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a b s t r a c t

Background: Gestational diabetes mellitus (GDM) may adversely affect fetoplacental interaction.
Numerous reports demonstrate that GDM women have increased circulating tumour necrosis factor-
a (TNF), a pro-apoptotic peptide.
Objective: To examine whether implantation site apoptosis is increased by exogenous TNF in mice
heterozygous for a defective leptin receptor (db/þ), a GDM animal model.
Study design: Implantation sites were studied at gestational day (gd)18.5 in 3 groups: saline-treated wild-
type (wt) and db/þ mice, and TNF-treated db/þ mice. Saline or TNF (total dose 4 mg) was administered by
miniosmotic pump from gd11.5. Immunostaining for cleaved caspase-3, PAS and cytokeratin was per-
formed for quantification of apoptotic cells, uterine natural killer (uNK) cells, and trophoblast invasion,
respectively. The mRNA expression of TNF and TNF-induced apoptotic markers in placenta and meso-
metrial triangle (MT) was measured by quantitative RT-PCR.
Results: The implantation sites from saline-treated wt and db/þ mice showed comparable numbers of
apoptotic cells and uNK cells. Compared with the saline-treated groups, TNF-treated db/þ dams had less
fetuses; the placental labyrinth and trophospongium contained more apoptotic cells; and the MT con-
tained a higher total number of uNK cells including more cells intensely stained for cleaved caspase-3 as
well as cells with negative staining. Trophoblast invasion was shallower in db/þ than inwt mice (14% and
30% of total invasion into MT, respectively) but this was not affected by TNF. The mRNA expression of TNF
and apoptotic markers was comparable in the 3 groups.
Conclusions: TNF treatment in db/þmice raises the number of apoptotic cells in the placenta, and appears
to increase the retention of uNK cells in the MT. Db/þ mice demonstrate shallower trophoblast invasion
which is unaffected by exogenous TNF.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The prevalence of gestational diabetes mellitus (GDM) has
increased in recent decades because more pregnant women are
older and/or overweight [1]. Although maternal obesity and GDM
are accompanied by a highermean birthweight, emerging evidence
suggests that the fetusesmay not reach their growth potential [2]. In
rodents, a high-fat diet worsened reproductive outcome: less

fetuses [3,4], lower fetal [5,6] and placental [5]weight, andplacental
oxidative stress [7] have been reported.

A lack of suitable animal models partly explains the paucity of
studies on fetoplacental interactions in GDM pregnancies. The low-
dose streptozotocin rat model has several disadvantages including
the absence of maternal and fetal overweight [8]. A promising
animal model for GDM is the C57BL/KsJ-Lepdb/þ mouse, also known
as the Leprdb/þ (generally abbreviated as db/þ) mouse [9]. Db/þ
mice are heterozygous for a spontaneous loss-of-function mutation
in the leptin receptor gene (Lepr). Whereas db/db mice are severely
diabetic/obese and sterile, the db/þ counterparts show a milder
phenotype and they can reproduce. In the non-pregnant state (at
age 8 weeks), db/þ mice show increased fat mass and insulin
resistance compared with wild-type (wt) mice but glucose toler-
ance is largely normal [9,10]. However, glucose tolerance is
impaired during late gestation [9,11], and the weight of the fetuses
at term is increased by 5e8% [9e13].

Abbreviations: AP, alkaline phosphatase; BSA, bovine serum albumin; DBA,
Dolichos biflorus agglutinin; gd, gestational day; GDM, gestational diabetes mellitus;
MT, mesometrial triangle; RT, room temperature; TNF, tumour necrosis factor-a;
uNK, uterine natural killer; wt, wild-type.
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GDM gravidas show an altered secretion pattern of adipokines
(i.e., adipose tissue secretory products) with an increase in circu-
lating tumour necrosis factor-a (TNF) concentrations as one of the
most consistent changes [14e19]. Adipose tissue TNF expression is
upregulated by the accumulation of M1 macrophages triggered by
adipocyte hypertrophy [20]. In turn, TNF has been shown to induce
insulin resistance [15,21,22]. Db/þ mice showed a 2.5-fold over-
expression of TNFmRNA in adipose tissuewhen fed a standard diet,
and a >6-fold overexpression on a high-fat diet [10].

