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Abstract Trophoblast giant cells are located at the
maternal–embryonic interface and have fundamental
roles in the invasive and endocrine phenotypes of the
rodent placenta. In this report, we describe the exper-
imental modulation of trophoblast stem cell and tropho-
blast giant cell phenotypes using the Rcho-1 trophoblast
cell model. Rcho-1 trophoblast cells can be manipulated
to proliferate or differentiate into trophoblast giant cells.
Differentiated Rcho-1 trophoblast cells are invasive and
possess an endocrine phenotype, including the produc-
tion of members of the prolactin (PRL) family. Dimethyl
sulfoxide (DMSO), a known differentiation-inducing
agent, was found to possess profound effects on the
in vitro development of trophoblast cells. Exposure to
DMSO, at non-toxic concentrations, inhibited tropho-
blast giant cell differentiation in a dose-dependent man-
ner. These concentrations of DMSO did not significantly
affect trophoblast cell proliferation or survival. Tropho-
blast cells exposed to DMSO exhibited an altered mor-
phology; they were clustered in tightly packed colonies.
Trophoblast giant cell formation was disrupted, as was
the expression of members of the PRL gene family. The
effects of DMSO were reversible. Removal of DMSO
resulted in the formation of trophoblast giant cells and
expression of the PRL gene family. The phenotype of the

DMSO-treated cells was further determined by examin-
ing the expression of a battery of genes characteristic of
trophoblast stem cells and differentiated trophoblast cell
lineages. DMSO treatment had a striking stimulatory
effect on eomesodermin expression and a reciprocal
inhibitory effect on Hand1 expression. In summary,
DMSO reversibly inhibits trophoblast differentiation
and induces a quiescent state, which mimics some but
not all aspects of the trophoblast stem cell phenotype.
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Introduction

Trophoblast cells are the earliest cell lineage to differ-
entiate during mammalian development, arising from
trophectoderm of the blastocyst (Rossant and Cross,
2002). These stem cells can continue to proliferate or
go on to differentiate along a multilineage pathway
(Gardner and Beddington, 1988), which in rodents leads
to five phenotypically distinct cell types: trophoblast
giant cells, spongiotrophoblast cells, invasive extrapla-
cental trophoblast cells, glycogen cells, and syncytial
trophoblast cells. Each of these individual cell types is
identified on the basis of morphology, uteroplacental
location, and pattern of gene expression (Soares et al.,
1996; Georgiades et al., 2002; Rossant and Cross, 2002;
Ain et al., 2003). Expression of the placental prolactin
(PRL) family of cytokines provides cell-specific and
temporal-specific measures of trophoblast cell differen-
tiation (Soares and Linzer, 2001; Soares, 2004). Of the
differentiated trophoblast cell types, trophoblast giant
cells are the earliest to develop. Trophoblast giant cells
possess endocrine properties and are situated at the
maternal–fetal interface.
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Factors controlling decisions for continued stem cell
proliferation or for differentiation toward each of the
differentiated phenotypes are yet to be fully elucidated.
Some of the factors implicated in early decisions reg-
ulating the trophoblast lineage, include, Cdx2 (Beck
et al., 1995; Chawengsaksophak et al., 1997, 2004;
Strumpf et al., 2005), eomesodermin (Eomes et al.,
2000; Strumpf et al., 2005), estrogen-receptor-related
receptor-b (ERR-b, Luo et al., 1997; Tremblay et al.,
2001), suppressor of cytokine signaling 3 (SOCS3;
Roberts et al., 2001; Takahashi et al., 2003), cyclin E
(Geng et al., 2003; Parisi et al., 2003), fibroblast growth
factor-4 (FGF4)/FGF receptor-2 (FGFR2; Orr-Urete-
ger et al., 1993; Feldman et al., 1995; Arman et al.,
1998; Nichols et al., 1998; Tanaka et al., 1998); and
activator protein-2g (AP-2g; Auman et al., 2002; Wer-
ling and Schorle, 2002). Other factors like mammalian
achaete-scute homologue-2 (Mash2), Hand1, and glial
cell missing 1 (Gcm1) are essential regulators of differ-
entiation of spongiotrophoblast cells, trophoblast giant
cells, and labyrinthine syncytial trophoblast cells of the
mature chorioallantoic placenta (Guillemot et al., 1994;
Cross et al., 1995; Tanaka et al., 1997; Firulli et al.,
1998; Kraut et al., 1998; Riley et al., 1998; Anson-
Cartwright et al., 2000; Schreiber et al., 2000; Scott
et al., 2000). The hierarchical relationship of these crit-
ical regulators of trophoblast cell development and pla-
cental morphogenesis are still under investigation.

Identification of strategies to manipulate the entry of
trophoblast stem cells into a specific pathway of devel-
opment are critical to understanding mechanisms in-
volved in normal placental morphogenesis. Dysregu-
lation of these processes will likely impact pregnancy
outcomes. In this respect, the Rcho-1 cell line provides
an effective in vitro model system for dissecting the
trophoblast giant cell differentiation pathway.

