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    Abstract  

  Estradiol and other estrogens are important modulators of fetal and maternal 
physiology in pregnancy. Much is known about the biosynthesis of estro-
gens in fetus and mother, and much is known about the role that estrogen 
plays in labor and delivery. However, much less is known about the regula-
tion of estrogen biosynthesis throughout the latter half of gestation, and 
the role that estrogen plays in homeostatic and neuroendocrine control in 
the fetus. This review focuses on the biosynthesis and actions of estrogen 
in the fetal circulation, the role that it plays in the development of the fetus 
in the latter half of gestation, and the role that is played by the estrogen 
milieu in the control of the timing of birth. Estrogen circulates in fetal 
blood in both unconjugated and conjugated molecular forms, with the con-
jugated steroids far more abundant than the unconjugated steroids. This 
review therefore also addresses the biological signifi cance of the variety of 
molecular forms of estrogen circulating in fetal and maternal blood.  
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     Estradiol and other estrogens are important 
modulators of fetal and maternal physiology in 
pregnancy. Actions of estrogen in the maternal 
circulation include the modulation of uterine 
and systemic vascular tone [ 1 – 4 ], uterine growth 

and differentiation of the uterine glands [ 5 ], 
growth and terminal differentiation of mam-
mary ducts and lactation [ 6 ,  7 ]. Much is known 
about the ontogeny of estrogen biosynthesis and 
secretion into the maternal circulation, and 
much is known about the biochemical mecha-
nism underlying the  function of the feto- 
placental unit in the human being and nonhuman 
primate. The feto-placental unit, which typifi es 
primate placental estrogen biosynthesis, repre-
sents a de facto collaboration between mother 
and baby [ 8 ]. While control of estrogen production 
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in the human is dependent upon fetal hypothala-
mus-pituitary-adrenal axis integrity and activity, 
more attention has been given to the role of 
estrogens in the maternal, rather than the fetal, 
circulation. In this review, I will focus on the 
biosynthesis and actions of estrogen in the fetal 
circulation, the role that it plays in the develop-
ment of the fetus in the latter half of gestation, 
and the role that is played by the estrogen milieu 
in the control of the timing of birth. This review 
also focuses on the biological signifi cance of the 
variety of molecular forms of estrogen circulat-
ing in fetal and maternal blood. 

 Much of our understanding of the role of 
estrogens with regard to fetal physiology has 
derived from work in the chronically catheter-
ized fetal sheep model. Biosynthesis of estrogen 
in the sheep differs from that in the human or 
nonhuman primate because of the ability of the 
sheep placenta to induce 17α hydroxylase activ-
ity, encoded by the CYP17 gene, in late gesta-
tion [ 9 ,  10 ]. In the human and nonhuman primate 
(Fig.  19.1 ), an increase in the secretion of 
the estrogen precursor, dehydroepiandrosterone 
sulfate (DHAS), by the fetal adrenal increases 
placental synthesis of estradiol [ 8 ,  11 ]. In the 
sheep (Fig.  19.1 ), the placenta can synthesize 
estradiol directly from maternally-derived cho-
lesterol after induction of CYP17 but may also 
be in part dependent on supply of precursors 
from the fetal adrenal cortex [ 12 – 15 ]. In both 
cases, the increase in estrogen secreted into the 
maternal circulation is an important step in the 
chain of events that culminates in parturition. 
Also in both cases, the ultimate stimulation of 
estrogen production is the adrenocorticotropin 
(ACTH) secretion by the fetal pituitary [ 16 ]. 
Prior to the preparturient induction of CYP17, 
however, the sheep expresses little or no CYP17 
[ 17 ,  18 ]; nevertheless, the ovine fetus—like the 
human fetus—has estrogen circulating in its 
blood. The mystery of the origin of these fetal 
estrogens is perhaps at least partly explained by 
secretion of estrogen precursors from the adre-
nal cortex [ 15 ].