As a pleiotropic cytokine with a pro-apoptotic effect, excess TNF
may affect placental morphology and function. Acting through the
extrinsic apoptotic pathway, TNF binds to the cell surface ‘death
receptors’ TNF receptor 1 (TNFR1) and TNFR2, and activates the
effector caspase-3 [23]. Various cell types in the placenta express
TNFR1 and TNFR2 [23], and high-dose TNF administration caused
placental and decidual necrosis in the rat [24].

We hypothesized that TNF overexpression is one of the mech-
anisms that explains the deleterious effects of obesity or/and GDM
on reproductive outcome. In C57BL/6 mice without db/þ mutation,
TNF administration during the last week of gestation (continuous
s.c. release, 4 mg in total) reduced fetal and placental weight at term
by 5% and 7%, respectively [25]. In the current study, we explored
the fetoplacental effects of TNF, administered using the same
protocol, in db/þ mice fed a standard diet.

2. Materials and methods

2.1. Animal procedures

The study protocol was approved by the K.U. Leuven ethical committee of animal
research.C57BL/KsJ-Lepdb/þ (db/þ) and the respectivewtmicewere obtained from the
Jackson Laboratory, Bar Harbor, ME, USA, and a local colony was established since
2002 [10]. The breeding program consists of db/þ females and wt males, thus
producing db/þ or wt offspring; wt males are either inbred or purchased from the
Jackson Laboratory to prevent extreme inbreeding. Wt mice can be recognized by
their grey coat colour and white tail-end, compared to all-black db/þmice. The mice
arehoused in a temperature-, humidity- and light-controlled animal facility andhave
ad libitum access to tapwater and a standard low-fat laboratory chowcontaining 51%
(weight/weight) carbohydrate, 3% fat and 21% protein (Trouw, Gent, Belgium).

Db/þ and wt female offspring of breeders were mated overnight at 8 weeks of
age with wt males, and were weighed at gestational day (gd)0.5 (morning of
copulation plug), gd7.5, gd11.5 and gd18.5. At gd11.5, an Alzet miniosmotic pump
(model 2001, Charles River, L’Arbresle, France) was inserted s.c. in the nucho-dorsal
midline under light ether anaesthesia. The pumps were filled with either saline (wt
and db/þmice) or recombinant mouse TNF (db/þmice only) (Promocell, Heidelberg,
Germany). The pump delivered 4 mg TNF over 7 days, as in a previous study [25],
corresponding to 100e120 mg/kg or 0.60e0.72 mg/kg h. This dose was derived from
a study in rats inwhich 1 mg/kg hwas infused [21]. At gd18.5, the animals underwent
an insulin tolerance test in the fed state. Insulin (Humulin Regular, Eli Lilly,
Indianapolis, IN, USA) at 1 U/kg was injected intraperitoneally; measurements
of glucose were performed before the insulin injection and at 15, 30, 45 and
60 min after insulin injection with a glucometer (Glucocard Memory 2,
Menarini, Florence, Italy) on a drop of blood obtained through a small tail snip.
Subsequently, a caesarean section was performed under pentobarbitone (8 ml/kg,

intraperitoneally) anaesthesia. The number of visible resorptions and malformed
fetuses was recorded. A blood sample was obtained from the maternal aorta. The
placentas and fetuses were delivered clockwise; the first placenta was weighed, the
second (and fourth, if available) placentas and mesometrial tissue were individually
snap frozen in liquid nitrogen and subsequently stored at �80 �C for RT-PCR anal-
ysis, and the third (and fifth, if available) were immersed in fixative (4% para-
formaldehyde in 0.1 M phosphate buffer, pH 7.2). All fetuses were weighed; the
pump was extracted to recalculate the gd18.5 body weight.

2.2. Implantation site histology

The placentas were kept in fixative for 24 h at room temperature (RT), washed
for 24 h at 4 �C in 0.1 M phosphate buffer with addition of 3% sucrose, and stored in
70% ethanol at RT until further processing into paraffin blocks according to standard
procedures. Three mm-sections parallel to the fetalemesometrial axis were cut from
these blocks, and appropriate central sections (around the central arterial channels)
were selected for analysis. Sections were double-immunostained for cleaved cas-
pase-3 to evaluate apoptosis, and a-actin to differentiate between decidua and
mesometrial triangle (MT); they were counterstained with the PAS method to
enhance morphological detail and to visualize uterine natural killer (uNK) cell
granules in pink. Two parallel sections were stained with the lectin Dolichos biflorus
agglutinin (DBA) to differentiate uNK cell phenotype [26] and immunostained for
cytokeratin as a trophoblastic cell marker, respectively.

