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Although estrogen plays a central integrative role in
regulating key aspects of placental and fetal endocrine
development in the primate, our understanding of the
regulation of maturation of the fetal liver is incom-
plete. In adults, estrogen modulates several aspects of
hepatic function. Therefore, the current study deter-
mined whether fetal hepatic gene expression develop-
ment was modulated by estrogen. mRNA differential
display was used to identify genes whose expression
was altered in fetal livers obtained on d 165 of gesta-
tion (term = d 184) from baboons that were untreated
or treated on d 60–164 with the aromatase inhibitor
CGS 20267 (2 mg/d; sc), which suppressed estrogen
levels in the fetus by >95% (p < 0.01). As confirmed
by Northern blot, the mRNA levels (ratio to 18s RNA)
of metallothionein I (MT-I), porphobilinogen deami-
nase (PBG-D), and cytochrome P450 2C8 (CYP 2C8)
in the livers of estrogen-deprived fetuses were 5-, 12-,
and 3-fold higher (p < 0.05) than respective values of
untreated fetuses. Moreover, mRNA levels of MT-I and
PBG-D, expressed as a ratio to 18s RNA, were 3-fold
and 26-fold higher (p < 0.05) on d 60–100 of gestation
than on d 165 and in the adult. In contrast, CYP 2C8
mRNA increased 10-fold between d 100 and 165 and
was not further altered in adult liver. Immunohistochem-
istry confirmed expression of MT-I in hepatocytes. Ery-
thropoietic cells, normally present in the fetal baboon
liver on d 100 but not on d 165, were also detected
on d 165 in animals treated with the aromatase inhibi-
tor. Thus, upregulation of PBG-D mRNA in estrogen-
deprived baboons may reflect prolongation of the ery-
thropoietic role of the fetal liver. In summary, these
results indicate that the normal developmental change
in MT-I, PBG-D, and CYP 2C8 mRNA expression in
baboon fetal liver with advancing gestation are depen-
dent on increased secretion of estrogen into the fetus.

We suggest, therefore, that estrogen regulates normal
development of the primate fetal liver.

Key Words: Estrogen deprivation; fetal liver; gene expres-
sion; erythropoiesis; metallothionein; cytochrome P450
2C8.

Introduction

The fetal liver is a metabolically active organ, which plays

a key role both in maintenance of life in utero and subse-

quent survival of the neonate. Although the liver undergoes

a complex pattern of both morphological and biochemical

maturation during fetal development, our understanding of

the factors involved in this important process is incom-

plete. In adulthood, the human and nonhuman primate liver

is responsive to several secretogogues including estrogen

(1,2), glucocorticoids (3–5), and thyroid hormones (6). Estro-

gen regulates gene expression of cholesterol 7�-hydroxy-

lase (7,8), ceruloplasmin (9), angiotensinogen (10), liver clot-

ting factors (11), and apoprotein A-1 (12) and also modulates

hepatic lipid homeostasis (13). Recent studies suggest that

aromatase-deficient mice develop hepatic steatosis and

exhibit impaired expression of genes for fatty acid oxida-

tion (14), while humans with an aromatase deficiency show

altered lipid homeostasis (15,16).

Our laboratories have shown that estrogen plays a cen-

tral integrative role in regulating key aspects of placental

and fetal development during primate pregnancy, includ-

ing placental low-density-lipoprotein (LDL) uptake and P450

cholesterol side-chain cleavage enzyme (P450scc) expres-

sion. Furthermore, regulation of placental expression of the

11�-hydroxysteroid dehydrogenase (11�-HSD) enzymes

by estrogen serves to control cortisol production and secre-

tion into the fetus, which in turn regulates development of

the fetal pituitary–adrenal axis (17,18).

Because estrogen modulates the adult liver, we hypoth-

esized that the increase in placental estrogen secreted into

the fetus during pregnancy is crucial to fetal liver develop-

ment in utero. Therefore, we utilized mRNA differential dis-

play to identify genes whose expression was altered in the

baboon fetus deprived of estrogen during the second half of
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gestation. The present report characterizes three such genes,

two of which are expressed in hepatocytes and one that is

expressed in erythropoietic cells, and also examines devel-

opmental changes in their expression in fetal livers from

untreated baboons between early, mid, and late gestation.