The Rcho-1 cell line was established from a rat
transplantable choriocarcinoma (Teshima et al., 1983;
Faria and Soares, 1991). The cells exhibit many char-
acteristics of trophoblast stem cells (Faria and Soares,
1991; Cross et al., 1995; Peters et al., 2000; Takahashi
et al., 2003). These Rcho-1 trophoblast stem cells can be
manipulated to proliferate or differentiate by altering
their culture conditions. Proliferation of Rcho-1
trophoblast stem cells can be stimulated by factors
present in fetal bovine serum (FBS) and is facilitated by
maintaining the cells at low densities. Increasing cell
density and removal of mitogenic stimuli lead to spon-
taneous differentiation into a phenotype resembling
trophoblast giant cells (Peters et al., 2000). Rcho-1
trophoblast stem cell differentiation recapitulates in vivo
trophoblast giant cell development, including endore-
duplication (Hamlin and Soares, 1995) and sequential
expression of members of the PRL family (Faria
et al., 1990; Hamlin et al., 1994; Dai et al., 2002).
These features of Rcho-1 trophoblast stem cells make
them a valuable in vitro tool for studying the process of

trophoblast cell differentiation (Kamei et al., 1997,
2002).

Dimethyl sulfoxide (DMSO) is a reagent frequently
used as a cryoprotectant for the storage of cells and as a
solvent for a variety of drugs. DMSO has also been
shown to influence differentiation in a variety of em-
bryonic, extraembryonic, and hematopoietic cell sys-
tems (Preisler and Giladi, 1975; Collins et al., 1978;
Lever, 1979; McBurney et al., 1982; Omary et al., 1992;
Wang and Scott, 1993; Yu and Quinn, 1994; Angello
et al., 1997; Thirkill and Douglas, 1997; Skerjanc, 1999).

In this report, the effects of DMSO on the differen-
tiation of trophoblast cells were evaluated. DMSO re-
versibly inhibited trophoblast giant cell differentiation
and activated the expression of Eomes, a gene associated
with the stem cell stage of trophoblast development.

Materials and methods

Reagents

FBS was obtained from Atlanta Biologicals (Norcross, GA), while
donor horse serum (HS) was purchased from JRH Biosciences
(Lenexa, KS). RPMI 1640 culture medium was obtained from
Cellgro (Herndon,VA). Trizol reagent for RNA extraction, ex-
pressed sequence tags (ESTs), and TOPO TA cloning kits were
obtained from Invitrogen (Carlsbad, CA). Nitrocellulose and nylon
membranes for Northern and Western blotting were purchased
from Schleicher and Schuell (Keene, NH). [32P]-labeled ATP was
obtained from Perkin Elmer Life Sciences Inc. (Boston, MA). Pfu
polymerase and Primer-It Random Primer Labeling Kits were pur-
chased from Stratagene (La Jolla, CA). Kits for DNA extraction
were obtained from Qiagen Inc. (Valencia, CA). Reagents for SDS-
PAGE gels were obtained from Bio-Rad Laboratories Inc. (Rich-
mond, CA). Kodak Bio-Max film was obtained from Eastman
Kodak Co. (Rochester, NY). Reagents for the detection of immune
complexes by enhanced chemiluminescence (ECL) were obtained
from Amersham Corp. (Arlington Heights, IL). The Live/Dead
Viability/Cytotoxicity kit was obtained from Molecular Probes
(Eugene, OR). Antibodies to rat placental lactogen-II (PL-II, Cat.
No. AB1289) and PRL-like protein-A (PLP-A, Cat. No. AB1290)
were acquired from Chemicon International (Temecula, CA). Un-
less otherwise stated, all other reagents were purchased from Sigma
Chemical Co. (St. Louis, MO).

Animals

Holtzman Sprague–Dawley rats were obtained from Harlan
Sprague Dawley Inc. (Indianapolis, IN). Timed pregnancies were
established by housing females overnight with fertile males. The
presence of sperm in the vaginal lavage was designated as day 0 of
pregnancy. Placental tissues were dissected from day 18 of gesta-
tion, frozen in liquid nitrogen, and stored at � 801C until analyzed.
The University of Kansas Medical Center Animal Care and Use
Committee approved all procedures for handling and experimen-
tation with rodents.