2.2.1. Double immunohistochemical staining for apoptosis and smooth muscle cells
The sections were deparaffinized and heat-retrieved in citrate buffer (10 mM,

pH 6) for 2 h in a water bath set to 95 �C. First, sections were incubated overnight at
4 �C with a rabbit polyclonal antibody to cleaved caspase-3 (Cell Signaling Tech-
nology; diluted 1/100). The use of a biotinylated swine anti-rabbit antibody (Dako,
Glostrup, Denmark; diluted 1/400, 30 min) followed by alkaline phosphatase
(AP)-conjugated streptavidin (Roche, Mannheim, Germany; diluted 1/1000, 30 min)
and nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indoyl phosphate toluidine
salt (NBT/BCIP, Roche, Mannheim, Germany; applied for 20 min) as chromogen in
the AP-reaction resulted in a black-staining of apoptotic cells. Second, smooth
muscle cells were detected with a mouse monoclonal antibody against a-actin
(clone 1A4, Dako; final dilution 1/180) which was complexed with the secondary
antibody before application to avoid antibody-tissue cross-reaction. Thus, the
detecting AP-conjugated goat anti-mouse antibody (Dako; final dilution 1/200) was
mixed with anti-a-actin for 3 h at RT, and the excess available binding sites on the
formed complex was blocked by adding normal mouse serum (Dako; final dilution
1/200). After a further 1 h, sections were immediately incubatedwith the complex at
4 �C overnight. Histochemical detection of the bound AP with fast blue BB as
chromogen (applied for 10 min) resulted in light-blue staining of smooth muscle
cells, as shown in Fig. 1B. Endogenous AP was destroyed by the heat in the antigen
retrieval step, while before the second sequence, sections were immersed in HCl
(0.2 M) for 10 min at RT to inactivate the AP used for detection of the cleaved cas-
pase-3. To prevent irrelevant antibody-binding, a mixture of bovine serum albumin
(BSA, 2%), non-fat dried milk (1%) and Tween-80 (0.1%) was applied for 15 min
before each antibody application, and normal goat serum (1/25) was added to this
blocking mixture during the second part of the staining. Tris-buffered saline was
used as rinsing and diluting buffer throughout the procedure, except for the AP
reactions in which 0.1 M tris buffers were adjusted to alkaline pH and MgCl2
(10 mM) was added as a cofactor. After immunostaining, sections were treated with
0.25% a-amylase from Bacillus subtilis (SigmaeAldrich, Bornem, Belgium) during
10 min at 37 �C to digest all glycogen. The sections were counterstained with the PAS
method, and mounted in glycerin jelly.

2.2.2. Lectin staining of uNK cells
After inactivation of endogenous AP activity with HCl (0.2 M) for 10 min at RT

and blocking of irrelevant lectin bindingwith 4% BSA-biotinylated DBA lectin (Vector

Fig. 1. A. Overview of the implantation site of a wt mouse at gd18.5, showing cytokeratin-positive trophoblast invasion in maternal tissues (decidua and MT). B. Parallel section
stained for cleaved caspase-3 and a-actin, counterstained with PAS. Delineations show the trophospongium-decidua border (dark green) and decidua-MT border (yellow).
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Laboratories, Burlingname, U.S.A.; diluted 1/1000) was applied for 2 h at RT. The
bound biotin was detected with AP-conjugated streptavidin (Roche, Mannheim,
Germany; diluted 1/1000, 30 min) and subsequently NBT/BCIP (Roche) served as
a chromogen in the AP-reaction which was run for 18 min. Tris-buffered saline with
addition of 1 mM CaCl2 was used as rinsing buffer and the same buffer with addition
of 4% BSA was used for dilutions. Sections were a-amylase-digested before coun-
terstaining with PAS as in the cleaved caspase-3 protocol.