Results

As previously reported (19,20), baboons treated with CGS

20267 have mean maternal serum estradiol concentrations

of 0.096 ng/mL throughout pregnancy, levels >95% lower

than those in untreated controls, which increase from 1.0 ng/

mL to >4.0 ng/mL between mid and late gestation. Estra-

diol levels in the fetus on d 165 of delivery in untreated

baboons (0.59 ng/mL) were also reduced by >95% (0.04

ng/mL) in animals treated with CGS 20267. Successful

pregnancies in the CGS 20267–treated baboons resulted in

live fetuses that were not significantly different from un-

treated control baboons in body weight, gross morphology,

or liver wet weight (19).

Gene Expression in Fetal Liver

RNA isolated from fetal livers of three untreated and three

CGS 20267–treated baboons in late gestation was analyzed

by differential display, and differentially expressed cDNAs

were eluted, reamplified, and cloned. Differential expres-

sion was then confirmed by Northern blot comparison of

these samples as well as RNA from additional baboons that

were untreated (n = 3) or treated with CGS 20267 (n = 2).

Three of the positive cDNAs, designated A20-1, C28-1A,

and C28-1B, were identified and are presented below in

more detail.

Effect of Estrogen Depletion on Metallothionein I

Figure 1A shows the initial differential display for the

cDNA A20-1 which was obtained utilizing anchored pri-

mer A (5'-AAGCTTTTTTTTTTTA-3') and arbitrary primer

20 (5'-AAGCTTGTTGTGC-3'). The cDNA has an approx-

imate size of 200 bp as determined by amplification and

subsequent agarose gel electrophoresis (Fig. 1B). The dif-

ferential display result was confirmed by Northern blot,

utilizing the fetal hepatic RNA preparations from a total of

five animals treated with CGS 20267 on d 60–165 and six

controls. As seen in Fig. 1C, A20-1 identified one full-sized

mRNA band of approx 500 bp, which was upregulated

(p < 0.0002) 4.6-fold (Fig. 1D) in livers of CGS 20267-

treated animals.

The sequence of A20-1 is shown in Fig. 2, with the ini-

tial primers underlined. Bases 6–91 showed 93% similarity

(Blast-2 E value of E�27) to the cDNA for a monkey metal-

lothionein I (21). This homology extends from the codons

for the last three amino acids and the stop sequence through

the length of the published sequence, which was reported to

be incomplete at the 3' end. In humans, metallothioneins are

Fig. 1. Differential expression of A20-1 in baboon fetal liver from untreated animals and animals treated with CGS 20267. (A) Ampli-
fication of d 165 fetal liver RNA from untreated animals (n = 3) and animals treated from d 30 to 165 with CGS 20267 (n = 3) with anchored
primer A and arbitrary primer 20, showing candidate band A20-1. (B) Agarose gel electrophoresis of the reamplified band A20-1. (C)
Northern blot of total RNA (20 µg/lane) obtained from fetal liver from untreated baboons (n = 6) and from baboons treated with CGS
20267 beginning on d 30 (n = 3) or 60 (n = 2) of gestation. The membrane was then stripped and probed for 18s RNA, as described in
Methods. (D) Mean (±SE) of ratios of the band recognized by A20-1 to 18s RNA as analyzed by phosphoimaging (arbitrary units). *Value
differs from the control at p < 0.0007 (by unpaired t test).
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encoded by a family of genes, located on chromosome 16q13,

that includes 10 functional MT genes (22). A20-1 shows

substantial homology to the human metallothioneins, hMT-

Ie and hMT-Il, with Uniblast (www.tigem.it) E values of

6.7e�46 and 3.4e�32, respectively. Comparison with hMT-Ie

(Fig. 2) indicates 91% homology of bases 9–70 of the baboon

sequence with bases 1592–1656 of the human sequence for

the complete gene. After a gap, including an apparent dele-

tion in the baboon sequence relative to the human, there is

85% homology of bases 87–168 of the baboon sequence

(up to the polyA tail) with bases 1727–1749 of the human

sequence. Thus A20-1 is a metallothionein I, but precise

characterization of the particular molecular species must

await further studies of baboon isoforms.