Trophoblast cell in vitro model

Elucidation of regulatory networks controlling trophoblast giant
cells has been facilitated by the availability of the Rcho-1 tropho-
blast stem cell line (Faria and Soares, 1991; Peters et al., 2000).
Rcho-1 trophoblast stem cells can be manipulated to proliferate or
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to differentiate along the trophoblast giant cell lineage (Faria and
Soares, 1991; Peters et al., 2000). The Rcho-1 trophoblast stem cell
line was routinely maintained in sub-confluent conditions with
RPMI 1640 culture medium supplemented with 20% FBS as pre-
viously reported (Peters et al., 2000). Differentiation was induced
by growing cells to near confluence in FBS-supplemented culture
medium and then replacing the culture medium with NCTC 135
supplemented with 1% HS (Peters et al., 2000). High cell density
and the absence of sufficient proliferation stimulatory factors (re-
moval of FBS) facilitate trophoblast giant cell formation (Peters
et al., 2000). DMSO was added to the culture medium during
trophoblast cell proliferation and differentiation at a range of con-
centrations. The differentiation protocol involved an 8-day
exposure to differentiating culture conditions. Chronic DMSO
treatment: Cells were exposed to DMSO (0.5%–1.5%) for 8 days
during the differentiation phase. Acute DMSO treatment: differen-
tiated trophoblast cells were exposed to DMSO for 48 hr (days 7–8
of differentiation). In some experiments, the reversibility of DMSO
actions was evaluated. Rcho-1 trophoblast cells were exposed to
differentiating conditions in the presence of DMSO for 8 days fol-
lowed by a continuation of differentiating conditions in the absence
of DMSO for an additional 6 days.

Trophoblast cell proliferation/survival assay

The effects of DMSO on trophoblast cell proliferation/survival were
assessed using a crystal violet staining-elution assay. Cultures were
established by plating 5,000 cells/well in RPMI 1640 culture medium
supplemented with 20% FBS in 24-well plates. Following cell at-
tachment the medium was changed to NCTC 135 with 1% HS.
DMSO treatments were added, and medium was changed daily.
Cultures were maintained for 8 days, followed by assessment of
relative cell density as previously described (Hamlin et al., 1994;
Hamlin and Soares, 1995). Briefly, wells were rinsed with PBS
(137mM sodium chloride, 2.7mM potassium chloride, 10mM so-
dium phosphate, 1.8mM potassium phosphate, pH 7.4), and stained
with crystal violet (300ml/well; 5% formalin, 50% ethanol, 150mM
NaCl, and 0.5% crystal violet) for 10min with agitation. Cell cul-
tures were then washed repeatedly in tap water, and allowed to dry.
Crystal violet dye was then eluted with ethylene glycol. Relative cell

density was quantified by measuring absorbance of each eluant at
600nm with a microplate reader (Bio-Rad Laboratories Inc.). In
this assay, cell density is directly correlated with absorbance of the
cellular eluates (Hamlin et al., 1994; Hamlin and Soares, 1995).

Trophoblast giant cell viability assay

The effect of DMSO on trophoblast giant cell viability was assessed
by staining cells with components of the Live/Dead Viability-Cyto-
toxicity kit: SYTO 10 green flurorescent nucleic acid stain detects
all cells, whereas DEAD Red nucleic acid stain detects cells with
damaged plasma membranes. Rcho-1 trophoblast stem cells were
first differentiated into trophoblast giant cells (exposure to 8 days of
differentiating conditions). Trophoblast giant cells were then treat-
ed with DMSO (1.5%) for 48 hr followed by staining with the Live/
Dead Viability-Cytotoxicity kit according to the manufacturers in-
structions. Ten random fields per control and DMSO-treated flasks
were examined for trophoblast giant cells using a Leica MZFL III
microscope (Wetzlar, Germany). All cells are detected with a green
fluGFP filter (wavelength 510 nm), while dead cells are detected
with a rhodamine filter (wavelength 630 nm).

PRL family mini-array analysis

The PRL family mini-array assay is a hybridization-based tool for
simultaneously monitoring expression of each known member of
the PRL family (Dai et al., 2002). It has been effectively used
to monitor the phenotypes of the placenta and trophoblast cells
(Table 1). The PRL family mini-array assay was performed, as
previously described (Dai et al., 2002). Twenty nanograms of PCR-
amplified cDNA for each of the members of the rat PRL family was
spotted, in duplicate, onto nylon membranes. Membranes were
cross-linked and stored at 41C until used. Total RNA was extracted
from tissues using TRIzol reagent (Chomczynski and Sacchi, 1987).
[aP32]dCTP-labeled cDNA probes were generated by reverse tran-
scription using 10 mg of total RNA. Probes were purified using mi-
cro-bio-spin columns. Membrane filters were briefly rinsed with
water and pre-hybridized for 2 hr at 421C with buffer containing
6� SSPE (1� SSPE: 0.145M NaCl, 0.01M NaH2PO4, 1mM

Table 1 Expression patterns for members of the PRL family in the pregnant rat

PRL family member Source Reference

PRL Lactotrophs, anterior pituitary Freeman et al. (2000)
PL-I TGC, CV and CA placentas Faria et al. (1990)
PL-Iv TGC and spongiotrophoblast of the JZ, CA placenta Deb et al. (1991a)
PL-II TGC of JZ and LZ, CV and CA placentas Campbell et al. (1989), Faria et al. (1990)
PLF-RP Trophoblast, labyrinth zone, CA placenta Sahgal et al. (2000)
PLP-F TGC, junctional zone, CA placenta Sahgal et al. (2000)
PLP-B Spongiotropoblast cells, CA placenta Cohick et al. (1997)
PLP-J Uterine decidua Dai et al. (2000)
D/tPRP Uterine decidua Roby et al. (1993)
PLP-A TGC & spongiotrophoblast of the JZ,