2.2.3. Immunohistochemical staining of trophoblast
After endogenous peroxidase quenching in 0.5%H2O2 inmethanol for 30 min, and

retrieval of antigenic epitopes for 10 min at 37 �C in 0.04% pepsin (P7012, Sigma-
eAldrich) diluted in HCl (0.01 M), sections were exposed for 2 h to polyclonal rabbit
anti-bovine keratin (Dako, Glostrup, Denmark; diluted 1/1500). Antibodies were
detected with peroxidase-conjugated goat anti-rabbit immunoglobulins (Jackson
Immunoresearch Laboratories, West Grove, PA; diluted 1/100, 30 min) to which
normal mouse serum (Dako; 1/25) was added to prevent antibody binding to the
tissue. Peroxidase activity was detected with 3,30-diaminobenzidine tetrahydro-
chloride (DAB, SigmaeAldrich) according to standard procedures. Sections were
counterstained with Harris hematoxylin, dehydrated and mounted in Depex (BDH,
Poole, England).

2.2.4. Image analysis
All materials and software were obtained from Carl Zeiss (Zaventem, Belgium).

Using an Axioskop 50 microscope fitted with an Axiocam MRc5 colour-camera,
overview images (objective 10�, resolution 1292 � 968 pixels) were taken (Axio-
vision-panorama software module); the KS400 software was used for quantitative
image analyses.

Apoptosis evaluationwas performed in four manually delineated compartments
of the implantation site: placental labyrinth, placental trophospongium, MT, and the
part of the decidua underlying the MT; their respective area was measured. All cells
positive for cleaved caspase-3 in each compartment were manually counted, and
expressed as apoptotic cells per mm2 of appropriate compartment area.

PAS-positive uNK cells in the delineated decidua and MT were counted and
stratified according to their staining for cleavedcaspase-3: negative (bright-pinkPAS-
positive granules, clear cytoplasm); lightly positive (light-brown stained cytoplasm);
intensely positive (black-staining which tended to blur the pink of the granules). In
addition, DBA-positive and DBA-negative uNK cells were counted per compartment.

For evaluation of trophoblast invasion, the trophospongial-decidual border
(between both ends of Reichert’s membrane) and the decidual-MT border (covering
the complete extension of the invading trophoblast) were manually traced (Fig. 1A).
Trophoblast invasionwas then analyzed as described [27]. Briefly, a binary image was
created after segmentation of the cytokeratin-positive area. Submitting this binary
image to an automated image analysis operation called “close” (size 7, number 10),
a second binary image was generated in which (near-) adjacent positive regions
connect to form a closed area (thus excluding isolated positive cells). This area can be
takenasameasureof invasionextension, and is furthernamed “extent”. Combining the
cytokeratin-positivity image and the extent image, respectively, with the respective
border delineations according to Boolean rules allowedus to differentiate between the
decidual and MT parts of the invaded area, and to measure the length of the overlap
between the respective delineated borders and the invaded area. From these data,
appropriate percentageswere calculated for each section. In this evaluation,wedid not
differentiate between interstitially and endo-/perivascularly invaded trophoblast.

2.3. Quantitative RT-PCR

Hardware (ABI 7000 sequence detector), software and materials were obtained
from Applied Biosystems (Lennik, Belgium). RNAwas extracted with TriPure (Roche,

Mannheim, Germany) from 50 to 100 mg homogenized placenta tissue (2e3
placentas per animal, i.e., 19 samples from saline-infused wt mice, 18 from saline-
infused db/þ mice and 11 from TNF-infused db/þ mice, respectively) and meso-
metrial tissue (pooled per 1e2 animals, i.e., 5 samples from both saline-infused wt
mice and saline-infused db/þmice, and 3 samples from TNF-infused db/þmice). The
RNA concentration was determined spectrophotometrically (ND-1000; Nanodrop,
Wilmington, DE, USA). The reverse transcription and PCR quantification were per-
formed as described previously for mouse tissues in detail [28]. We measured the
mRNA expression of TNF (assay ID: Mm00443258_m1), TNFRSF-1A associated via
death domain (gene name) or Tradd (gene symbol) (assay ID: Mm01251029_m1),
TNF receptor-associated factor 2 or Traf2 (Mm00801978_m1), and Fas(TNFRSF6)-
associated via death domain or Fadd (Mm00438861_m1). Tradd, Traf2 and Fadd are
three keymolecules in the signaling apoptotic pathwaymediated through TNFR1 or/
and TNFR2 [23]. For all target genes, 18s rRNA primers and Vic-Tamra probe were
used as endogenous reference. A validation experiment was completed to confirm
equal PCR efficiency for each target gene and reference. We also confirmed
a comparable expression of 18s RNA in placenta and mesometrial tissue from the 3
study groups.

