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SUMMARY

CSF-1 plays an important role in female reproduction and normal embryo development. To understand

further CSF-1 function in normal and, especially, in compromised pregnancy, we studied the pattern of

its mRNA expression as well as expression of its receptor (c-fms) in the uteroplacental units of mice

with induced (cyclophosphamide (CY)-treated) and spontaneous (CBA/J ´ DBA/2J mating combina-

tion) pregnancy loss. RNase protection analysis demonstrated the presence of two forms of CSF-1

mRNA in the uteroplacental unit corresponding to 1400- and 263-bp protective fragments. Densito-

metric analysis demonstrated that the level of 1400-bp mRNA form was decreased by 40% in the

uteroplacental units of mice with CY-induced pregnancy loss compared with the control mice. About

20% decrease in 263-bp protective fragment was registered in resorbing versus non-resorbed placenta of

CBA/J females mated to DBA/2J males. As judged by in situ hybridization assay, CSF-1 mRNA

transcripts were localized in the uterine epithelium and stroma, while c-fms mRNA was found mainly in

the trophoblast. The number of metrial gland cells as well as the number of uterine leucocytes

expressing CSF-1 and c-fms mRNAs was substantially lower in the uteroplacental unit of mice with

pregnancy loss than in control animals. Maternal immunostimulation, while signi®cantly decreasing the

resorption rate in mice with CY-induced pregnancy loss, also strengthened CSF-1 mRNA expression at

the fetomaternal interface and resulted in reconstitution in the number of CSF-1� uterine leucocytes and

metrial gland cells. These data suggest a role for uterine CSF-1 in the physiology of normal and

compromised pregnancy and demonstrate a possible involvement of CSF-1-associated signalling in

mechanisms of placenta and endometrium repair following immunopotentiation.

Keywords cytokines mouse resorptions c-fms immunopotentiation

INTRODUCTION

Allorecognition of the embryo by the maternal immune system is

associated with production of cytokines at the fetomaternal inter-

face, which support placental growth and function and play an

important role in protective mechanisms determining the embryo's

survival and normal development [1,2].

Macrophage colony-stimulating factor (CSF-1 or M-CSF)

regulates the proliferation and differentiation of mononuclear

phagocytes [3] and elevation of CSF-1 expression in the pregnant

uterus is associated with a substantial increase in the number of

uterine macrophages [4]. CSF-1 bioactivity is high in the mouse

uterus, placenta and amniotic ¯uid [5,6]. Thus, the expression

of CSF-1 mRNA transcripts in the uterine epithelium of mice

was detected on day 3 and it reached a peak at days 14±15 of

pregnancy [7]. In humans, the cellular pattern of CSF-1 expression

resembles that in the mouse. However, human trophoblast

expresses CSF-1 mRNA transcripts, which are not found in the

mouse [7,8].

Two alternative spliced forms of CSF-1 mRNA in the uterus,

2´3 kb and 4´6 kb, give rise to both soluble and membrane-bound

forms of the cytokine [9]. The synthesis of uterine CSF-1 is

regulated by the female reproductive hormones. Administration

of oestrogen or progesterone to ovariectomized mice increases

CSF-1 production by the uterine epithelium [10]. CSF-1 is also

differentially expressed by various organs and tissues of the

developing embryo, suggesting the existence of a tissue-speci®c

mechanism regulating its expression [11].

The biological activity of CSF-1 is dependent on binding to its

receptor on target cells. The receptor is encoded by the c-fms

proto-oncogene [12,13]. In haematopoietic cell lineages the c-fms

antigen may serve as a macrophage differentiation marker [14]. Its

transcripts have also been found in the trophoectoderm of the
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blastocyst, and, its expression intensi®es in the trophoblast as the

placenta develops [9,15].

Functions of CSF-1 in pregnancy are still unclear. Correlation

of the temporal pattern of CSF-1 mRNA expression at the

fetomaternal interface with both placental growth and c-fms

expression by the trophoblast suggests that CSF-1 may be involved

in the regulation of placental growth and differentiation [9,16]. It

has been reported that CSF-1 may increase the rate of proliferation

of placenta-derived cells [17,18], and stimulates the differentiation

of the human cytotrophoblast in vitro [19]. CSF-1 has also been

shown to regulate cell division in the blastocyst before implan-

tation [20].

The role of CSF-1 in female reproduction has been clari®ed by

studying mice lacking functional CSF-1. Homozygous females

with a mutated CSF-1 gene (op/op) mutation have macrophage

de®ciency, skeletal anomalies and absence of teeth [21]. Fertility is

also impaired in these females when mated with homozygous op/

op males [21]. In these mice, exogenous CSF-1 administration

partially prevents skeletal anomalies, but does not improve the

fertility rate [22].