CA placenta; invasive trophoblast, metrial gland
Campbell et al. (1989), Ain et al. (2003)

PLP-I JZ, CA placenta; specific cell type not determined Wiemers et al. (2003b), Dai et al. (2002)
PLP-K Trophoblast, labyrinth zone, CA placenta Dai et al. 2000
PLP-L Invasive trophoblast, metrial gland Ain et al. (2003)
PLP-M Invasive trophoblast, metrial gland Ain et al. (2003)
PLP-C TGC and spongiotrophoblast of the JZ, CA placenta Deb et al. (1991b)
PLP-Cv TGC and spongiotrophoblast of the JZ, CA placenta Dai et al. (1996)
PLP-D TGC and spongiotrophoblast of the JZ, CA placenta Iwatsuki et al. (1996)
PLP-H TGC and spongiotrophoblast of the JZ, CA placenta Iwatsuki et al. (1998)
PLP-N Invasive trophoblast, metrial gland Wiemers et al. (2003a)

TGC, trophoblast giant cell; CV, choriovitelline placenta; CA, chorioallantoic placenta; JZ, junctional zone; LZ, labyrinth zone; PRL,
prolactin; PLP, PRL-like protein.
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EDTA, pH 7.4), 5� Denhardt’s reagent (1� Denhardt’s: 0.02%
Ficoll, 0.02% polyvinylpyrrolidone, 0.02% BSA, dissolved in wa-
ter), 50% deionized formamide, 0.5% SDS, and salmon sperm
DNA (100 mg/ml). Hybridizations were performed overnight with
the labeled probes at 421C. Membranes were washed once with 2�
SSPE and 0.1% SDS for 30min at 421C and once with 1� SSPE
and 0.1% SDS at 681C for 60min. Membranes were then wrapped
with plastic wrap and exposed to Kodak Bio-Max film for 1–4 hr
and developed. For signal quantification, membranes were placed
in PhosphoImager cassettes, for 24 hr and then quantified using
ImageQuant software (version 4.2A, Molecular Dynamics Inc.,
Sunnyvale, CA).

Northern blot analysis

Northern blot analysis was performed as described previously
(Faria et al., 1990). Total RNA was isolated using Trizol
(Chomczynski and Sacchi, 1987), resolved in 1% formaldehyde-
agarose gels, and transferred to nylon membranes and cross-linked.
Blots were probed with [32P]-labeled cDNAs. cDNAs for rat
spongiotrophoblast specific protein (SSP) and rat Gcm1 were ob-
tained from Dr. Kunio Shiota (University of Tokyo, Japan;
Iwatsuki et al., 2000) and Dr. David Anderson (California Insti-
tute of Technology, Pasadena, CA; Kim et al., 1998), respectively.
Rat cDNAs for cyclin D3, cyclin E1, Hand1, and inhibitor of DNA
binding-1 (Id1) were identified by searching the EST database
(National Center for Biotechnology Information, Altschul et al.,
1990) and obtained from Invitrogen (Table 2). The identities of the
ESTs were verified by DNA sequencing. Rat cDNAs for Eomes,
SOCS3, and Cdx2 were isolated by reverse transcription polym-
erase chain reaction (RT-PCR) from total RNA extracted with the
TRIzol reagent (Chomczynski and Sacchi, 1987) from proliferative
Rcho-1 trophoblast cells. Five micrograms of total RNA and 0.5mg
of oligo dt (deoxythymidine) were used for reverse transcription
reactions. PCR reactions were performed using Pfu polymerase
with sets of primers based on the cDNA sequences (Table 3). PCR
was performed for 30 cycles (denature, 951C for 1min; anneal, 551C
for 1min; extension, 721C for 1.5min). Amplified products were
subcloned into pCRII-TOPO vector flanked by SP6 and T7 pro-
moters with the TOPO TA Cloning kit. cDNAs were sequenced
by the Biotechnology Support Facility of the University of
Kansas Medical Center. Glyceraldehyde-3-phosphate dehydro-
genase (G3PDH) was used as a control.

RT-PCR

Five micrograms of total RNA isolated from Rcho-1 trophoblast
cells and 0.5 mg of oligo dt were used for reverse transcription re-
actions. RNA isolated from day 18 junctional zone tissue was used
as a positive control. Three microliters of each RT product was
used in the 50 ml PCR amplification reaction. PCR was performed
for Mash2 using primers shown in Table 3. PCR was done using
Taq DNA polymerase under the following conditions: 30 cycles;
denature, 941C for 1min; anneal, 601C for 1min; extension, 721C
for 1min. Primers for the amplification of G3PDH were included as
controls. The amplified products for each RT-PCR reaction were
then separated by electrophoresis in 1% agarose gels.