2.4. Data analysis

The Prism software forWindows version 5.0 (Graphpad software, San Diego, CA,
USA) was used. Continuous variables from the 3 groups were compared using one-
way ANOVA; if p< 0.05, Bonferroni’s post hoc test was applied to compare the
individual groups. Categorical variables were compared using the chi-square test.

3. Results

3.1. General data (Table 1)

Saline-treated db/þ dams weighed more than wt dams at gd0.5
and throughout gestation (p< 0.05), but their weight gain between
gd11.5 and gd18.5 was not different from that observed inwt dams.
However, TNF-treated db/þ dams gained less weight than both
saline-treated wt and db/þ mice between gd11.5 and gd18.5
(p< 0.05). They were pregnant with less live fetuses than saline-
treatedwt and db/þmice, but the number of visible resorptionswas
not different. Therewas 1 visiblymalformed fetus in the saline db/þ
group and none in the other groups. No significant differences were
observed among the groups in the non-fasting baseline blood
glucose level or the hypoglycaemic response to exogenous insulin;
however, db/þ dams tended to be more insulin-resistant than wt
dams at the 15 and 30 min time-points (p< 0.11), but there was no
difference between saline- and TNF-treated db/þ dams.

3.2. Histological quantitative analysis of placenta

The total placental area, albeit not significantly different among
the groups, tended to be larger in saline-treated db/þ mice
compared with their wt counterparts while the relative areas of
labyrinth and trophospongium (as % of total placenta) remained

Table 1
General data of saline-treated wt and db/þ mice and TNF-treated db/þ mice.

wild-type saline
(N¼ 9)

db/þ saline
(N¼ 9)

db/þ TNF
(N¼ 6)

p

Body weight gd 0.5 (g) 20.16 (0.52) 22.34 (0.63)a 21.96 (0.45) 0.022
Body weight gd 18.5 (g) 33.37 (1.08) 36.52 (1.04)a 33.18 (0.70)b 0.049
Weight gain gd 11.5e18.5 (g) 8.96 (0.62) 9.23 (0.64) 6.79 (0.60)a,b 0.040
N live fetuses 6.6 (0.4) 6.7 (0.5) 5.0 (0.5)a,b 0.047
N resorptions 1.3 (0.4) 0.6 (0.2) 0.2 (0.2) 0.45
Weight top left placenta (mg) 104 (2) 95 (3) 105 (6) 0.14
Fetal weight (mg) 864 (166) 1162 (48) 908 (187) 0.25

Basal blood glucose (mg/dl) 97 (2) 87 (5) 100 (6) 0.12
ITT: glucose 150 (% of basal) 73 (8) 104 (10) 91 (7) 0.068
Glucose 300 (% of basal) 68 (8) 107 (16) 89 (11) 0.10
Glucose 450 (% of basal) 75 (9) 86 (18) 86 (11) 0.77
Glucose 600(% of basal) 72 (8) 90 (17) 90 (13) 0.51

The data are presented as means (SEM). Statistical analysis.
a Statistical analysis indicates a significant difference (p< 0.05) from the wt saline group.
b Statistical analysis indicates a significant difference (p< 0.05) from the db/þ saline group.
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unchanged (Table 2). In the TNF-treated db/þ mice, on the other
hand, the total placental area was slightly lower than in the saline-
treated db/þmice, owing to a smaller labyrinthine area as reflected
in the (not significantly different) percentage data. The ANOVA
analysis for the decidual area showed a p value of 0.081, and for the
MT area a p value of 0.15 (data not shown).

The number of apoptotic cells per relevant area was increased
three- to five-fold in the labyrinth, trophospongium and MT, but
not in the decidua, of TNF-treated db/þ mice compared with the
saline groups (labyrinth: p< 0.001; trophospongium: p< 0.01; MT:
p< 0.05 vs. db/þ and p< 0.01 vs. wt). Fig. 2 shows a labyrinthine
region from a TNF-treated db/þ mouse with multiple apoptotic
cells. Based upon the parallel keratin-stained section, most of these
apoptotic cells were localized in the labyrinthine (fetal) stroma.
Such areas containing apoptotic cells appeared at the fetal side of
the labyrinth and were observed more frequently in the TNF-
treated db/þ mice. In addition, solitary apoptotic cells of different
sizes were observed throughout the labyrinth in the three groups.
Although some of these cells clearly belonged to the cytotropho-
blastic layer lining the maternal vascular space, the complexity of
the tissue did not allow identification of many apoptotic cells.