   Viewed through the lens of late gestation and 
parturition, the role of estrogen in the fetus is at 

least in part characterized by the action of estra-
diol to stimulate the fetal HPA axis. We have pre-
viously hypothesized [ 19 ] that increases in 
plasma concentrations of estrogens [ 20 ] or 
increases in the abundance or balance of estrogen 
receptors in target tissues [ 21 ] participate in a 
progressive stimulation of the fetal HPA axis by 
estradiol and other estrogens. Chronic estradiol 
treatment of fetal sheep increases basal and 
stress-induced fetal HPA axis activity [ 22 – 25 ]. 
Partial blockade of aromatase by infusion of 
inhibitor into the fetal circulation decreased cir-
culating fetal ACTH, although with little effect 
on cortisol [ 26 ]. In late gestation baboons, block-
ade of aromatase decreased plasma cortisol con-
centration in umbilical cord blood [ 27 ]. 

  Fig. 19.1    Estrogen production in primate and sheep with 
respect to control by the fetal hypothalamus-pituitary- 
adrenal axis. In the human and nonhuman primate, there 
is a functional feto-placental unit for biosynthesis of 
estrogen. Estrogen precursors, mainly dehydroepiandros-
terone sulfate (DHAS), are supplied to the placenta as 
substrate for synthesis of estrogens. The placenta of the 
primate requires DHAS as substrate because of a lack of 
CYP17 (which is responsible for 17α-hydroxylase activ-
ity). The placenta of the sheep lacks CYP17 before it is 
induced by the preparturient increase in fetal plasma cor-
tisol concentration that heralds the onset of labor in this 
species. Prior to the induction of CYP17, the sheep pla-
centa synthesizes estrogens from precursors that are 
secreted by the fetal adrenal cortex       
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 Estradiol appears to have a stimulatory effect 
on the fetal HPA axis via an action on the fetal 
central nervous system. Evidence of this is the 
increasing abundance of arginine vasopressin in 
the ovine fetal hypothalamus with estradiol treat-
ment [ 28 ]. Evidence of estradiol action in the 
fetal brain can also be seen as increased Fos 
immunostaining in paraventricular nucleus of 
the hypothalamus and other regions important 
for control of ACTH secretion [ 23 ]. The mecha-
nism of neuronal stimulation by estradiol is not 
known, but it is likely that at least one component 
of the mechanism involves brain prostaglandin 
biosynthesis. 

 There is a longstanding recognition of the 
effect of prostaglandin E2 (PGE2) on fetal ACTH 
and cortisol secretion [ 29 ,  30 ]. Parturition is trig-
gered after prolonged administration of PGE2 
[ 31 ]. There is a dramatic increase in circulating 
concentrations of PGE2 in the plasma of fetal 
sheep that originate in the placenta and peaks at 
the time of spontaneous parturition [ 30 ,  32 ]. 
Intravenous infusion of high doses of PGE2 into 
the fetus increase fetal HPA axis activity [ 33 ]. 
Whole body blockade of prostaglandin biosyn-
thesis with nimesulide (a cyclooxygenase-2, 
COX2, inhibitor) inhibits HPA axis activity in 
fetuses of laboring sheep [ 34 ]. In a similar exper-
iment, McKeown and colleagues demonstrated 
that, after initiation of labor with RU-486, treat-
ment of fetal sheep with meloxicam (a COX2 
inhibitor) decreased plasma PGE2 and fetal 
ACTH concentrations [ 35 ]. Inhibition of prosta-
glandin synthesis has been shown to prolong ges-
tation in several species, although this is the 
direct result of reduced prostaglandin stimulation 
of the myometrium. The link between COX2, 
ACTH, and parturition in sheep is clear, although 
the critical site of COX2-mediated prostaglandin 
biosynthesis is the fetal brain. Infusion of PGE2 
into the carotid arterial blood of fetal sheep at 
rates that modestly exaggerate the spontaneous 
increase in plasma PGE2 from the placenta are 
ineffective in stimulating fetal pituitary ACTH 
secretion [ 36 ]. Intravenous infusion of PGE2 is 
more effective at releasing immunoreactive 
ACTH from lung than from pituitary [ 36 ]. 
Blockade of COX2 specifi cally in the fetal brain 