Since maintenance of the local immune microenvironment at

the fetomaternal interface is required for healthy pregnancy [2,23],

modulation of maternal immune responses may be bene®cial for

embryo survival in compromised pregnancies [24]. Indeed, it has

repeatedly been shown that stimulation of the maternal immune

response may protect the fetus and improve reproductive outcome

in both humans and animals [23,25]. This protective effect of

immunopotentiation is accompanied by alterations in cytokine

production and activities at the fetomaternal interface [26±28].

However, the pattern of CSF-1 expression at the fetomaternal

interface following maternal immunostimulation has not yet been

characterized.

This study delineates the pattern of CSF-1 and c-fms mRNA

expression in the uteroplacental unit of mice with a high rate of

pregnancy loss, and assesses changes in their expression following

maternal immunostimulation.

MATERIALS AND METHODS

Animals

Six-to-eight-week old ICR and C57Bl/6 mice and Long Evans rats

were obtained from the Tel Aviv University breeding colonies.

CBA/J females and DBA/2J males were obtained from The

Jackson Laboratory (Bar Harbor, ME). The animals were main-

tained on a 14-h light/10-h dark cycle with food and water

ad libitum. To obtain pregnancies, females were caged with

males overnight and the presence of a vaginal plug was designated

as day 1 of pregnancy.

Animal models of pregnancy loss

Two mouse models of pregnancy loss were used in this study.

The CBA/J ´ DBA/2J mouse combination, which is well known

for its high level of post-implantation loss (approximately 30%), was

used as a model of spontaneous abortions [29]. Cyclophosphamide

(CY)-treated ICR ´ ICR and CBA/J ´ C57Bl/6 mouse combinations

were used as models of induced pregnancy loss.

CY was injected on day 12 of pregnancy at a dose of 40 mg/kg

as described elsewhere [30]. Control females were injected with

saline.

CBA/J females mated to DBA/2J males were killed on day 12

or 19 of gestation, while CY-treated mice were killed on days 15 or

19 of pregnancy. The numbers of implantation sites, resorptions

and live fetuses were recorded in these animals and the incidence

of post-implantation loss was calculated as described elsewhere

[30].

Immunopotentiation

CBA/J and ICR females were treated with either allogeneic

paternal (C57Bl/6) or xenogeneic rat splenocytes, respectively,

21 days before mating, as described elsewhere [31]. Brie¯y,

splenocytes at 25±30 ´ 106/0´04 ml saline were injected under

Nembutal anaesthesia into each uterine horn. Mice injected with

saline or syngeneic splenocytes served as controls.

Tissue processing

Placentas together with the adjacent uterus were collected from

mice with spontaneous resorptions on day 12 and from CY-treated

mice on day 15 of pregnancy. Two types of placenta, the non-

resorbed and resorbing placenta, were tested in the present

study. The term `resorbing placenta' refers to a placenta from

both CY-treated and CBA/J mice mated to DBA/2J having dead

embryo or remnants of extra-embryonic tissues, but which could

still be identi®ed macroscopically as a placenta. The histological

examination of these placentas showed that trophoblast tissue was

mainly injured, and necrotic zones in placental tissue were in®l-

trated by numerous leucocytes. The term `non-resorbed placenta'

refers to a placenta of CY-treated mice that had live embryos and

was visibly indistinguishable from placentas of control non-treated

mice. Microscopically, these placentas demonstrated a normal

placental morphology, excepting some trophoblast cells located

underneath of decidua and displaying highly fragmented and

picnotic nuclei.

Probe construction

The 1400-bp SmaI-XhoI fragment of CSF-1 cDNA (a gift from Dr

B.Tartakovsky, Weizmann Institute of Science, Israel) was sub-

cloned into the pBluescript SK (�) vector (Stratagene, La Jolla,

CA). The 2500-bp c-fms cDNA was in the EcoRI-HindIII site of

the pGEM2 vector (kindly provided by Dr L. Rohrscheinder, Fred

Hutchinson Cancer Research Center, Seattle, WA). After linear-

ization with SmaI for CSF-1 and HindIII for c-fms cDNA, the

cDNA templates served for generation of digoxigenin (DIG)-11-

UTP-labelled (Boehringer, Mannheim, Germany) anti-sense RNA

probes using T7 RNA polymerase for CSF-1 riboprobe and the

SP6 RNA polymerase (Stratagene) for c-fms probe. RNA probes

for b-actin (360 bp) and the procaryotic neo gene (760 bp) were

synthesized as described above. The length of the generated RNA

probes was controlled by electrophoresis on denatured 5% poly-

acrylamide/urea gel.

RNase protection analysis

Total RNA was extracted from placentas and uteri by the method

of Chomzynski & Sacchi [32] using the TRI reagent (Molecular

Research Center Inc., Cincinnati, OH). RNA integrity was moni-

tored by electrophoresis in 1% agarose/2´2 M formaldehyde gel.