Western blot analysis

Concentrations of PL-II and PLP-A in Rcho-1 trophoblast cell
conditioned medium were monitored by immunoblotting (Deb
et al., 1989, 1993; Hamlin et al., 1994). Samples were resolved by
SDS-PAGE. Separated proteins were electrophoretically transferred
to nitrocellulose and filters were probed with polyclonal antibodies
to PL-II (Deb et al., 1989) or PLP-A (Deb et al., 1993). Blots were
incubated with horseradish peroxidase-conjugated antibodies to
rabbit IgG for 45min at room temperature. Reaction products were
visualized by incubation with ECL substrate and developed with X-
Omat AR X-ray film (Rochester, NY) (Kamei et al., 1997).

Statistical analysis

The data were analyzed by analysis of variance. The source of
variation from significant F ratios was determined with the New-
man–Keuls multiple comparison test (Keppel, 1973).

Results

Effects of DMSO on trophoblast cell proliferation, sur-
vival, and trophoblast cell morphology

Initially, we examined the effect of DMSO on
trophoblast cell proliferation following DMSO expo-
sure to Rcho-1 trophoblast stem cells cultured under
proliferating (RPMI 1640/20% FBS) or differentiating
(NCTC 135/1% HS) conditions. DMSO did not impair

Table 3 Primer sets used for isolating trophoblast cell lineage cDNAs

CDNA
GenBank
accession no. Forward primer Reverse primer

Amplified
product (bp)

Mash 2 X53724 50-GAGGACGCATTAAGCTAAGCA-3 0 50-ACGCAGCTTAGGGGTGTG-3 0 830
Cdx2 AJ278466 50-TGCGCCTCCGGATTGCTGCAG-3 0 50-GCTGGCCCCAGAACCCCAGG-3 0 508
Eomes AY457971 50-GGCTCAAATTCCACCGGCACC-3 0 50-GGTCCCTGTTAGACTACCCTA-3 0 600
SOCS3 AF075383 50-TCACACTGAGCGTCGAGA-3 0 50-GTGGAGCATCATACTGGT-3 0 434

Eomes, eomesodermin; SOCS3, suppressor of cytokine signaling 3.

Table 2 cDNAs for trophoblast cell lineage analysis obtained as expressed sequence tags (ESTs)

Description Abbreviation GenBank accession no. Functional group Probe GenBank accession no.

Cyclin D3 CCND3 NM_012766 Cell cycle regulator BI291261
Cyclin E CCNE D14015 Cell cycle regulator BE112508
Hand1 Hand1 NM_021592 Transcription regulator AI070613
Id-1 Id1 NM_012797 Transcription regulator BI292304
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proliferation in cells cultured under proliferating con-
ditions (data not shown) and did not affect viability in
cells exposed to differentiating conditions (Fig. 1A).
DMSO at concentrations of 1.5% or less did not sig-
nificantly affect cell density (Fig. 1A); however, con-
centrations at or above 3% were toxic. The potential
selective toxicity of trophoblast giant cells to DMSO
was also examined. DMSO at a concentration of
1.5% did not significantly affect the viability of tro-
phoblast giant cells differentiated in vitro (Fig. 1B).
The morphology of Rcho-1 trophoblast stem cells
cultured in proliferation-promoting medium (RPMI

1640/20% FBS) for 3 days and then transferred to
differentiation-promoting medium (NCTC 135/1%
HS) with or without DMSO for 8 days was assessed
by phase contrast microscopy. Cultures from DMSO-
treated cultures (1.5%) had fewer numbers of tropho-
blast giant cells than did control cultures (Figs. 1C, 1D).

Effects of DMSO on expression of PRL family
cytokines

Treatment with DMSO during the 8-day differentiation
period significantly disrupted acquisition of the tropho-

C D

A B

Fig. 1 Examination of the effects of dimethyl sulfoxide (DMSO) on
trophoblast cell proliferation/survival/viability and morphology.
(A) Effects of DMSO on trophoblast cell proliferation/survival.
Rcho-1 cells maintained in NCTC 135 culture medium supple-
mented with 1% HS (differentiating medium) were exposed to
varying concentrations of DMSO for 8 days. Relative changes in
cell density were quantified by crystal violet staining followed by
elution and measurements of absorbance at 600 nm. Concentra-
tions of DMSO greater than 1.5% were found to be toxic. (B)
Effects of DMSO on trophoblast giant cell viability. Rcho-1
trophoblast stem cells were first differentiated into trophoblast
giant cells for 8 days and then treated with DMSO for 48 h. The
effect of DMSO (1.5%) on trophoblast giant cell viability was