Effect of Estrogen Depletion on Porphobilinogen

Deaminase and Cytochrome P450 2C8

Figure 3 shows the initial differential display of a band

designated C28-1, which was obtained utilizing anchored

primer C (5'-AAGCTTTTTTTTTTTC-3') and arbitrary

primer 28 (5'-AAGCTTACGGATGC-3'). When C28-1 was

excised from the gel, reamplified, and cloned, clones of two

slightly different sizes (approx 400 and 425 with inclusion

of approx 120 bp of vector) were obtained (Fig. 3B). These

clones, designated C28-1A and C28-1B, were utilized as

probes for Northern analysis, comparing samples from

near-term fetal livers of five CGS 20267–treated animals

and six untreated baboons. As shown in Fig. 3C, C28-1A

recognized a single band of approx 1.6 kb, which was upreg-

ulated (p < 0.03; Fig. 3D) 12-fold in fetal livers of CGS

20267–treated animals. C28-1B primarily recognized a band

of approx 2 kb, which was upregulated (p < 0.005; Fig. 3E)

approximately 2.5-fold in fetal livers from estrogen-deprived

baboons.

BLAST analysis of the nearly complete sequence of

C28-1A (data not shown) indicated 92% sequence identity

(249/268, E=2e�105) to the 3' untranslated region of human

porphobilinogen deaminase (PBG-D), the third enzyme of

the heme biosynthetic pathway. Two isoforms of PBG-D,

expressed in erythropoietic and non-erythropoietic cells,

respectively, are generated by transcription of a single gene

from two different promoters (23). Because the two mRNAs

are similar in size (approx 1.3 kB) and differ only at their 5'

extremity, the isoform of PBG-D expressed in fetal baboon

liver cannot be determined from the sequence of C28-1.

The sequence of C28-1B showed 88% sequence homol-

ogy (identities = 214/242, E=2e�74) to the published sequence

for a cytochrome P450 2C from Macaca fascicularis. The

human cytochrome P450 2C subfamily includes four genes,

2C8, 2C9, 2C18, and 2C19, clustered in a 500-kb region

(24), that are involved in the metabolism of endogenous

lipids (e.g., epoxidation of arachidonic acid to dihydroxy-

eicosatrienoic acids) as well as foreign compounds (e.g.,

mephenytoin) (25,26). The sequence of C28-1B, isolated

from fetal baboon liver, is highly homologous over its entire

length (corresponding to the 3' 170 bp of exon 9 plus the

entire 3' untranslated region, 205/239 identities, E=2e�58)

to hCYP2C8, but shows no significant nucleotide sequence

homology to other members of the human CYP 2C subfamily.

Developmental Changes

in Metallothionein I, PBG-D, and CYP2C8 mRNA

We then sought to determine whether the genes whose

level of expression was increased in fetal livers from estro-

gen-deprived baboons were developmentally regulated. Fetal

livers were obtained from fetuses of untreated baboons at

early (d 60), mid (d 100), and late (d 165) gestation, and

from adult female animals and total RNA was utilized in

Northern blot analyses. As seen in Fig. 4, steady-state levels

of mRNA for both metallothionein I (probed with A20-1)

and PBG-D (probed with C28-1A) were highest early in

gestation and lowest in adult samples. The level of expres-

sion (as normalized to the level of 18s RNA) observed at

early and mid gestation was approximately twofold higher

(p < 0.005) than that at late gestation, and sixfold higher

(p < 0.005) than levels in the adult. Expression of PBG-D

was 26-fold higher (p < 0.0005) on d 60–100 of gestation

than at either d 165 of gestation or in the adult. In contrast,

Fig. 2. Sequence of A20-1 and homology with published sequences
for monkey metallothionein I and human metallothionein Ie. The
cDNA for A20-1 was cloned and sequenced; sequences corre-
sponding to the initial arbitrary and anchored primers are under-
lined. The sequence is aligned both with the published cDNA
sequences for monkey (Cercopothecidae gen. sp.) MT-I (NCBI #
V01533) and for hMT-Ie (NCBI # M10942). Sequence identity is
shown with asterisks.
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expression of CYP 2C8 was below detectable limits on d 60,

then increased fourfold (p < 0.05) between d 100 and 165

and were not further altered in adult liver.