The following procedures are those described earlier [28]. Brie¯y,

30±50 mg total RNA were co-precipitated with 30 ng of anti-sense

DIG-labelled RNA probe, incubated overnight in 20 ml of hybrid-

ization buffer (80% formamide, 1 mM EDTA, 0´2 M sodium acetate

and 40 mM PIPES, pH 6´4) at 458C and then digested with 16 U

RNase ONE (Promega, Madison, WI) for 1 h at room temperature.

Following RNase inactivation, RNA was precipitated, resuspended
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in gel loading buffer and protected fragments were resolved by

electrophoresis through 5% polyacrylamide/8 M urea gel. Then the

RNA protected fragments were transferred to Nytran nylon mem-

branes (Schleicher and Schuell, Dassel, Germany). Hybridization

bands were visualized by chemiluminescent method by incubating

the blots in alkaline phosphatase-conjugated anti-DIG antibodies

according to the manufacturer's instructions (Boehringer) with

CSPD chemiluminescent substrate (Tropix, Bedford, MA) followed

by exposure to x-ray ®lm. The molecular weights of speci®c

mRNA were calculated using the DIG-labelled VIII type DNA

marker (Boehringer). As a negative control, a sample of tissue

RNA was replaced by yeast tRNA. Additionally, undigested full

length probe was electrophoresed in parallel with the tested

samples. Equivalence of RNA loading on the gel was controlled

by hybridization of the same quantity of tissue RNA with b-actin

riboprobe (a 250-bp protected fragment). The quantitative character

of the RNase protection assay was con®rmed by titration of tissue

RNA with the labelled probe and generation of a titration curve

(data not shown). Films were scanned using a B.I.S. 202D

densitometer (Renium, Rehovot, Israel) and results were analysed

by TINA software.

In situ hybridization

For in situ hybridization, placentas were ®xed in 4% paraformal-

dehyde and embedded in paraf®n. The 7-mm tissue sections were

further used after histological examination. Only specimens of

resorbing placentas containing regions with morphologically

unaffected tissues were chosen for further analysis. Tissue sections

were deparaf®nized and processed as described [28]. Brie¯y, the

sections were washed and heated for 30 min at 708C in 2´ SSC,

treated with 10 mg/ml proteinase K (IBI, New Haven, CT) for

15 min at 378C and ®xed in 4% paraformaldehyde. Prehybridiza-

tion was performed for 1 h at 458C in 50% formamide, 6 ´ SSPE

(150 mM sodium chloride, 10 mM sodium phosphate, and 1 mM

EDTA, pH 7´4), 5´ Denhardt's solution (Sigma, Rehovot, Israel)

and 0´5% SDS. The sections were overlaid with 30 ml of hybridiza-

tion mixture (50% formamide, 5´ Denhardt's solution, 10%

dextran sulphate, 6 ´ SSPE and 0´5% SDS) containing 0´5 ng/ml

DIG-labelled anti-sense RNA probe. Hybridization was carried out

overnight at 458C in a humidi®ed chamber. The slides were washed

twice for 15 min in 2´ SSC, followed by incubation with 20 mg/ml

RNase A (Sigma) for 30 min at 378C. High stringency washes were

performed by incubating the slides twice for 15 min at 508C in

0´1 ´ SSC followed by a 10-min wash in 0´1 ´ SSC at room

temperature. The hybridization signal was detected by alkaline

phosphatase-conjugated anti-DIG antibodies followed by incuba-

tion in the NBT/BCIP colour substrate solution (Boehringer),

containing 1 mM levamisole according to the manufacturer's

recommendations. Finally, sections were lightly counterstained

with neutral red and the positive signal was indicated by a deep

purple staining.

As a control for hybridization, a non-homologous RNA probe

synthesized from a prokaryotic Neo cDNA (760 bp) was substi-

tuted for the speci®c probes. Tissue sections pretreated before

hybridization with 100 mg/ml RNase A (Sigma) for 30 min at 378C
served as an additional control.

Reverse transcriptase-polymerase chain reaction analysis

For reverse transcription 1 mg of total RNA was treated with 5 U of

RQ1 DNase (Promega) following by denaturation of the RNA at

688C for 10 min. cDNA was synthesized with 200 U Superscript

reverse transcriptase (GIBCO BRL, Gaithersburg, MD) in a total

volume of 20 ml containing 0´5 mg oligo (dT) primer, 50 mM

Tris±HCl pH 8´3, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, dATP,

dTTP, dGTP and dCTP at 0´5 mmol each, and 4 U RNasin

(Promega). The reaction was carried out at 418C for 1 h followed

by denaturation at 958C and rapid cooling on ice. cDNA (2 ml)