(by infusion of small amounts of nimesulide into 
the lateral cerebral ventricle of the fetal sheep) 
decreases fetal ACTH responses to stress  (cerebral 
hypoperfusion) and prolongs gestation [ 37 ,  38 ]. 
NMDA glutamatergic neurotransmission, which 
mediates the fetal ACTH response to cerebral 
hypoperfusion [ 39 ], stimulates the HPA axis in 
part by increasing brain (COX2-dependent) pros-
taglandin biosynthesis [ 40 ]. The concentration of 
PGE2 in cerebral cortex and hippocampus greatly 
exceeds that in plasma, suggesting local biosyn-
thesis, and the concentrations increase in these 
brain regions prior to parturition [ 41 ]. The fetal 
brain and pituitary express the enzymatic 
machinery needed for prostaglandin biosynthesis 
(Fig.  19.2 ) [ 41 – 43 ]. Activation of neuronal path-
ways subserving fetal responsiveness to stress 
increase the expression of these enzymes [ 44 ].

   It is possible that there exists a positive 
 feedback relationship between placenta and the 
fetal HPA axis. This idea was fi rst proposed as a 
link between placental PGE2 production and 

  Fig. 19.2    Schematic representation of tissue content of 
prostaglandin E2 (PGE2), mRNA abundance of cyclooxy-
genase 2 (COX2), steroid sulfatase (STS), estrogen sulfo-
transferase (STF), and estrogen receptors alpha (ERα) 
and beta (ERβ) in the cerebral cortex of fetal sheep 
throughout the latter half of gestation [ 21 ,  41 ,  92 ]. The 
relative abundance of these enzymes is consistent with the 
net deconjugation of sulfoconjugated estrogen, increasing 
transcriptional activity of the estrogen receptor, increasing 
transcription of COX2, and increasing local biosynthesis 
of PGE2       
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fetal ACTH secretion [ 32 ]. However, even with 
the understanding that the site of prostaglandin 
production relevant to fetal ACTH secretion is in 
the fetal brain and/or pituitary, it is still logical to 
posit a functional communication between pla-
centa and fetal brain. There is evidence to support 
the notion that estrogen secreted by the placenta 
augments fetal HPA activity, and that at least a part 
of that mechanism of the estrogen effect on ACTH 
is via stimulation of COX2 expression in the fetal 
brain. Estradiol treatment increases COX2 abun-
dance in fetal brain and increases the magnitude of 
the increase in COX2 abudance after cerebral 
hypoperfusion [ 24 ]. Infusion of ICI 182,780, an 
estrogen receptor antagonist intracerebroventricu-
larly into fetal sheep decreases COX2 mRNA 
abundance [ 45 ]. The mechanism of the estrogen 
effect on COX2 expression in the brain is unknown. 

 There is evidence that estrogen alters COX2 
expression in endothelial cells via an effect 
on membrane-bound ER, transduced by the activ-
ity of phosphatidylinositol 3-phosphate/Akt [ 46 ]. 
Similarly, upregulation of COX2 expression in 
breast cancer cells by the xenoestrogen o′p′-DDT 
is dependent on CRE activation, and PKA and Akt/
PI3 kinase activities [ 47 ]. As might be expected, 
several endocrine stimuli to COX2 generation uti-
lize phosphorylation of CREB as the mechanism. 
For example, in adult fi broblasts, cortisol upregu-
lates COX2 via phosphorylation of CREB [ 48 ]. 

 In cardiac myocytes, corticosterone increases 
COX2 transcription via binding of the GR and C/

EBP to the COX2 promoter. In the placenta of 
sheep, the mechanism of upregulation of COX2 
at the end of gestation might also be glucocorti-
coid, not estrogen, dependent. Whittle and col-
leagues reported that cortisol increases COX2 
mRNA in placenta, and the effect is not blocked 
by concomitant blockade of aromatase [ 49 ]. It is 
possible that, in differing cell types within pla-
centa, both glucocorticoid and estrogen receptor 
upregulated the PTGS2 (COX2) gene expression 
using the same molecular mechanism, CREB 
phosphorylation. However, in many tissues, the 
predominant effect of glucocorticoid is inhibition 
of the PTGS2 gene, secondary to a GR-NFkB 
interaction that blocks the upregulation of gene 
expression by NFkB [ 50 ]. 