Effects of Estrogen on Fetal Liver Gene Expression

We then determined effect of concomitant treatment of

baboons with CGS 20267 and estradiol, in levels that rep-

licated maternal estradiol concentrations and restored fetal

estrogen to 30% of normal (19,20), on steady-state mRNA

levels of MT-I, PBG-D, and CYP2C8. Figure 5 shows

aggregate data of fetal liver mRNA levels (normalized to

18s RNA) in late gestation from baboons untreated, treated

with CGS 20267 alone, and treated with CGS 20267 plus

estradiol. Administration of CGS 20267 and estradiol re-

stored the high levels of both MT-I and PBG-D observed

in animals treated with CGS 20267 alone, to values not

significantly (p > 0.05) different from those in untreated

animals. However, concomitant treatment with estradiol

did not appear to decrease the expression of CYP2C8.

Effects of Estrogen Depletion on Erythropoiesis

As shown in Fig. 6, although fetal liver at mid gestation

contained numerous clusters of erythropoietic cells, these

cells were virtually absent in late gestation (d 165). In con-

trast, fetal liver from late gestation baboons treated with

CGS 20267 retained numerous clusters of nucleated eryth-

ropoietic cells. Identification of erythropoietic cells was

confirmed by positive staining with an antibody to fetal

hemoglobin (Fig. 6).

Localization of Metallothionein in Fetal Liver

Immunochemical staining for metallothionein (Figs. 6D,E)

both on d 100 and d 165 fetal liver from untreated baboons

is specific to hepatocytes, with no staining observed in hema-

Fig. 3. Differential expression of C28-1A and C28-1B in baboon fetal liver from untreated animals and animals treated with CGS 20267.
(A) Amplification of d 165 fetal liver RNA from control animals (n = 3) and animals treated from d 30 to 165 with CGS 20267 (n = 3)
with anchored primer C and arbitrary primer 28 showing candidate band C28-1. (B) Agarose gel electrophoresis of the inserts obtained
after cloning and colony PCR, indicating different clones with inserts of approx 420 bp (A) and approx 400 bp including approx 120 bp
of vector. (C) Northern blot of total RNA (20 µg/lane) obtained from fetal liver from untreated baboons (n = 6) and from baboons treated
with CGS 20267 beginning on d 30 (n = 3) or 60 (n = 2), probed successively for C28-1A, C28-1B, and 18s RNA. (D) Mean (±SE) of
ratios of the band recognized by C28-1A to 18s RNA (arbitrary units) as analyzed by phosphoimaging (arbitrary units). *Value differs
from the control at p < 0.03 (by unpaired t test). (E) Mean (±SE) of ratios of the band recognized by C28-1B to 18s RNA, as analyzed
by phosphoimaging (arbitrary units). *Value differs from the control at p < 0.005 (by unpaired t test).
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topoietic cells, vascular endothelial cells, fibroblasts, or

Kupffer cells. Consistent with studies on fetal (27,28), and

regenerating liver (29), significant immunohistochemical

staining for metallothionein is observed in the nucleus as

Fig. 4. Developmental expression of MT-I, PBG-D, and CYP2C8
mRNA in fetal and adult baboon liver. (A) Northern blot of total
RNA (15 µg/lane) obtained from fetal liver at early (d 60), mid
(d 100), and late (d 165) gestation (term = 184 d) and adult baboon
liver. The membrane was probed successively with cDNAs to
MT-I (A20-1), PBG-D (C28-1), CYP2C8 (C28-2), and 18s RNA,
as described in Methods. (B, C, D) Means (±SE) of the respective
ratios of MT-I, PBG-D, and CYP2C8 to 18sRNA, as analyzed by
phosphoimaging (arbitrary units), in baboon fetal liver at early
(n = 3), mid (n = 4), and late gestation (n = 7), and in adult liver
(n = 4). Within each panel, mean values with different letter super-
scripts differ from each other (p < 0.05) as determined by ANOVA
and post hoc corrected Bonferroni p values.

