABAA receptor:
ligand binding, chloride transport and behaviour, Ciba Found.
Symp. 153 (1990) 83-97.

[2]1 M.D. Majewska, S. Demirgoren, E.D. London, Binding of preg-

nenolone sulfate to rat brain membranes suggests multiple sites

of steroid action at the GABAA receptor, Eur. J. Pharmacol.

189 (4-5) (1990) 307-315.

M.D. Majewska, S. Demirgoren, C.E. Spivak, E.D. London,

The neurosteroid dehydroepiandrosterone sulfate is an allosteric

antagonist of the GABAA receptor, Brain Res. 526 (1) (1990)

143--146.

[3

—

[4] F.S. Wu, T.T. Gibbs, D.H. Farb, Pregnenolone sulfate: a posi-
tive allosteric modulator at the N-methyl-D-aspartate receptor,
Mol. Pharmacol. 40 (3) (1991) 333-336.

[5] R.P. Irwin, N.J. Maragakis, M.A. Rogawski, R.H. Purdy, D.H.
Farb, S.M. Paul, Pregnenolone sulfate augments NMDA recep-
tor mediated increases in intracellular Ca2 + in cultured rat
hippocampal neurons, Neurosci. Lett. 141 (1) (1992) 30-34.

[6] J.E. Hawkinson, M. Acosta-Burruel, C.L. Kimbrough, D.B.
Goodnough, P.L. Wood, Steroid inhibition of [PH]SR 95531
binding to the GABAA recognition site, Eur. J. Pharmacol. 304
(1-3) (1996) 141-146.

[7} P. Poisbeau, P. Feltz, R. Schlichter, Modulation of GABAA

receptor-mediated IPSCs by neuroactive steroids in a rat hypo-

thalamo-hypophyseal coculture model, J. Physiol. (Lond.) 500

(2) (1997) 475-485.

R. Rupprecht, B. Berning, C.A. Hauser, F. Holsboer, J.M. Reul,

Steroid receptor-mediated effects of neuroactive steroids: charac-

terization of structure—activity relationship, Eur. J. Pharmacol.

303 (3) (1996) 227-234.

[9] C.D. Putnam, D.W. Brann, R.C. Kolbeck, V.B. Mahesh, Inhibi-
tion of uterine contractility by progesterone and progesterone
metabolites: mediation by progesterone and gamma amino bu-
tyric acid A receptor systems, Biol. Reprod. 45 (2) (1991) 266-
272.

[10] M. Park-Chung, F.S. Wu, R.H. Purdy, A.A. Malayev, T.T.
Gibbs, D.H. Farb, Distinct sites for inverse modulation of
N-methyl-D-aspartate receptors by sulfated steroids, Mol. Phar-
macol. 52 (6) (1997) 1113-1123.

[11] M. Park-Chung, A. Malayev, R.H. Purdy, T.T. Gibbs, D.H.
Farb, Sulfated and unsulfated steroids modulate gamma-
aminobutyric acid A receptor function through distinct sites,
Brain. Res. 830 (1) (1999) 72-87.

[12] G. Leng, J.A. Russell, Coming to terms with GABA, J. Physiol.
(Lond.) 516 (2) (1999) 6.

[13] L. Milewich, N.F. Gant, B.E. Schwarz, G.T. Chen, P.C. Mac-
Donald, 5 Alpha-reductase activity in human placenta, Am. J.
Obstet. Gynecol. 133 (6) (1979) 611-617.

[14] R.A. Dombroski, M.L. Casey, P.C. MacDonald, 5-Alpha-dihy-
droprogesterone formation in human placenta from 5-alpha-
pregnan-3-beta/alpha-ol-20-ones and 5-pregnan-3-beta-yl-20-one
sulfate, J. Steroid Biochem. Mol. Biol. 63 (1-3) (1997) 155-163.

[15] A.B. Brussaard, K.S. Kits, R.E. Baker, et al., Plasticity in fast
synaptic inhibition of adult oxytocin neurons caused by switch in
GABA(A) receptor subunit expression, Neuron 19 (5) (1997)
1103-1114.

[16] A.B. Brussaard, P. Devay, J.L. Leyting-Vermeulen, K.S. Kits,
Changes in properties and neurosteroid regulation of GABAer-
gic synapses in the supraoptic nucleus during the mammalian
female reproductive cycle, J. Physiol. (Lond.) 516 (2) (1999)
513-524.

[17] A.B. Brussaard, J. Wossink, J.C. Lodder, K.S. Kits, Proges-
terone-metabolite prevents protein kinase C-dependent modula-
tion of gamma-aminobutyric acid type A receptors in oxytocin
neurons, Proc. Natl. Acad. Sci. USA 97 (7) (2000) 3625-3630.

[18] M. Hill, A. Pafizek, M. Bi¢ikova, et al., Neuroactive steroids,
their precursors, and polar conjugates during parturition and
postpartum in maternal and umbilical blood: 1. Identification
and simultaneous determination of pregnanolone isomers, J.
Steroid Biochem. Mol. Biol. 76 (2-3) (2001) 237-244.

[19] M. Meloun, J. Militky, M. Forina, Chemometrics for Analytical
Chemistry, vol. 1, Ellis Horwood, Chichester, UK, 1992, p. 70
PC-Aided Statistical Data Analysis.

[20] G. Leng S. Mansfield R.J. Bicknell et al., Central opioids: a
possible role in parturition? J. Endocrinol. 106 (2) (1985) 219-
224.

[21] G. Leng, S. Mansfield, R.J. Bicknell, et al., Stress-induced
disruption of parturition in the rat may be mediated by endoge-
nous opioids, J. Endocrinol. 114 (2) (1987) 247-252.

[8

—_



[22]

(23]

[24]

M. Hill et al. / Journal of Steroid Biochemistry & Molecular Biology 78 (2001) 51-57 57

G. Leng, S. Mansfield, R.J. Bicknell, et al., Endogenous opioid
actions and effects of environmental disturbance on parturition
and oxytocin secretion in rats, J. Reprod. Fertil. 84 (1) (1988)
345-356.

S. Luisi, F. Petraglia, C. Benedetto, et al., Serum allopreg-
nanolone levels in pregnant women: changes during pregnancy,
at delivery, and in hypertensive patients, J. Clin. Endocrinol.
Metab. 85 (7) (2000) 2429-2433.

C.E. Weaver, M.B. Land, R.H. Purdy, K.G. Richards, T.T.
Gibbs, D.H. Farb, Geometry and charge determine pharmaco-
logical effects of steroids on N-methyl-D-aspartate receptor-in-
duced Ca(2 + ) accumulation and cell death, J. Pharmacol. Exp.
Ther. 293 (3) (2000) 747-754.

[23]

[26]

(27

R.E. Coggeshall, S.M. Carlton, Ultrastructural analysis of
NMDA, AMPA, and kainate receptors on unmyelinated and
myelinated axons in the periphery, J. Comp. Neurol. 391 (1)
(1998) 78-86.

Y.J. Lin, S. Bovetto, J.M. Carver, T. Giordano, Cloning
of the c¢cDNA for the human NMDA receptor NR2C
subunit and its expression in the central nervous system
and periphery, Brain Res. Mol. Brain Res. 43 (1-2) (1996)
57-64.

R.S. Mathur, S. Landgrebe, L.O. Moody, S. Powell, H.O.
Williamson, Plasma steroid concentrations in maternal and um-
bilical circulation after spontaneous onset of labor, J. Clin.
Endocrinol. Metab. 51 (6) (1980) 1235-1238.