from each sample was ampli®ed with 100 pmol of either c-fms- or

b-actin-speci®c primers in a total volume of 50 ml and 2´5 U

KlenTaq polymerase (Ab Peptides Inc., St Louis, MO). The PCR

reaction was performed for 35 cycles in a MiniCycler (MJ

Research Inc., Watertown, MA). Hot start of polymerase chain

reaction (PCR) was performed at 948C for 5 min. The thermal

cycle conditions for all primer pairs included 1 min of denatura-

tion at 948C, 2 min of annealing at 558C and 1 min of primer

extension at 728C. Oligonucleotide primers used for ampli®cation

of c-fms cDNA were 50-CTGAGTCAGAAGCCCTTCCGA-

CAAAG-30 and 50-CTTTGCCCAGACCAAAGGCTGTAGC-30,

corresponding to the 1441±1456 bp and 1865±1889 bp of c-fms

cDNA. Up-stream and down-stream primers, namely 50-

TGAACCCTAAGGC CAACCGTG-30 and 50-GCTCA-

TAGCTCTTCTCCAGGG-30, corresponding to 409±429 bp and

784±804 bp, respectively, were used for ampli®cation of b-actin

cDNA. Primers were chosen using Oligos software (kindly gifted

by Dr P. Green, Washington University, School of Medicine).

The PCR products were loaded on a 2% agarose gel following

by staining with 0´5 mg/ml ethidium bromide. The gel was photo-

graphed by a B.I.S. 202D imaging system (Renium). The mole-

cular weight of ampli®ed products was estimated by comparison

with the pBR322/AluI DNA molecular weight marker (MBI,

Vilnius, Lithuania). Two types of controls were used for reverse

transcriptase (RT)-PCR analysis. First, a negative control for

cDNA synthesis in which RT was omitted con®rmed the absence

of contamination by genomic DNA. Second, PCR reaction per-

formed without cDNA template proved the lack of external

contamination. The speci®city of the PCR products was validated

by sequencing analysis.

Statistical analysis

Each tested sample of total RNA was obtained by combining four

or ®ve placentas in a tested litter. To evaluate results of the RNase

protection assay statistically, four or ®ve samples obtained from

different litters were analysed and compared by Student's t-test.

The two-tailed level of signi®cance of differences was a� 0´05.

For in situ hybridization analysis, four or ®ve resorbing and/or

non-resorbed uteroplacental units collected from four mice were

analysed for each experimental group. In situ hybridization experi-

ments were repeated three times. In each experiment, four or ®ve

tissue sections of each uteroplacental unit were processed and

analysed by two independent readers. Results characterizing signal

intensity were averaged.

RESULTS

Pregnancy loss in tested animal models

Two mouse models demonstrating a high level of either sponta-

neous or CY-induced induced pregnancy loss were used in this

study. As well as in our earlier studies [28], CBA/J females mated

to DBA/2J (the resorption-prone mouse combination) demon-

strated an increased level of spontaneous pregnancy loss (approxi-

mately 28%) by day 12 of pregnancy. In CBA/J females mated

to C57Bl/6 males that were used as a control, the incidence of
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post-implantation loss did not exceed 9% at this time point The

resorption rate in both mouse combinations did not change much

when tested on day 19 of pregnancy.

In ICR ´ ICR mice treated with CY on day 12 of pregnancy, the

incidence of pregnancy loss reached approximately 28% by day 15

of pregnancy and exceeded 85% by day 19 of pregnancy. In non-

treated ICR mice, the resorption rate did not exceed 10%. A similar

dynamics of pregnancy loss was observed in CY-treated CBA/J

females mated to C57Bl/6 males (approximately 30% and 81%,

respectively).

In immunized CY-treated ICR females tested on day 19 of

pregnancy, the incidence of resorptions (approximately 52%) was

signi®cantly lower (P< 0´05) than that in non-immunized CY-

treated mice (approximately 86%). This index was found to be

lower in immunized females tested on day 15 of pregnancy (19%

versus 29%, respectively). These values did not however differ

statistically.

Similar results were obtained in CY-treated CBA/J females

immunized with paternal lymphocytes. Thus, the incidence of

post-implantation embryonic loss in immunized CBA/J females

tested on day 19 of pregnancy was 46% versus 81% in non-

immunized ones (P< 0´05).

Immunopotentiation itself had no effect on reproductive per-

formance of tested mouse strains.