Fig. 5. Effects of daily treatment with either CGS 20267 alone or
with CGS 20267 plus estradiol benzoate on gene expression in
fetal baboon liver. Total RNA from fetal liver (d 165) from con-
trol animals (n = 11), animals treated from d 30 (n = 3), 60 (n =
2), or 100 (n = 6) with CGS 20267, and animals treated from d 30
(n = 2), 60 (n = 1), or 100 (n = 3) with CGS 20267 plus estradiol,
were Northern blotted and analyzed as in Fig. 3. Data from mul-
tiple membranes were normalized utilizing reference samples that
were spotted on each membrane of the series. Panels A, B, and C
show the aggregate data (mean ±SE) of the respective ratios of
MT-I, PBG-D, and CYP2C8 to 18sRNA, as analyzed by phospho-
imaging (arbitrary units). Within each panel, mean values with
different letter superscripts differ from each other (p < 0.05)
as determined by ANOVA and post hoc corrected Bonferroni
p values.

well as the cytoplasm. Examination of late gestation fetal

liver (d 165) from baboons treated with CGS 20267 (Fig. 6F)

indicates that metallothionein is similarly localized in both

the nucleus and cytoplasm of hepatocytes.
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Fig. 6. Immunocytochemistry of fetal hemoglobin (A–C) and metallothionein (D–F) in fetal baboon liver. Fetal liver was obtained from
untreated baboons on d 100 (A,D) and 165 (B,E) of gestation, and on d 165 from animals treated from d 100 to 165 with CGS 20267 (C,F).
Original magnification = 200�.
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Discussion

The present study demonstrates that the developmental

pattern of gene expression in the baboon fetal liver is depen-

dent on exposure to endogenous estrogen. Normally, in asso-

ciation with an increase in estrogen, fetal hepatic MT-I and

PBG-D mRNA levels substantially declined between mid

and late gestation, while expression of CYP2C8 increased

with advancing gestation. Suppression of estrogen in the fetus

by treatment with the aromatase inhibitor CGS 20267 pre-

vented the decline in fetal liver steady-state mRNA levels of

MT-I and PBG-D observed with advancing gestation. More-

over, MT-I and PBG-D mRNA levels in fetal livers from

baboons treated concomitantly with CGS 20267 and estra-

diol were intermediate between those of untreated and CGS

20267–treated animals. We suggest, therefore, that estro-

gen suppresses fetal liver MT-I and PBG-D expression in

the second half of primate pregnancy. In contrast, the pro-

gressive increase in fetal hepatic CYP2C8 expression with

advancing gestation was enhanced by CGS 20267 treatment.

It appears, therefore, that intrauterine estrogen has oppo-

site effects on the temporal patterns of expression of differ-

ent fetal hepatic genes although it remains to be determined

whether the effects on mRNA are reflected by alterations

in protein expression.

As reported previously (19), maternal and fetal body

weights and fetal organ weights including the liver were not

significantly different in untreated and CGS 20267–treated

baboons. However, although growth was not altered by lack

of normal estrogen exposure in utero, the present study sug-

gests that hepatic cellular organization and function may

have been changed. Thus, in estrogen-deprived fetuses, it

appears that there was a prolongation of the role of the liver

as a site of erythropoiesis. In support of this suggestion,

hepatic expression of PBG-D, an intermediate in the path-

way of heme synthesis, was highest during early to mid ges-

tation, indicative of the active role of the liver as the major

organ of erythropoiesis during that time (30). By late gesta-

tion fetal liver PBG-D expression declined, suggesting that

the site of erythropoiesis had shifted from fetal liver to bone

marrow. In contrast, steady-state PBG-D mRNA levels in

late gestation fetal livers of CGS 20267–treated baboons

remained elevated and similar to levels in untreated fetuses

at mid gestation. In addition, histological examination indi-

cated that livers from estrogen-depleted animals retained

numerous clusters of nucleated, fetal hemoglobin positive,

erythropoietic cells normally seen at mid gestation. Prelim-

inary histologic studies also indicated that the extent of hepa-

tic erythropoiesis at d 165 in animals treated with both CGS

20267 and estradiol, as with PBG-D mRNA levels, was

intermediate between that of controls and of animals treated

with CGS 20267 alone (Rosenthal, M.D. and Werner, A.L.,

unpublished observations). Although it is likely that fac-

tors in addition to and/or in conjunction with estrogen may

influence fetal liver maturation, the inability of estrogen to

fully restore fetal liver development most likely reflects the

level of estrogen in the fetus. Thus, in our previous studies,

we showed that, whereas maternal serum estradiol levels were

restored to normal, treatment with CGS 20267 plus estra-

diol elevated fetal estradiol to levels which were only 30%

of those of untreated animals (20). Finally, whether erythro-

poietic cells are still observed in the neonatal period in ani-

mals deprived of estrogen in utero remains to be determined.