1     Cellular Responses 
to Estrogen in the Fetus 

    Numerous studies have demonstrated that 
estrogen receptors are expressed in various tis-
sues in the late-gestation fetus [ 51 ,  52 ]. ERα 
functions as a ligand-gated transcription factor 
(Fig.  19.3 ) [ 53 ,  54 ], or as an estrogen binding 
site tethered to the plasma membrane [ 55 – 58 ]. 
The role of ERβ is somewhat less clear. ERβ 
could act as a functional inhibitor of ERα action 
[ 59 ,  60 ]. ERβ is also known to play an impor-
tant role in mitochondrial function [ 61 – 63 ]. 
Estrogen receptors are found in the fetal brain 

  Fig. 19.3    Schematic 
representing the local 
synthesis of estradiol (E2) 
from testosterone and de 
novo from cholesterol, the 
interconversion of E2 and 
estrone (E1), the sulfona-
tion/desulfonation cycle 
catalyzed by steroid 
sulfatase (STS) and 
sulfotransferase (STF), and 
entry of E2S and E1S into 
the cell by carrier-mediated 
transport       
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of sheep [ 64 – 66 ], and mouse [ 67 ,  68 ]. In the 
cerebral cortex of the bovine fetus, ERα, ERβ, 
and aromatase are expressed throughout gesta-
tion, with increases in both ERα and ERβ at the 
end of gestation [ 69 ].

   Changes in the abundance of estrogen recep-
tors might predict developmental changes in sen-
sitivity to estrogen. In a recent study, we reported 
that there is an increase in ERα and a decrease in 
ERβ in the ovine fetal pituitary in late gestation 
[ 21 ], suggesting a possible increase in pituitary 
sensitivity to estradiol in the peripartum period. 
Interestingly, the ratio of ERα/ERβ (at the level 
of mRNA abundance) favors ERα in the pituitary, 
but ERβ throughout the fetal brain. In hypothala-
mus, ERα and ERβ abundances are highest at 120 
days gestation (~80 % gestation), with decreases 
at term. The decreases might be caused by recep-
tor downregulation secondary to rising plasma 
concentrations of estradiol. In hippocampus, the 
brain region in which there is increasing biosyn-
thesis of PGE2 in late gestation, there is an 
increase in both ERα and ERβ from 120 days 
through the end of gestation, with further 
increases postnatally. These changes in ER abun-
dance in pituitary and in various brain regions 

suggests an increasing pattern of estrogen signal-
ing in the brain as the fetus matures and 
approaches the normal time of spontaneous par-
turition. The molecular development of the brain 
could therefore account for changes in estrogen 
responsiveness prior to the ontogenetic increase 
in plasma concentrations of estradiol at term.  

2     17β-Hydroxysteroid 
Dehydrogenase 

 In addition to developmental changes in estrogen 
receptor abundance, local synthesis and enzy-
matic biotransformation of steroids within target 
tissues can alter estrogen signaling independent 
of changes in plasma concentrations of estradiol 
(Figs.  19.3  and  19.4 ). Estradiol and estrone are 
interconverted by the action of 17β-hydroxysteroid 
dehydrogenase (17β-HSD) activity. Resko and 
Stadelman reported that this activity, converting 
E2 to E1, was higher in the fetal pituitary of the 
rhesus monkey at 80 (~48 % gestation) days ges-
tation compared to 120 (~73 % gestation) and 
150 (~90 % gestation) days gestation [ 70 ]. In that 
study, the investigators reported lower levels of 