The above results clearly demonstrate that embryos of

ICR ´ ICR and CBA/J ´ C57Bl/6 mouse combinations have prac-

tically equal sensitivity to CY-induced pregnancy loss. Both mouse

combinations also responded equally to CY after maternal
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Fig. 1. RNase protection analysis of CSF-1 mRNA in the uteroplacental

unit of cyclophosphamide (CY)-treated ICR mice. Top: hybridization with

CSF-1-speci®c anti-sense RNA probe. Lane 1, undigested CSF-1

riboprobe; lane 2, yeast tRNA used as negative control; lane 3, utero-

placental unit from control mice; lane 4, non-resorbed uteroplacental

unit from CY-treated mice; lane 5, resorbing uteroplacental unit from

CY-treated mice; lane 6, non-resorbed uteroplacental unit from immuno-

potentiated CY-treated mice. Middle: hybridization with b-actin-speci®c

riboprobe (250 bp protected fragment). Bottom: densitometry analysis of

protected fragment corresponding to 1400 bp. CY, Non-resorbed uteropla-

cental unit from mice treated with CY; R, resorbing uteroplacental unit

from mice treated with CY; IM�CY, non-resorbed uteroplacental unit

from immunopotentiated CY-treated mice. To evaluate results of RNase

protection assay statistically, four samples obtained from different litters

were analysed.
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Fig. 2. RNase protection analysis of CSF-1 mRNA in the uteroplacental unit

of CBA/J mice. Top: hybridization with CSF-1-speci®c RNA probe. Lane 1,

undigested CSF-1 riboprobe; lane 2, yeast tRNA negative control; lane 3,

non-resorbed uteroplacental unit from CBA/J ´ DBA/2J mouse combination;

lane 4, resorbing uteroplacental unit from CBA/J ´ DBA/2J mouse combina-

tion. Middle: hybridization with b-actin-speci®c riboprobe (250 bp protected

fragment). Bottom: densitometry analysis of RNA blots. Five samples were

analysed to evaluate results of RNase protection assay statistically.



immunostimulation. Therefore, we used the ICR ´ ICR mouse

combination to evaluate the patterns of expression and localization

of CSF-1 and c-fms at the fetomaternal interface of mice with

induced pregnancy loss.

Expression of CSF-1 in the uteroplacental unit of mice with

pregnancy loss

CSF-1 mRNA expression in the uteroplacental unit was estimated

using RNase protection analysis. Hybridization of CSF-1-speci®c

RNA probe with RNA isolated from the control or from non-

resorbed and resorbing uteroplacental units of CY-treated mice

revealed two protected fragments of 1400 bp and 263 bp (Fig. 1),

corresponding to 3´0-kb and 1´6-kb CSF-1 mRNA transcripts,

respectively. The 1400-bp mRNA form was shown to be expressed

at a lower level than the 263-bp variant in all tested samples.

Semiquantitative densitometric analysis of RNA blots demon-

strated a 40% decrease in the expression of the 1400-bp CSF-1

mRNA form in both non-resorbed and resorbing uteroplacental

units of CY-treated compared with control mice (P < 0´05), while

no difference in the expression of the 263-bp form was detected

(Fig. 1).

In the uteroplacental unit of the CBA/J ´ DBA/2 J mouse

combination only the 263-bp mRNA fragment was found

(Fig. 2). In this mouse model of pregnancy loss a 20% decrease

in CSF-1 mRNA expression was demonstrated in the resorbing

compared with the non-resorbed uteroplacental units (P < 0´05)

(Fig. 2).

Localization of CSF-1 mRNA at the fetomaternal interface

The cellular pattern of CSF-1 mRNA expression in the uteropla-

cental unit was studied by in situ hybridization analysis. In the

mice with CY-induced resorptions, CSF-1 mRNA was shown to be

expressed in the uterine epithelium, and especially in cells of

the uterine vasculature (Fig. 3a,e and Table 1). A speci®c

hybridization signal was found also in the metrial gland cells and

in the uterine leucocytes (Table 1).

In total, the cellular pattern of CSF-1 mRNA expression in

uteroplacental units of CY-treated mice was similar to that

observed in the control mice (Table 1).

The number of uterine leucocytes expressing CSF-1 mRNA

was substantially lower in CY-treated than in control animals. At

the same time, leucocytes in®ltrating zones of necrosis in the

resorbing placenta did not contain the CSF-1 transcripts (Fig. 3b).

The cellular localization and signal intensity in uteroplacental

units of CBA/J ´ DBA/2J mice were similar to those observed in

mice with CY-induced pregnancy loss (Table 1).

No hybridization signal could be detected when speci®c ribo-

probes were replaced by non-homologous RNA or when tissues

were pretreated with RNase.

Expression of c-fms in placenta of mice with compromised

pregnancy

Using RT-PCR analysis it was observed that ampli®cation of

cDNA from the control or non-resorbed uteroplacental unit of

CY-treated mice with speci®c c-fms primers resulted in generation

of 448-bp PCR product (Fig. 4a). No c-fms-speci®c bands were

identi®ed in RNA samples from resorbing placenta of CY-treated

mice (Fig. 4a). In CBA/J females mated with DBA/2J males, RT-

PCR analysis revealed expression of c-fms mRNA in the non-

resorbed uteroplacental unit only (Fig. 4b).