assessed with the Live/Dead Viability-Cytotoxicity kit. No signif-
icant differences were observed in the numbers of live and dead
trophoblast giant cells exposed to DMSO (1.5%) or control
conditions. (C, D) Effects of DMSO on trophoblast cell morphol-
ogy. (C) Morphology of Rcho-1 trophoblast cells after 8 days
of differentiation. (D) Morphology of Rcho-1 trophoblast cells
exposed to 1.5% DMSO for 8 days during differentiation. Images
shown in (C) and (D) were obtained using phase contrast micro-
scopy. Arrowheads depict the location of trophoblast giant
cells in the cultures. Please note the decreased number of tropho-
blast giant cells in the DMSO-treated cultures (D). All experi-
mental results presented in this figure were replicated at least three
times.
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blast giant cell phenotype, as monitored by the PRL
family miniarray assay. Expression of PRL family
members was significantly decreased following chronic
exposure to DMSO (days 1–8 of differentiation, Fig. 2).
The effects of DMSO were dose dependent with a max-
imally effective concentration of 1.5% (Figs. 2A, 2B).
Acute DMSO treatment also effectively suppressed
PRL family gene expression in differentiated tropho-
blast cells (48 hr of DMSO treatment on days 7 and 8 of
differentiation, Figs. 2A, 2B). Furthermore, the accu-
mulation of PL-II and PLP-A proteins in medium con-
ditioned by differentiating trophoblast cells treated
chronically or acutely with DMSO was inhibited (Figs.
2C). Finally, the inhibitory actions of DMSO were
reversible (Fig. 3). Following an 8-day treatment with
1.5% DMSO during differentiation, removal of DMSO
for 6 days led to a dramatic induction of PRL family
gene expression and PL-II and PLP-A protein produc-
tion (Figs. 3A, 3B). Removal of DMSO also resulted in
an increase number of trophoblast giant cells in the

cultures (data not shown) and an increased accumula-
tion of PL-II and PLP-A proteins (Figs. 3C). In sum-
mary, DMSO is a reversible inhibitor of trophoblast
giant cell differentiation.

In these experiments, PLP-B expression was detected
in the differentiated Rcho-1 trophoblast cells (Figs. 2
and 3). This observation contrasts with our earlier
results (Faria and Soares, 1991). In vivo, PLP-B expres-
sion is restricted to the spongiotrophoblast cell
lineage (Duckworth et al., 1990; Cohick et al., 1997).
The discrepancy may reflect differences in the sensitiv-
ities of the assays used in the two studies or a gradual
selection of Rcho-1 trophoblast cells with the
potential to differentiate along the spongiotrophoblast
lineage.

Effects of DMSO on trophoblast lineages

As DMSO was not selectively toxic to trophoblast giant
cells (Fig. 1B) but did inhibit aspects of trophoblast
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Fig. 2 Evaluation of the effects of dimethyl sulfoxide (DMSO) on
the Rcho-1 trophoblast giant cell differentiated phenotype. (A)
Representative prolactin (PRL) family mini-array assay of Rcho-1
trophoblast cells treated chronically or acutely with DMSO. Chron-
ic DMSO treatment: cells were exposed to DMSO (0.5%–1.5%) for
8 days during the differentiation phase. Acute DMSO treatment:
differentiated trophoblast cells were exposed to DMSO for 48 hr
(days 7–8 of differentiation). At the termination of treatment, cells
were harvested, total RNA isolated, and PRL family gene expression

assessed with the PRL family mini-array assay (A). (B): Graphic
representation of five replicate PRL family mini-arrays. Please note
that data is presented for a subset of PRL family members exhib-
iting the highest levels of expression (PL-I, PL-II, PRL-like protein
(PLP)-F, PLP-A, and PLP-M). (C) Western blot analysis of PL-II
and PLP-A in conditioned medium generated from control cultures
(Lane A) and following chronic (Lane B) and acute (Lane C) treat-
ment with DMSO (1.5%). The Western blotting experiment was
repeated three times on different sets of samples.
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giant cell differentiation (Figs. 1 and 2), we determined
whether DMSO was arresting trophoblast cell develop-
ment or directing differentiation along a trophoblast
cell lineage other than trophoblast giant cells (e.g.,
spongiotrophoblast cells, invasive extraplacental
trophoblast cells, or syncytial trophoblast cells). Spe-
cific genetic markers have been identified for tropho-
blast stem cells and each of the five differentiated
trophoblast cell lineages (Tanaka et al., 1998; Anson-
Cartwright et al., 2000; Iwatsuki et al., 2000; Takahashi
et al., 2003; L. Canham, N. Sahgal, M.J. Soares, un-
published results). PLP-B and PLP-N are specific mark-
ers for spongiotrophoblast and invasive trophoblast
populations, respectively (Duckworth et al., 1990; Co-
hick et al., 1997; Wiemers et al. 2003a). Neither PLP-B
nor PLP-N mRNAs were induced by DMSO treatment
(Fig. 2), suggesting that DMSO was not capable of