Metallothioneins are a family of small, cysteine-rich pro-

teins that bind zinc, copper, and other heavy metals and are

thought to be involved in regulation of zinc homeostasis

and gene expression as well as heavy metal detoxification

(31). The developmental changes observed in the baboons

of the present study are consistent with studies in humans

(27,32) and other mammals (33) indicating that metallothio-

nein I gene expression is higher in fetal and neonatal than

adult liver. In the current study, expression of metallothio-

nein was localized to the nuclei of hepatocytes and not

detected immunochemically in vascular smooth muscle or

erythropoietic cells in fetal livers from either control or

CGS 20267–treated baboons. Unlike adult liver, where immu-

nologically reactive metallothionein is primarily cytoplas-

mic, the extensive nuclear localization of metallothionein

in the fetus (27,28) and in regenerating liver (29) may reflect

a role for metallothioneins in the regulation of gene expres-

sion during development (34). Indeed, in metallothionein-

null mice hepatic gene expression is altered during devel-

opment (35). One mechanism for this regulatory role of MT

may involve reversible exchange of zinc between metallo-

thionein and the estrogen receptor zinc finger (36). Thus, the

changes in metallothionein expression in estrogen-deprived

fetal liver may, in turn, modify other aspects of hepatocyte

function.

The effects of upregulation of CYP2C8 in the fetal liver

of aromatase-inhibited baboons also remain to be elucidated.

Whereas human studies (37) have suggested that CYP2C8/9

becomes active after birth, our data indicate that in the baboon

fetal hepatic expression of CYP2C8 mRNA is induced in

utero in late gestation. CYP2C8 catalyzes the epoxygenation

of arachidonate (26), and is thus an endothelial-dependent

hyperpolarizing factor synthase in coronary arteries (38). In

neonatal human liver, enhanced activation of CYP2C gene

transcription is related to elevated production of 14,15- and

11,12-epoxyeicosatrienoic acids (EETs) (39).

Although the present study has demonstrated changes in

gene expression in fetal liver in estrogen-depleted baboons,

the specific mechanisms for upregulation of MT-I, PBG-

D, and CYP2C8 remain to be elucidated. While none of

these genes has been shown to be directly estrogen respon-

sive, MT-II has recently been shown to be upregulated in

human tumor cell lines overexpressing ER-� (40). In the

mouse, the developmental change in MT-I gene expression

is regulated primarily by glucocorticoids (41), while human

CYP2C8 has sites for regulation by hepatic transcription fac-

tors such as HPF-1 (42) as well as multiple 5” glucocorticoid-
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responsive elements (43). Recent studies have demonstrated

that other genes, such as proteinase inhibitor 9, an inhibitor

of apoptosis, are estrogen-inducible in human liver cells (44).

Preliminary studies using specific gene arrays also suggest

that expression of genes in addition to MT-I, PBG-D, and

CYP2C8 appear to be modulated by estrogen in baboon fetal

liver (Rosenthal, M.D. and Pepe, G.J., in progress). Estro-

gen receptor � mRNA is expressed both in mid-gestation

fetal human (45) and baboon (Rosenthal, M.D. and Billiar,

R.B., unpublished observations) liver, suggesting that the

fetal liver, like the adult, is an estrogen-responsive organ.

Although preliminary studies suggest that fetal hepatic ER�

mRNA is not altered in estrogen-suppressed animals (Rosen-

thal, M.D. and Pepe, G.J., in progress), given the multiple

effects of estrogen on other hormones, including glucocor-

ticoids, during fetal development (17), the observed changes

in gene expression in aromatase-inhibited animals may,

however, reflect indirect rather than direct effect of estro-

gen depletion on the developing liver.

In conclusion, the present study shows that administration

of the aromatase inhibitor CGS 20267 to pregnant baboons

and the resultant suppression of normal physiological levels

of estrogen during fetal development have a striking effect

on gene expression in the fetal liver. Although the conse-

quences of these changes on hepatic function in adulthood

remain to be determined, changes in hepatic gene expres-

sion in the absence of estrogen may reflect one mechanism

by which the hormonal environment in utero programs (46,

47) subsequent physiological function.