The presence of RNA in the tested samples was con®rmed by

use of actin primers, which generated a 395-bp PCR product

(Fig. 4a,b, bottom). Control samples in which either RT was

omitted during cDNA synthesis (Fig. 4a,b) or PCR reaction was

performed in the absence of cDNA (data not shown) demonstrated

no PCR products.

Localization of c-fms mRNA at the fetomaternal interface

In mice with CY-induced resorptions, a strong hybridization signal

was detected in giant trophoblast cells (Fig. 3c and Table 2), while

spongiotrophoblast cells also demonstrated a certain level of c-fms

mRNA expression (Fig. 3c and Table 2). In labyrinthine zone of

trophoblast signal was weak or absent completely. A relatively

weak speci®c signal was found in the metrial gland cells (Table 2).

Neither the pattern nor the intensity of the hybridization signal

demonstrated in the non-resorbed uteroplacental unit of CY-treated

mice differed from those of control mice (Table 2). In the resorbing

uteroplacental unit, CY treatment resulted in a complete loss of

speci®c c-fms hybridization signals in metrial gland cells (Table 2).

Tissue areas undergoing necrosis in the resorbing placenta were

in®ltrated with numerous leucocytes abundant with c-fms mRNA

transcripts (Fig. 3d).
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Table 1. Tissue distribution of CSF-1 mRNA in the uteroplacental unit of mice with pregnancy loss*

Groups of animals and types Uterine Uterine Metrial Uterine

of tested uteroplacental units epithelium stroma gland leucocytes

Non-treated mice (control)

Non-resorbed �� �� � /�� ��

CY-treated mice

Non-resorbed �� �� � �

Resorbing �� �� � �

Immunized CY-treated mice

Non-resorbed ��� ��� �� /��� ��

CBA/J ´ DBA/2J

Non-resorbed �� �� �� �

Resorbing �� �� �� � /��

*In situ hybridization signals were scored as follows:�, weak signal;��, moderate signal;���,

high intensity signal.
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Fig. 3. Distribution of CSF-1 and c-fms mRNAs in placentas and uteri of

cyclophosphamide (CY)-treated ICR mice. (a) Expression of CSF-1 mRNA

in the uterus of CY-treated mice The positive signal is detected in stromal

cells and muscle cells of uterine vasculature (b) Leucocytes in necrotic zone

in the resorbing uteroplacental unit of CY-treated mice demonstrate no

expression of CSF-1 mRNA. (c) c-fms mRNA expression in giant cells in

the placenta of CY-treated mice. (d) Strong positive signal for c-fms mRNA

in leucocytes in®ltrating necrotic zone of the resorbing uteroplacental unit of

CY-treated mice. (e,f) CSF-1 mRNA expression in the uterine epithelium of

non-immunopotentiated (e) and immunopotentiated (f) CY-treated mice. (g)

Negative controlÐa placental section of CY-treated mice hybridized with

non-homologous RNA (´ 100).



The cellular pattern of c-fms mRNA expression in the utero-

placental unit of CBA/J females from the CBA ´ DBA/2 mouse

combination was similar to that observed in mice with induced

pregnancy loss (Table 2).

Effect of immunopotentiation on CSF-1 and c-fms mRNA

expression

Immunopotentiation of ICR females with xenogeneic rat

splenocytes substantially decreased the level of CY-induced

post-implantation embryonic loss (52% versus 86% in non-

immunopotentiated female mice). In parallel, immunopotentiation

also modulated the level of CSF-1 mRNA expression at the

fetomaternal interface. Thus, densitometric analysis of RNA

blots revealed that immunopotentiation caused up to 120% increase

in CSF-1 mRNA expression in the uteroplacental unit of mice with

CY-induced resorptions compared with non-immunized animals

(P< 0´05) (Fig. 1, lanes 4 and 6). In situ hybridization analysis

also demonstrated an enhancement in hybridization signal intensity

in the uterine epithelium and stroma cells of immunized CY-treated

compared with non-immunized mice (Fig. 3e,f and Table 1).

In situ hybridization analysis suggested that neither the cellular

pattern nor the intensity of c-fms RNA expression were altered

by immunopotentiation (Table 2). Also, RT-PCR analysis

resulted in generation of the same PCR product in the utero-

placental unit of immunopotentiated mice as was observed in non-

immunopotentiated control and CY-treated mice (Fig. 4a).

DISCUSSION

This study reports on data characterizing CSF-1 and its receptor

(c-fms) mRNA expression at the fetomaternal interface in mice

with a high rate of pregnancy loss. The model used for sponta-

neous pregnancy loss was the resorption rate in the CBA/J ´ DBA/

2J mouse combination. The resorption rate on day 12 of preg-

nancy was 27´7%, which is similar to the expected rate in this

mating combination [33,34]. In CY-treated mice the resorption

rate was approximately 30% on day 15 of pregnancy and reached

83% by day 19. This model allows us to evaluate the pattern of

CSF-1 mRNA expression in placentas which are not resorbed at

day 15 of pregnancy, but most of which are destined to be

resorbed by the end of pregnancy.