  Fig. 19.4    Schematic representation of the targeting of 
estrogen from its source (placenta) to tissues that deconju-
gate E2S and E1S and therefore enhance local estrogen 
signaling. The placenta expresses sulfotransferase but 
very little sulfatase, resulting in predominant secretion of 

sulfoconjugated estrogen. Target tissues that express 
 sulfatase but little sulfotransferase would be expected to 
have higher cellular content of unconjugated estrogen 
than tissues that cannot locally deconjugate the high con-
centrations of E2S and E1S that are in fetal blood       
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17β-HSD activity in the brain of the fetus than in 
pituitary and other peripheral tissues. In fi rst and 
second trimester human fetuses, Millewich, 
MacDonald, and Carr reported higher oxidative 
activity (E2 to E1) in liver, intestine, stomach, 
kidney, brain, and heart, and relatively higher 
reductive activity (E1 to E2) in placenta and in 
the fetal zone of the fetal adrenal cortex [ 71 ]. In a 
later study, Takeyama and colleagues reported 
that in human fetuses 11–20 weeks gestation, 
17β-HSD activity could be measured in various 
tissues, but that both the oxidative and reductive 
activities were far lower in fetal brain than in pla-
centa and liver, with intermediate activity in 
regions of the gastrointestinal tract and in the 
 kidney [ 72 ]. Using Northern blot, these investi-
gators reported that type 1 enzyme (HSD17B1) 
was found in placenta, while the type 2 enzyme 
(HSD17B2) was found in liver, kidney, and gas-
trointestinal tract [ 72 ]. Recent molecular studies 
have revealed that there are multiple enzymes 
with 17β-HSD activity. Currently, there are 14 
known enzymes that have been identifi ed as 
members of the family of enzymes that have sim-
ilarities in enzyme activity and gene structure. 
These are named HSD17Bx (HSD17B1, 
HSD17B2, etc.) [ 73 ]. Our understanding of the 
distribution of these enzymes in the developing 
fetus is incomplete, and an improvement in this 
regard can improve our understanding of molecu-
lar targets that can be exploited for the purpose of 
altering the course of fetal development or timing 
of parturition.

3        Aromatase 

 Aromatase (CYP19), is present in brain [ 74 ,  75 ] 
and is usually understood as a marker of local 
estrogen synthesis (Fig.  19.3 ) [ 76 ]. In the devel-
oping rat brain, aromatase activity increases 
between day 16 of gestation (~75 % gestation) 
and day 20 of gestation [ 77 ]. Highest activities 
were found in the preoptic area. However, 
because the altricial nature of the in utero devel-
opment of the rat brain, these results cannot eas-
ily be extrapolated to species that are more 
mature at birth. Aromatase activity has been 

found in the term and newborn rhesus monkey 
brain, with highest levels in the POA and hypo-
thalamus [ 78 ,  79 ], and has been found in the fetal 
sheep brain, again with high levels of activity in 
the fetal hypothalamus [ 80 ,  81 ]. Similarly, 
CYP19 mRNA is found in human fetal (15–19 
weeks gestation) brain [ 82 ]. Tissue-specifi c 
expression of the CYP19 gene involves multiple 
alternative splicing schema, although the alterna-
tive splicing is not in the coding region [ 83 ]. 

 The origin of steroid in the fetal brain is gener-
ally thought to be placental or maternal in origin. 
In the case of glucocorticoids and mineralocorti-
coids, the fetal and maternal adrenal cortices are 
the most likely source. However, there is increas-
ing evidence of the possibility that steroids are 
synthesized from cholesterol in the brain. Adult 
human brain expresses low levels of steroido-
genic enzymes that could subserve local synthe-
sis of mineralocorticoid and glucocorticoid [ 84 ]. 
Brain steroid concentrations in adrenalectomized 
rats reveals functional local steroidogenesis in 
varous brain regions [ 85 ]. Pezzi and coworkers, 
using PCR, have demonstrated the presence in 
the fetal brain of StAR protein and all the 
enzymes needed for synthesis of estradiol from 
cholesterol [ 82 ].  