Materials and Methods

Animals

Female baboons (Papio anubis) obtained from the South-

west Foundation for Biomedical Research (San Antonio,

TX) and weighing 10–15 kg were housed individually in

air-conditioned quarters. Females were paired with males

for 5 d at the anticipated time of ovulation, as determined

by menstrual cycle history and turgescence of the external

sex skin (48).

Fetal livers were obtained on d 60 (n = 3), 100 (n = 4),

and 165 (n = 11) of gestation (term = 184 d) from untreated

baboons and on d 165–170 of gestation from animals in-

jected daily (n = 11) with the aromatase inhibitor CGS 20267

(4,4'-[1,2,3-triazyol-1-yl-methylene]-bis-benzonitrite, Letro-

zole; Novartis Pharma AG, Basel, Switzerland) (49) as

described previously (19). The initial dose of 0.1 mg/d (in

sesame oil) was increased daily by 0.1-mg increments until

a maximum of 2.0 mg/d. A second group received the same

CGS 20267 treatment plus estradiol benzoate (0.1–2.0 mg/

d sc in sesame oil) at doses designed to replicate the normal

pattern of maternal serum estradiol concentrations. Drug

treatments were initiated on either d 30 (n = 3), d 60 (n = 2),

or d 100 (n = 6) of gestation. On d 60, 100, or 165–170 of

gestation, baboons were anesthetized with isoflurane, mater-

nal saphenous and umbilical venous samples were collected,

and the fetus was delivered and euthanized with an over-

dose of sodium pentobarbital. The entire liver was weighed,

and pieces stored in liquid nitrogen or fixed in 10% phos-

phate-buffered formalin. Liver was also available from

adult nonpregnant female baboons, which had previously

been euthanized.

Baboons were cared for and used strictly in accordance

with USDA regulations and the NIH Guide for the Care and

Use of Laboratory Animals. The experimental protocol

employed was approved by the Institutional Animal Care

and Use Committees of the Eastern Virginia Medical School

and the University of Maryland School of Medicine.

Total RNA Isolation and Differential Display

Total RNA was extracted from liver as described previ-

ously (50). Briefly, tissues were homogenized in 4 M guani-

dine isothiocyanate, 25 mM sodium acetate (pH 6.0), and

0.83% beta-mercaptoethanol at 4oC, and RNA was extracted

with chloroform/isoamyl alcohol (24:1, v/v). The aqueous

layer was forced through a 23-gauge needle, layered onto a

5.7 M cesium chloride gradient, and centrifuged at 179,000g

for 21 h at 23°C. Aliquots of the total RNA (50 µg) were

treated with DNase I (10 U; Sigma) for 30 min at 37°C and the

RNA was then extracted with phenol/chloroform to remove

protein contamination.

Differential display of mRNA was performed as described

by Liang and Pardee (51) utilizing RNA image kits (Gen-

Hunter, Nashville, TN) according to the manufacturer’s in-

structions. First-strand cDNA was synthesized in an MJ ther-

mocycler using oligo (dT) primers with a single anchored

nucleotide at the 3'-end. PCR reactions were then performed

using the same anchored primers, H-AP arbitrary 13-mers,

Taq DNA polymerase (Qiagen), and �-[33P]dATP (2000

Ci/mmol, New England Nuclear). The amplified cDNA was

then separated on a 6% denaturing polyacrylamide gel (Sequa-

gel-6, National Diagnostics). The gel was dried without

fixing and autoradiographed on Kodak Biomax film.

Retrieval, Cloning, and Sequencing

of Differential Display Products

Bands corresponding to cDNAs of interest were excised

from the dried gels. Each band was incubated in 100 µL 2X

PCR buffer at room temperature for 10 min and then at

94oC for 90 min to release the PCR product. The cDNA was

recovered by ethanol precipitation, redissolved in 10 µL of

water, and 4 µL of the DNA reamplified by 22 cycles of PCR

using the same primer set and temperatures as in the differ-

ential display. Gel-purified cDNAs were cloned using the

GenHunter PCR-TRAP Cloning System (GenHunter). After

checking for appropriate sized inserts by colony PCR and aga-

rose gel electrophoresis, selected clones were sequenced

using the Promega fmol DNA sequencing system and Lseq

and Rseq primers within the cloning vector.
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Sequences were compared with the National Center for

Biotechnology Information nonredundant database using

the BLASTN 2 program (52) and the Tigem (Naples, Italy)

database using the HsUniGene cluster identifier program.