3.3. Histological quantitative analysis of placental bed

In the decidua, therewas nodifference among the 3 groups in the
number of uNK cells nor in their staining intensity for cleaved cas-
pase-3 (data not shown). In the MT, however, the uNK cell number
relative to the compartment areawashigher in theTNF-treateddb/þ
mice compared with the saline groups (ANOVA: p< 0.01 and
p< 0.01 compared withwt) (Fig. 3A). Therewas a higher number of
uNK cells unstained for cleaved caspase-3 compared with saline-
treated wt mice (p< 0.05) as well as a markedly higher number of
intensely-stained cells compared with both saline-treated groups
(p< 0.001) (Fig. 3B). Fig. 4 shows an area in the MT from a
TNF-treated db/þ mouse with multiple uNK cells, several of which
are apoptotic. Nodifferencesweredetected in the relative fraction of
DBA-positive (between 60 and 70%) uNK cells in the decidua among
the 3 groups (ANOVA: p¼ 0.4281, data not shown); in the MT, the
DBA-positive fractionvariedbetween52 and65% (p¼ 0.0418, but no
intergroup differences at the p< 0.05 level).

The total area invaded by trophoblast was not different among
the 3 groups (Table 2, extent values). However, in both saline- and
TNF-treated db/þ groups, 86e87% of the trophoblast invasion was
restricted to the decidua compared to 70% in the saline wtmice (all

differences: p< 0.01). The analysis of the overlap between the
invasion extent and the trophospongium-decidua and decidua-MT
borders, respectively, followed the same trend. While the length of
these borders was not different among the 3 groups (data not
shown), db/þ mice showed less overlap of the decidua-MT border
than wt mice (p< 0.05). Since the length of this border was traced
between the two lateral invasion margins, the difference in overlap
must be the result of gaps in the invasion front crossing the
borderline. Open spaces in the invaded zone may correspond to
major blood vessels or necrotic areas in the decidua, while muscle
bundles may also be devoid of invading trophoblast in the MT.
Fig. 1A shows the implantation site in a wtmouse with trophoblast
invasion extending over the decidua-MT border.

3.4. Gene expression data (RT-PCR)

No significant differences were found in the mRNA expression
(relative to 18s) of TNF (ANOVA: p¼ 0.33), Tradd (p¼ 0.43), Fadd
(p¼ 0.55) and Traf2 (p¼ 0.44) in placental tissue of saline-treated
wt and db/þ mice and TNF-treated db/þ mice. Neither was
a difference observed in the TNF (p¼ 0.23), Tradd (p¼ 0.54) and
Traf2 (p¼ 0.20) mRNA expression in mesometrial tissue; Fadd
expressionwas below the detection limit in mesometrial tissue and
was therefore not analyzed.

TNF was expressed to a slightly higher degree (p¼ 0.066) in
placental tissue compared with mesometrial tissue in wt mice,
while there was no such difference in saline-treated db/þ (p¼ 0.19)
or TNF-treated db/þ mice (p¼ 0.42). Tradd was expressed to
a slightly higher degree in placental vs. mesometrial tissue in the 3
groups (p¼ 0.023, 0.049 and 0.075 in wt, db/þ and TNF-db/þ
groups, respectively); and the same was true for Traf2 (p¼ 0.0098,
0.083 and 0.033, respectively).

4. Discussion

4.1. The db/þ mouse model

Maternal weight was w10% higher than in wt mice throughout
gestation, as reported [10,11]. The db/þ dams also tended to be
insulin-resistant, extending our previous findings in 8-weeks-old
non-pregnant db/þ mice [10]. Fetal weight was higher, yet the
ANOVA test indicated no significant difference. “Macrosomic”
fetuses are difficult to obtain in small rodent models, given their
immaturity and paucity of fat tissue at birth (1e2% fat vs. 16% in

Table 2
Morphological analysis of implantation sites of saline-treated wt and db/þ mice and TNF-treated db/þ mice.