promoting differentiation toward spongiotrophoblast
or invasive trophoblast cells. We extended this analysis
by using Northern blot and RT-PCR analyses of Rcho-
1 trophoblast cells chronically treated with 1.5%
DMSO (days 1–8 of differentiation) for expression of
Id1, cyclin D3, cyclin E1, Cdx2, Eomes, SOCS3,
Hand1, SSP, Gcm1, and Mash2 (Figs. 4A,4B). DMSO
treatment did not activate the expression of additional
spongiotrophoblast (SSP, Mash2) or syncytial tropho-
blast cell lineage markers (Gcm1), or a number of genes
known to be up-regulated in trophoblast stem cells
(Cdx2, cyclin D3, cyclin E1, Id1, SOCS3, and Mash2).
However, chronic DMSO treatment (days 1–8 of
differentiation) resulted in the enhanced expression of
the trophoblast stem cell regulator, Eomes, and de-
creased expression of the trophoblast giant cell regula-
tor, Hand1 (Fig. 4A). The actions of DMSO on the
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Fig. 3 Reversible effects of dimethyl sulfoxide (DMSO) on tropho-
blast cell differentiation. (A) Representative PRL family mini-array
analysis of control Rcho-1 trophoblast cells (following 14 days of
differentiation, Control), Rcho-1 trophoblast cells exposed to
DMSO (1.5%) for 14 days (DMSO), or Rcho-1 trophoblast cells
exposed to DMSO (1.5%) for 8 days, followed by culture without
DMSO for an additional 6 days (Recovery). (B) Graphic represen-
tation of five replicate prolactin (PRL) family mini-arrays. Please
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exhibiting the highest levels of expression (PL-I, PL-II, PLP-F,
PLP-A, and PLP-M). (C) Representative Western blot analysis of
PL-II and PRL-like protein (PLP)-A protein production in control
Rcho-1 trophoblast cells (following 14 days of differentiation, Con-
trol, Lane A), Rcho-1 trophoblast cells exposed to DMSO (1.5%)
for 14 days (DMSO, Lane B), or Rcho-1 trophoblast cells exposed
to DMSO (1.5%) for 8 days, followed by culture without DMSO
for an additional 6 days (Recovery, Lane C). The Western blotting
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expression of Eomes and Hand1 were further examined
following acute and chronic exposure of differentiated
trophoblast cells (days 7–8 of differentiation). DMSO
effectively stimulated Eomes expression and inhibited
Hand1 expression (Fig. 4C). In summary, DMSO treat-
ment effectively reactivated a gene associated with
trophoblast stem cells and inhibited the expression of a
key regulator of trophoblast giant cell development.

Discussion

Trophoblast cells are the first cell lineage to arise from
the early embryo. Trophoblast stem cells have been
isolated from the mouse blastocyst and extraembryonic
ectoderm and have the potential to differentiate into all
of the trophoblast lineages of the mature placenta
(Tanaka et al., 1998). These include: trophoblast giant
cells, spongiotrophoblast cells, glycogen cells, invasive
extraplacental trophoblast cells, and syncytial tropho-
blast cells. A population of cells resembling trophoblast
stem cells has been isolated from rat blastocysts (Buehr
et al., 2003). However, the developmental potential of
these putative rat trophoblast stem cells has not been
determined. Rcho-1 trophoblast stem cells were derived
from a transplantable rat choriocarcinoma and exhibit
many characteristics of trophoblast stem cells (Faria
and Soares, 1991; Cross et al., 1995; Peters et al., 2000;
Takahashi et al., 2003). Collectively mouse trophoblast
stem cells and Rcho-1 trophoblast stem cells have been
effectively used to investigate mechanisms controlling
trophoblast cell differentiation. In this report, we have
utilized Rcho-1 trophoblast stem cells and DMSO as
tools for studying trophoblast cell differentiation.
DMSO-inhibited trophoblast giant cell development in
a concentration-dependent manner and was associated
with the reactivation of the trophoblast stem cell-asso-
ciated gene, Eomes, and the inhibition of a key tropho-
blast giant cell regulator, Hand1. The effects of DMSO
were also reversible.