Two major forms of CSF-1 mRNA, representing protected

fragments of 1400 and 263 bp, have been demonstrated in the

uteroplacental units of CY-treated mice, whereas in uteroplacental

units of the CBA/J ´ DBA/2J mouse mating combination only the

263-bp mRNA transcripts were found. The absence of the 1400-bp

mRNA transcript in CBA/J females may be due to differential

regulation of the expression of CSF-1 mRNA variants in the uterus

at different stages of gestation [11].

Semiquantitative densitometric analysis of RNase protection

assay results has shown a 40% decrease in the expression of 1400-

bp CSF-1 mRNA form not only in the resorbing but also in non-

resorbed uteroplacental unit of mice with CY-induced pregnancy

loss, compared with control mice. At the same time, in mice with

spontaneous pregnancy loss (CBA/J ´ DBA/2J), a 20% decrease in

the expression of the 263-bp CSF-1 mRNA form was demonstrated

in the resorbing compared with non-resorbed placentas. The

temporal pattern of embryonic death observed in CY-treated

mice suggests that non-resorbed placentas tested on day 15 of

pregnancy were destined to be resorbed by the end of pregnancy. In

contrast, the pattern seen in CBA/J females mated to DBA/2J

suggests that non-resorbed placentas tested on day 12 of pregnancy

were destined to survive. Taking all data together, the above results

strongly suggest that down-regulation of CSF-1 mRNA expression

at the fetomaternal interface may precede and be associated with

pregnancy loss. This concept is supported by data that women

with recurrent spontaneous abortions have a low systemic level of

M-CSF [35].

In situ hybridization assay has shown that the cellular pattern of

CSF-1 mRNA expression at the fetomaternal interface is similar in

both mouse models of pregnancy loss, and practically no differ-

ences were observed in the localization of CSF-1 transcripts

between the non-resorbed and resorbing uteroplacental unit.

CSF-1 transcripts have mainly been localized to the uterine

epithelium and stroma. A speci®c hybridization signal has been

found in uterine and placental leucocytes and in the resident cells

of metrial glands. CSF-1 mRNA expression in the uterine

epithelium of non-resorbed uteroplacental units of CY-treated

mice did not differ from control mice. However, there were

fewer leucocytes expressing CSF-1 mRNA in uteroplacental

units of CY-treated mice.

CSF-1 expression in the uterine stroma and vasculature is
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Table 2. Tissue distribution of c-fms mRNA in the uteroplacental unit of mice with pregnancy loss*

Groups of animals and types Giant Spongio-

of tested uteroplacental units trophoblast trophoblast Myometrium Metrial gland

Non-treated mice (control)

Non-resorbed �� � ÿ �

CY-treated mice

Non-resorbed �� � ÿ �

Resorbing �� �� � ÿ

Immunized CY-treated mice

Non-resorbed �� � ÿ �

CBA/J ´ DBA/2J

Non-resorbed �� � ÿ �/ÿ

Resorbing �� � ÿ ÿ

*In situ hybridization signals were scored as follows: ÿ, not detectable; �/ÿ, detectable but patchy;

�, weak signal; ��, moderate signal.



believed to be important for endometrial remodelling and repair

[36]. The endometrium might otherwise be damaged by toxins and

oxidative enzymes released from the dying embryo and impaired

placental tissues. Moreover, CSF-1 may contribute to the local

cytokine microenvironment which determines the traf®cking and

behaviour of uterine macrophages [36]. Indeed, we have demon-

strated that necrotic resorbing placental tissue is in®ltrated by

numerous leucocytes expressing c-fms mRNA, which may be a

marker for differentiated macrophages [14]. These macrophages

have been shown to express tumour necrosis factor-alpha (TNF-a)

[28], but not CSF-1 mRNA. The number of uterine leucocytes

expressing both CSF-1 and c-fms mRNA and the number of CSF-1�

cells in metrial glands has been found to be lower in CY-treated

than control mice.

These data suggest that CSF-1 produced by uterine macro-

phages and by metrial gland cells may be implicated in the

regulation of local immune responses protecting the fetus. We

therefore studied the expression of CSF-1 mRNA in mice with

pregnancy loss after immunostimulation of the maternal immune

system. It has been reported that maternal alloimmunization with

lymphocytes of paternal haplotype mice signi®cantly decreases

pregnancy loss in the CBA/J ´ DBA/2J mouse combination [23].