wt saline (N¼ 11) db/þ saline (N¼ 13) db/þ TNF (N¼ 10) p

Area:
Total placental area (mm2) 8.299 (0.559) 9.769 (0.434) 8.702 (0.476) 0.0924
Total labyrinthine area (mm2) 6.137 (0.44) 7.166 (0.37) 5.963 (0.36) 0.071
Total trophospongial area (mm2) 2.162 (0.19) 2.603 (0.18) 2.739 (0.22) 0.112
Labyrinth/placenta (area %) 73.88 (1.54) 73.28 (1.53) 68.58 (1.88) 0.0698

Apoptosis:
Apoptotic cells in labyrinth (N/mm2) 5.28 (1.54) 7.88 (1.16) 25.40 (4.62)a,b <0.0001
Apoptotic cells in trophospongium (N/mm2) 12.94 (3.26) 10.16 (1.19) 29.43 (5.72)a,b <0.0001
Apoptotic cells in decidua (N/mm2) 36.23 (3.51) 47.12 (6.91) 56.46 (10.71) 0.1911
Apoptotic cells in MT (N/mm2) 37.12 (10.72) 52.53 (12.15) 108.05 (21.12)a,b 0.0065

Trophoblast invasion: (N¼ 9) (N¼ 11) (N¼ 9)
Total extent area (deciduaþMT) (mm2) 1.250 (0.148) 1.341 (0.160) 1.337 (0.087) 0.8774
Extent in MT (% of total extent area) 30.28 (3.95) 13.98 (3.01)a 12.77 (3.85)a 0.0032
T-D extent overlap (% of border length) 78.59 (7.09) 82.11 (3.14) 81.89 (5.65) 0.8741
Decidua-MT extent overlap (% of border length) 59.58 (7.14) 32.63 (6.31)a 34.96 (6.41) 0.0151

The data are presented as means (SEM). Statistical analysis.
a Indicates a significant difference from the wt saline group.
b Indicates a significant difference from the db/þ saline group.
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humans) [29]. While the total placental area was slightly higher
than in wt mice, we found no hypertrophy of the trophospongium
as observed in some diabetic rodent models [30].

4.2. Apoptosis in gd18.5 db/þ placentas

Compared with wt placentas, apoptosis was not upregulated in
db/þ placentas. However, systemic TNF administration in db/þ
dams during the last week of gestation (100e120 mg/kg) raised the
number of apoptotic cells in both labyrinth and trophospongium.
This pro-apoptotic effect was accompanied by a reduction in the
number of fetuses and maternal weight gain. Thus, TNF adminis-
tration in db/þ mice replicates the adverse effect of high-fat diets
on litter size in rats [3,4].

Necrosis of the placenta was previously described in gd18.5 rats
after a single intraperitoneal injection of a higher dose of TNF
(500 mg/kg) 7 days earlier [24]. Also, rats treated with a nitric oxide
synthetase inhibitor from gd7.5 to gd13.5 showed a rise in serum
TNF and in apoptotic cells in the trophospongium at gd19.5 [31].

TNF in the maternal circulation is expected to reach the base of
the labyrinth through the centrally descending arterial canals,
which branch off into highly anastomosing sinusoid spaces that
extend radially outwards and back towards the trophospongium
[32]. There is no evidence for transfer of maternal TNF to the fetal
circulation, as would be anticipated for a small peptide (molecular

weight: 17.4 kDa). In the dually perfused human placenta, no
transfer was detected in either direction [33]. Intravenously injec-
ted 125I-TNF in gravid rats was immunoprecipitated in maternal
tissues and placenta but not in fetal tissues [34].

We did not attempt a morphological identification of all
apoptotic cells in the placenta in the three groups. Yet some
apoptotic cells in the TNF-treated db/þmicewere clearly localized in
the cytokeratin-negative labyrinthine stroma. In addition, we
identified apoptotic cytotrophoblasts. Of note, TNFR1 and TNFR2 are
highly expressed in villous stromal cells and cytotrophoblasts [23].