DMSO has been shown to be an effective modulator
of cell differentiation. It promotes the differentiation of
embryonic and hematopoietic stem cells (Preisler and
Giladi, 1975; Collins et al., 1978; Lever, 1979; McBur-
ney et al., 1982; Omary et al., 1992; Angello et al., 1997)
and inhibits the differentiation of trophoblast cell and
adipocyte lineages (Wang and Scott, 1993; Thirkill and
Douglas, 1997; present study). The actions of DMSO
on human and rat trophoblast cells have remarkable
parallels. DMSO inhibits the fusion of human
cytotrophoblast cells into syncytial trophoblast cells
and their endocrine differentiation, including inhibition
of chorionic gonadotropin production (Thirkill and
Douglas, 1997). DMSO also disrupted the formation
and endocrine differentiation of rat trophoblast giant
cells (present study). The effects of DMSO in both
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Fig. 4 Lineage analysis of control and dimethyl sulfoxide (DMSO)-
treated trophoblast cells. (A) Northern blot analysis was performed
on: Lane A, control samples (Control); Lane B, Rcho-1 trophoblast
cells grown under proliferating conditions (Proliferative); Lane C,
differentiating Rcho-1 trophoblast cells, 8 days (Differentiation);
Lane D, Rcho-1 trophoblast cells treated with DMSO (1.5%) for 8
days during the differentiation phase (DMSO). Cells were harvest-
ed, total RNA was isolated, and the expression of various genes
implicated in trophoblast lineage determination was assessed.
Trophoblast stem cell-associated genes: Cdx2, cyclin D3, cyclin
E1, Eomes, Id1, SOCS3; trophoblast differentiation-associated
genes: Hand1, SSP, and Gcm1. G3PDH was used as a control for
assessing RNA loading and integrity. Day 18 rat placental junc-
tional and labyrinth zone RNAs were used as controls for the SSP
and Gcm1 northern blots, respectively. (B): Reverse transcription
polymerase chain reaction (RT-PCR) analysis of Mash2 expression.
Total RNA was isolated from each of the representative cell cul-
tures after 8 days and analyzed by RT-PCR using primers based on
the Mash2 cDNA sequence. Lane A, Rcho-1 trophoblast cells
grown under proliferating conditions (Proliferative); Lane B, dif-
ferentiating Rcho-1 trophoblast cells (Differentiated); Lane C,
Rcho-1 trophoblast cells treated with DMSO (1.5%) for 8 days
during the differentiation phase (DMSO). (C) Effects of acute and
chronic DMSO treatment of trophoblast cells on the expression of
Eomes and Hand1. Northern blot analysis was performed on: Lane
A, Rcho-1 trophoblast cells grown under proliferating conditions
(Proliferative), Lane B, differentiating Rcho-1 trophoblast cells
(following 8 days of differentiation; Differentiated), and Lane C,
differentiated Rcho-1 trophoblast cells were treated for 48 hr (days
7–8 of differentiation, Acute DMSO); Lane D, Rcho-1 trophoblast
cells treated with DMSO (1.5%) for 8 days during the differenti-
ation phase (Chronic DMSO). Cells were harvested, total RNA
isolated, and the expression of Eomes and Hand1 was assessed.
Blots were probed with cDNAs to Eomes, and Hand1. G3PDH was
used as a control for assessing RNA loading and integrity. All
experimental results presented in this figure were replicated at least
three times.
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human and rat trophoblast cells were concentration
dependent, reversible, and restricted to differentiation
(Thirkill and Douglas, 1997; present study).

Insights into the actions of DMSO were obtained by
characterizing the profiles of gene expression associated
with trophoblast stem and differentiated cell lineages.
DMSO impacted the expression of two key genes in-
volved in the regulation of trophoblast cells, Eomes,
and Hand1, but not other known genes implicated in
the control of trophoblast development (Cdx2, cyclin
E1, Id1, SOCS3, Gcm1, and Mash2). DMSO treatment
resulted in the elevation of Eomes expression and the
inhibition of Hand1 expression. These observations
provide information about the hierarchy of regulatory
factors controlling trophoblast development and sug-
gest that Eomes and Hand1 are central to the differen-
tiation state of Rcho-1 trophoblast cells. Increased
Eomes mRNA was associated with an inhibition of
trophoblast cell differentiation but not an enhancement
of trophoblast cell proliferation. Consequently, DMSO
treatment did not return the trophoblast cells to a true
stem cell state. The DMSO-treated cells were growth
arrested but poised to differentiate once DMSO was
removed from the cultures. Other genes whose expres-
sion is elevated in the trophoblast stem cell state may be
critical for activating proliferation (e.g. Cdx2, cyclin E1,
Id1, SOCS3, or Mash2), whereas Eomes may play an
essential role in maintaining the undifferentiated state.

Eomes is a member of the T-box family of transcrip-
tion factors, and is first expressed in trophectoderm
during early mouse development (Russ et al., 2000).
Eomes null mutant embryos do not develop past the
blastocyst stage exhibiting a lack of differentiation of
normal trophoblast cell derivatives (Russ et al., 2000;
Strumpf et al., 2005). Although T-box DNA binding
motifs have been identified in the promoter regions
of several genes (Papaioannou, 2001), target genes for
Eomes action in trophoblast cells have not been iden-
tified.

Hand1 encodes a member of the basic helix–loop–
helix (bHLH) transcription factor family, is expressed
in the trophoblast cell lineage, and is pivotal to the dif-
ferentiation of trophoblast giant cells (Cross et al., 1995;
Firulli et al., 1998, 2003; Riley et al., 1998). The Hand1
null mutation results in prenatal lethality because of a
placental defect associated with failure in the develop-
ment of trophoblast giant cells (Firulli et al., 1998; Riley
et al., 1998). Overexpression of Hand1 in Rcho-1
trophoblast cells also promotes trophoblast giant cell
differentiation (Cross et al., 1995). Diminished Hand1
expression associated with DMSO exposure may have
been the cause or the result of decreased trophoblast
giant cell formation. The regulation of Hand1 expres-
sion in trophoblast cells and its downstream targets are
not well understood. Furthermore a potential hierar-
chical relationship between Eomes and Hand1 is yet to
be resolved.

In conclusion, DMSO represents a useful tool in ma-
nipulating the differentiation state of trophoblast cells.
DMSO selectively impacts trophoblast giant cell differ-
entiation by affecting the expression of at least two key
regulatory genes, Eomes and Hand1.
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