Also, non-speci®c immunopotentiation with Freund's complete

adjuvant (FCA) or xenogeneic lymphocytes may improve the

reproductive performance of mice with spontaneous pregnancy

loss [28,31,34,37]. Although the precise mechanisms whereby

immunostimulation prevents embryo loss are still unknown, it

has been suggested that immunostimulation may result in modula-

tion of the cytokine milieu in the embryonic microenvironment,

leading to enhanced production of Th2 cytokines and suppression

of Th1-type immune responses [38,39]. Indeed, the protective

effect of immunopotentiation on reproductive performance in

mice with pregnancy loss is associated with a strong decrease in

TNF-a expression at both mRNA and protein levels [28], and

elevated transforming growth factor-beta 2 (TGF-b2) mRNA

expression in the uteroplacental unit compared with non-immu-

nized mice [40]. The pregnancy rate is also improved in CBA/

J ´ DBA/2J mice following immunopotentiation. This is accom-

panied by a dramatic shift towards reduced interferon-gamma

(IFN-g) and increased IL-10 expression in the uteroplacental unit

[27,41]. It has also been demonstrated that immunization of mice

with stress-triggered pregnancy loss protects the embryo, and that

this protection is associated with elevation of TGF-b2-mediated

immunosuppression and a simultaneous decrease in TNF-a-asso-

ciated cytotoxic activity in decidual tissue [26].

This study demonstrates that a decreased resorption rate in

immunostimulated females is accompanied by both elevation in

the CSF-1 mRNA expression in the uterine epithelium, and an

increased number of CSF-1� leucocytes in the endometrium.

Cellular signals promoted by CSF-1 have been shown to be

associated with increased embryo survival and placental growth

[42]. The in vitro experiments demonstrate that CSF-1 may in¯u-

ence proliferation of the trophoblast, stimulate trophoblast differ-

entiation and the production of placental hormones [17±19]. The

observation that CSF-1 mRNA is expressed at a high level in the

uterus and that transcripts of its receptor (c-fms) are abundant in

the trophoblast indicates that CSF-1 may in¯uence trophoblast

growth and differentiation in a paracrine manner. Finally, there is

also evidence that expression of cellular proto-oncogenes, early

response genes such as c-myc, c-fos and c-jun and expression

of D-type cycline are required for the realization of the mitogenic

and trophic effects of CSF-1 [43]. Therefore, augmentation of

CSF-1 expression at the fetomaternal interface following

immunostimulation may result in improved trophoblast and

embryo cell proliferation and thereby fetal survival. Increased

CSF-1 production may be important for down-regulation of

MHC-Ia antigens on placental cells, thereby reducing the risk

of pregnancy loss [44], or could result in activation of local

immunosuppression [45], which may be an important mechanism

preventing aggressive maternal responses towards the embryo

[46].

Along with the above data, suggesting a positive role of CSF-1

in embryo development, there are studies demonstrating that a

distorted expression of this cytokine in the uterus may result in

death of preimplantation or early implantation embryos. Thus,

CSF-1 injection to C57Bl/6 mice for 5 consecutive days from day 1

of pregnancy onward was shown to cause a signi®cant decrease in

the number of viable implantations [47,48]. It seems that appro-

priate CSF-1 expression in the pregnant uterus is important for the

pregnancy outcomeÐits over-production in the preimplantation

stage may be destructive, whereas an elevated CSF-1 level after

implantation appears to be bene®cial for the maintenance of

normal pregnancy.
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Fig. 4. Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis

of c-fms mRNA. Top: (a) Lanes 1 and 2, uteroplacental unit of control

mice. Cyclophosphamide (CY)-treated mice: lanes 3 and 4, non-resorbed

placenta; lanes 5 and 6, resorbing placenta; lanes 7 and 8, placenta of

immunopotentiated control mice; lanes 9 and 10, placenta of immuno-

potentiated and CY-treated mice. Lanes 2, 4, 6, 8 and 10 demonstrate

negative controls for RT-PCR in which reverse transcriptase was omitted.

(b) CBA/J ´ DBA/2J mating combination. Lanes 1 and 2, non-resorbed

placenta; lanes 3 and 4, resorbing placenta. Lanes 2 and 4 represent

negative controls. Bottom: (a,b) RT-PCR with b-actin-speci®c primers.



Also, it is worth nothing that the role of CSF-1 in pregnancy

can not be completely understood without understanding the inter-

relationships between CSF-1 and other cytokines. TNF-a and

IFN-g may be associated with placental death and a high risk of

fetal loss [28,49]. It has been demonstrated that these cytokines

may alter the CSF-1 proliferative effect by down-regulation of its

receptor expression [50,51], thereby inhibiting DNA synthesis and

cell cycle progression [43]. Other cytokines such as granulocyte-

macrophage colony-stimulating factor (GM-CSF), TGF-b and

IL-10 may promote placental growth and may induce the secretion

of placental lactogen and hCG [18,19]. These ®ndings indicate that

CSF-1 acts at the fetomaternal interface in conjunction with other

cytokines, and that alterations in the local cytokine balance may

lead to pregnancy termination.
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