4.3. Apoptosis in gd18.5 db/þ placental bed

More apoptotic cells were detected in the MT but not in the
decidua of TNF-treated db/þ dams. Part of the apoptotic cells in both
compartments were identified as uNK cells. In the mouse placental
bed, uNK cells emerge from gd6, accumulating until mid-gestation
and then gradually disappearing through apoptosis, yet some cells
persist at term and even postpartum [35e37]. Surprisingly, the MT
contained the highest number of uNK cells in TNF-treated db/þ
dams. Since DNA synthesis inMT uNK cells stops at gd12.5 [35], TNF
administration from gd11.5 is not expected to affect the initial uNK
cell number in this compartment. Rather, the markedly higher
number of uNK cells staining intensely positive for cleaved caspase-
3 suggests a suppressed clearance, while the higher number of

Fig. 3. Apoptosis in uNK cells in the mesometrial triangle (MT) of saline-treated wt and db/þ mice and TNF-treated db/þ mice. All cell numbers were expressed as cells per mm2 of
MT area. A. Total number of granulated uNK cells (ANOVA: p¼ 0.0064). The relative numbers corresponding to the three staining categories are stacked within the bars. B.
Granulated uNK cells stratified according to the intensity of cleaved caspase-3 staining (ANOVA: p¼ 0.044 for uNK cells without staining; p¼ 0.0517 for lightly-stained uNK cells;
p¼ 0.0001 for intensely-stained uNK cells). Between-group differences are shown by * (p< 0.05), ** (p< 0.01) or *** (p< 0.001).

Fig. 2. Microscopic view of a labyrinthine region in a gd18.5 db/þ mouse treated with TNF from gd11.5. Note aggregations of apoptotic cells corresponding with villous stroma (long
arrows), a solitary apoptotic cell (short arrow), and a large cytotrophoblastic cell (arrowpoint) showing positivity for cleaved caspase-3. A. Section stained for cleaved caspase-3 and
a-actin, counterstained with PAS. B. Parallel section stained for keratin.
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negative cells might indicate a later onset of apoptosis. The mech-
anisms leading to these events are not clear at this moment.
Persistence ofMTuNK cells at gd17.5was previously reported in two
animalmodels of pregestational diabetes [38]. Future studies should
examine the effects of TNF on uNK cells at earlier stages of gestation.
In concordance with previous studies [26,39], the majority of uNK
cells in both decidua and MT were DBA-positive.

4.4. Placental TNF

Human uNK cells express TNF mRNA [40] but no data are
available for the mouse. In the present study, TNFmRNA expression
in both placenta and MT was comparable in the three groups.
Nonetheless, MT TNF expression was slightly lower than placental
expression in wt but not in db/þ mice, suggesting a relative TNF
overexpression in MT of db/þ dams. However, the small number of
(pooled) MT samples precludes a conclusion at this stage.

There was no evidence of down- or upregulation of the TNF
signaling apoptosis pathway in the placenta or MT of db/þ mice
treated with TNF, as shown by the comparable mRNA expression of
the three key molecular markers Tradd, Traf2 and Fadd.

4.5. Trophoblast invasion at gd18.5

In ourwtmice, 30� 4% of the trophoblastic cells in the placental
bed were located in the MT. Previous findings obtained in gd17.5
mice suggested that trophoblast invasion is restricted to the
decidua [41]. However, the daily progression of trophoblast inva-
sion up to the end of gestation is not well documented in the
mouse. In the rat, the day-to-day changes are considerable [27] and
strain differences have been reported [42]. The depth of trophoblast
invasionwas inversely related to the increased number of uNK cells
in some studies, and TNF may be among the uNK-derived signals
mediating this association [41,42].

Trophoblast invasion was shallower in db/þ uteri. Interestingly,
leptin and insulin receptors are expressed in villous and extravillous
trophoblasts of the human placenta and in the glandular epithelial
cells of the decidua [43]. GDM increases the risk of pre-eclampsia, a
condition characterized by shallow trophoblast invasion; increased
circulating leptin and/or TNF have been proposed as possible
mediators explaining this association [44]. However, in the present
study, exogenous TNF did not perturb trophoblast invasion in db/þ

uteri. Follow-up studies might explore the implantation-site effects
of TNF-blocking monoclonal antibodies [45] in db/þ dams fed
a standard or high-fat diet.

4.6. Conclusions

Leptin-resistant db/þ dams demonstrated a shallower tropho-
blast invasion pattern at term, yet this pattern was not affected by
s.c. administration of TNF during the last week of gestation. But
exogenous TNF in db/þ dams increased the number of apoptotic
cells in the placental labyrinth and trophospongium, which may be
related to a reduction of the number of fetuses andmaternal weight
gain. In addition, TNF-treated db/þ mice harboured more residual
uNK cells in the MT, and markedly more uNK cells showed intense
staining for cleaved caspase-3.
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