4     Sulfoconjugation 
of Estrogens 

 The most abundant molecular forms of estrogen 
in fetal and maternal blood are the conjugated 
estrogens. In the sheep, E1 sulfate (E1S) is more 
abundant than E1, and E2 sulfate (E2S) is more 
abundant than E2 [ 86 ,  87 ]. The placenta of the 
sheep has abundant activity of estrogen sulfo-
transferase [ 88 ,  89 ] but very little estrogen sulfa-
tase activity [ 18 ]. In the maternal circulation, E1 
and E1S increase progressively through the latter 
half of gestation from approximately 10 to 
approximately 50 pg/mL and from approximately 
50–100 to approximately 2,000–5,000 pg/mL, 
respectively [ 20 ]. The pattern of E1 and E1S in 
the fetus is similar, although plasma concentra-
tions of E1S are higher than on the maternal side 
of the placenta [ 20 ,  86 ]. Maternal plasma E2, like 
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E1, increases throughout the latter half of gestation, 
increasing from <10 pg/mL at mid-gestation to 
approximately 50 pg/mL at term [ 86 ]. Maternal 
E2S displays the same pattern but at higher levels, 
increasing from <100 pg/mL to approximately 
500 pg/mL [ 86 ]. Arteriovenous differences across 
the uterine vascular bed support the conclusion 
that estrogen synthesis is dominated by the pla-
centa, but it is clear that the pattern of change in 
the plasma concentrations for E1, E1S, E2, and 
E2S are not identical in fetal and maternal blood, 
suggesting either directional secretion of steroid 
or an independent source of estrogen secretion in 
the fetus. In any event, the high concentration of 
E2S in uterine venous blood compared to E2S in 
jugular venous blood strongly suggests that E2S 
is secreted from the placenta. 

 What is the endocrine function of the sulfocon-
jugated E1 and E2 in fetal and maternal blood? Is 
it simply a metabolite or is it an active hormone? 
We have proposed that required steps involved in 
cellular action of sulfoconjugated estrogens would 
include carrier-mediated transport [ 90 ] and decon-
jugation [ 91 ,  92 ]. Sulfoconjugation blocks binding 
of the steroid to the estrogen receptor [ 93 ,  94 ]. 
Removal of the sulfate group, liberating E1 or E2, 
would be required to convert the sulfoconjugated 
steroid to a steroid that can act at the ER. It is pos-
sible that secretion of sulfoconjugated steroid 
allows targeting to tissues that express the decon-
jugating enzyme [ 19 ]. Local deconjugation has 
been proposed as one cellular mechanism by 
which breast cancer increases local estrogen action 
[ 95 ]. However, a similar mechanism could work in 
both mother and fetus. Fetal brain takes up sulfo-
conjugated estrogen from fetal plasma [ 96 ], and 
fetal brain contains both conjugating and deconju-
gating enzymes [ 91 ,  97 ]. The ratios of mRNA 
abundance for the two enzymes [ 92 ] suggest that 
the predominant reaction is deconjugation (i.e., 
liberation of E2 from E2S and E1 from E1S). 
Quantifi cation of the ratio of mRNA for the decon-
jugating to the conjugating enzymes reveals that, 
at term, this ratio ranges from approximately 10 to 
100, depending on brain region [ 92 ]. The general 
pattern of expression in most brain regions (brain-
stem, cerebellum, and cerebral cortex) is an 
increasing expression for steroid sulfatase (the 

deconjugating enzyme) and in several of the brain 
regions (cerebellum, hippocampus, and hypothal-
amus) an increasing expression of the sulfotrans-
ferase (conjugating) enzyme [ 92 ]. It is possible 
that, as the fetus matures and the HPA axis is acti-
vated, the increasing plasma cortisol concentration 
induces SULT1E1, the gene that encodes the sul-
fotransferase enzyme [ 98 ]. If so, estrogen action in 
the fetal brain could be modifi ed by cortisol. Along 
with the dynamics of deconjugation and conjuga-
tion, the dynamics of E1 and E2 interconversion in 
the fetal brain, local synthesis of estrogen from 
cholesterol or from aromatization of testosterone 
and androstenedione should be considered as a 
possible factor in the action of estrogen on the fetal 
brain. Tissue content of E1, E2, E1S, and E2S are 
higher in the cerebral cortex than in fetal plasma 
(Wood, Chang, Keller-Wood, submitted manu-
script), suggesting either that these estrogens are 
concentrated in the brain or that they are synthe-
sized locally. 