Northern Blot Analysis

Approximately 20 µg total RNA was denatured in 50%

formamide, 2.2 M formaldehyde, and 20 mM 3-[N-morpho-

lino]propane sulfonic acid, pH 7.0, and size fractionated by

electrophoresis in a 1.0% agarose gel containing 2.2 M for-

maldehyde. RNA was transferred overnight by capillary

action onto a nylon membrane (Magnagraph, MSS, West-

boro, MA) using 20X SSC (1X SSC contains 0.15 M sodium

chloride, 15 mM sodium citrate, pH 7.0), and immobilized

by baking for 1 h at 80°C. For each differential display band

of interest, cDNA was prepared by colony PCR and gel puri-

fication. Radiolabeled probes were prepared from 10 ng

cDNA (obtained by colony PCR agarose gel electrophoresis

and Quiaex II purification) by linear PCR amplification using

an Ambion Strip-EZ PCR kit, 20 µCi [�-32P]dATP (New

England Nuclear), and the appropriate initial GenHunter

anchored primer. Membranes were prehybridized for 2 h

at 42°C in ULTRAhyb (Ambion, Austin, TX). 32P-labeled

cDNA probe (107 cpm/10 mL) was then added, and the mem-

brane was hybridized overnight. Following hybridization,

the membranes were washed three times (5 min each) at room

temperature in 2X SSC containing 0.1% SDS, then twice

(10 min each) at 50°C in 0.1X SSC, 0.1% SDS and visual-

ized as described below. Prior to successive probing with

a second cDNA probe, probes were degraded and removed

from the membranes according to the Ambion Strip-EZ pro-

tocols. Size of mRNA transcripts was determined by load-

ing one lane of each gel with Millenium Markers (Ambion);

the corresponding portion of the resultant membrane was then

probed with the corresponding marker template. In order to

normalize message levels, the membranes were also probed

for 18s RNA, using random labeling of a mouse cDNA probe

(Ambion).

Quantification and Statistical Analysis

Binding of radiolabeled probe was visualized and quan-

tified using phosphoimage analysis and the ImageQuant

software. In some cases, data from multiple membranes were

normalized utilizing reference samples that were applied

to each membrane of the series. The membranes were then

exposed (�80°C) for 4–96 h (depending on level of signal)

to Fuji Medical X-ray film. Because mRNA levels (ratio to

18s RNA) of the various transcripts identified by differen-

tial display were similar in fetal liver samples obtained on

d 165 of gestation from animals treated with CGS 20267 or

CGS 20267 plus estradiol beginning on d 30, 60, or 100 of

gestation, data from these respective treatment groups were

pooled. Data were analyzed by unpaired t-tests or by ANOVA,

with post-hoc comparison of the means utilizing adjusted

t tests with p values corrected by the Bonferroni method.

Histology and Immunocytochemistry

Paraffin embedded sections of fetal liver were stained

with hematoxylin and eosin and examined by light micros-

copy. Immunological detection of metallothionein was

performed using peroxidase-blocked sections (4 µm) with-

out microwave retrieval. Sections were blocked (30 min) in

5% normal goal serum (NGS; Vector Laboratories, Burlin-

game, CA) and incubated overnight with mouse mono-

clonal antibody to horse metallothionein (Zymed, S. San

Francisco, CA). After washing, sections were incubated with

biotinylated goat anti-mouse IgG (Vector) and biotin de-

tected with an avidin peroxidase kit (Vector). Immunologi-

cal detection of fetal hemoglobin was performed similarly,

using sheep primary antibodies to human hemoglobin F (HgF,

Bethyl Laboratories, Montgomery, TX; final concentra-

tion 5 µg/mL) and biotinylated rabbit anti-sheep IgG. After

chromagen development, sections were washed, mounted,

and photographed.
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