 Contrary to the hypothesis that E1S and E2S 
actions require deconjugation and subsequent 
binding to the ER, we have found that the physi-
ological and molecular responses of the fetus to 
E2S appear to have overlapping, yet distinct, 
actions compared to the responses to E2 [ 92 ,  96 , 
 99 ]. This suggests that E2S acts, at least in part, 
through mechanisms not subserved by deconju-
gation and binding to the ER. One possibility is 
that E2S has a neurosteroid action on GABA A  or 
on NMDA receptors, analogous to the action of 
pregnenolone sulfate [ 100 – 103 ]. E2S stimulates 
genomic responses in the fetal hypothalamus that 
suggest that it is orexigenic, perhaps encouraging 
feeding behavior in early neonatal life. E2S also 
stimulates a subset of genes that are hypoxia- 
sensitive, including genes important for neovas-
cularization [ 99 ]. 

 It is likely that estradiol sulfate acts, in part, 
via cellular mechanisms that do not involve clas-
sical estrogen receptor binding. However, little is 
known about the binding of E2S or E1S to cell 
surface receptors. To date, there have been no 
reports of studies reporting the binding affi nity of 
E2S or E1S with the palmitoylated and mem-
brane bound ERα or the putative GPCR estrogen 
receptor GP30 (GPER). However, there is 
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reported evidence of sulfoconjugated estrogen 
interacting with ion channels [ 104 ], analogous to 
the neurosteroid action of pregnenolone sulfate 
[ 102 ]. For example, microinjection of estradiol 
sulfate into the striatum of rats impaired response 
learning [ 105 ]. In the striatum, membrane-bound 
ER activates metabotropic mGluR3 and mGluR5 
glutamate receptors, which in turn alter MAP 
kinase-dependent CREB phosphorylation [ 106 ]. 
Perhaps using the same mechanism, DHEAS is 
known to be neuroprotective, working by activa-
tion of CREB and NFkB [ 107 ].  

5     A Model of Fetal Estrogens 
in Late Gestation 

 Estrogens in plasma and target tissues are 
important components of the endocrine milieu 
that modulate fetal physiology and—in late 
 gestation—are involved as a component of the 
mechanism by which parturition is triggered. It is 
perhaps most likely that estrogen acts via several 
mechanisms. The large supply of sulfoconju-
gated estrogen in fetal blood, the ready availabil-
ity of the deconjugating enzyme (STS) in the 
fetal brain, the abundant uptake of sulfoconju-
gated estrogen into the fetal brain from blood, 
and the expression of estrogen receptors in the 
brain are all consistent with local deconjugation 
and action of the sulfoconjugated estrogen 
(Fig.  19.4 ). In this model, the majority of estro-
gen secretion in the fetus is in the sulfoconju-
gated form, affording a large supply of 
water-soluble precursor hormone that can be 
locally deconjugated in and targeted to the brain 
and other tissues that express steroid sulfatase. 
However, the unique endocrine and molecular 
responses to E2S as compared to E2 suggests that 
there are mechanisms of action unique to sulfo-
conjugated estrogens, perhaps as neurosteroids 
interacting with glutamate or GABA receptors. 

 The importance of estrogen supporting the 
physiological changes associated with a healthy 
pregnancy is well-known, as is the importance of 
estrogen in normal, spontaneous parturition. The 
role of sex steroids in patterning of early brain 
development is also well-known. However, the 

view of biologically active fetal estrogen as E2 
and/or E1, and the view of the nuclear ERα as the 
unitary signal transduction mechanism for estro-
gen are overly simplistic. The secretion of both 
conjugated and unconjugated forms of E1 and 
E2, the tissue-specifi c and gestation-specifi c 
expression of sulfatase and sulfotransferase, the 
known activities of ERα and ERβ as both ligand- 
gated transcription factors and membrane recep-
tors, and the possibility of estrogen signaling 
mediated by GPR30, suggests a far more com-
plex endocrine axis. The complexity of estrogen 
signaling in the fetus strongly argues for a better 
understanding of the role of the sulfoconjugated 
estrogens in fetal development. Concentrations 
of sulfoconjugated steroid, long assumed to be 
inactive, should be routinely included in the 
assessment of steroid concentrations in the fetus 
and neonate.     
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