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ABSTRACT

INTRODUCTION

In humans, adverse pregnancy outcomes (low birth weight,
prematurity, and intrauterine growth retardation) are associated
with exposure to urban air pollution. Experimental data have
also shown that such exposure elicits adverse reproductive
outcomes. We hypothesized that the effects of urban air
pollution on pregnancy outcomes could be related to changes
in functional morphology of the placenta. To test this, future
dams were exposed during pregestational and gestational
periods to filtered or nonfiltered air in exposure chambers.
Placentas were collected from near-term pregnancies and
prepared for microscopical examination. Fields of view on
vertical uniform random tissue slices were analyzed using
stereological methods. Volumes of placental compartments
were estimated, and the labyrinth was analyzed further in terms
of its maternal vascular spaces, fetal capillaries, trophoblast, and
exchange surface areas. From these primary data, secondary
quantities were derived: vessel calibers (expressed as diameters),
trophoblast thickness (arithmetic mean), and total and massspecific morphometric diffusive conductances for oxygen of the
intervascular barrier. Two-way analysis of variance showed that
both periods of exposure led to significantly smaller fetal
weights. Pregestational exposure to nonfiltered air led to
significant increases in fetal capillary surface area and in total
and mass-specific conductances. However, the calibers of
maternal blood spaces were reduced. Gestational exposure to
nonfiltered air was associated with reduced volumes, calibers,
and surface areas of maternal blood spaces and with greater fetal
capillary surfaces and diffusive conductances. The findings
indicate that urban air pollution affects placental functional
morphology. Fetal weights are compromised despite attempts to
improve diffusive transport across the placenta.

The study of birth outcomes is of growing importance in
environmental epidemiology and experimentation [1]. Epidemiological reports have indicated that exposure to ambient
levels of air pollution, mainly particles, affects fetal development [2–9]. Despite the adoption of different study designs and
statistical evaluations and the presence of confounding
variables (e.g., maternal smoking, gestational age, and
socioeconomic factors), these investigations have suggested
that the reported associations are causal. Ambient levels of air
pollution, including exposure to particulate matter, are
associated also with low birth weight, intrauterine growth
restriction (IUGR), and prematurity [4, 5, 10–14].
Epidemiological studies conducted in São Paulo, Brazil,
have explored the relationship between ambient air pollution
and fetal health. They have demonstrated deleterious effects of
exposure during the first trimester and in the perinatal period
[15, 16] and showed that maternal exposure during the first
trimester is associated with reduced birth weights. These
studies are supported by experiments on rats and mice that
have shown that urban air pollution in São Paulo affects
respiratory, cardiovascular, and reproductive health [17–20].
Using exposure chambers with filtered and nonfiltered air, even
moderate levels of ambient air pollution were found to
compromise the reproductive health of mice [21, 22].
However, little is known about whether the effects of
environmental air pollution on fetal weight are accompanied
by differences in the microscopical structure of the placenta.
Stereological studies on human and animal pregnancies
have shown that fetal growth is accompanied by changes in
functional morphology of the placenta [23–28]. Human
pregnancies complicated by pre-eclampsia, IUGR, maternal
residence at high altitude, cigarette smoking, anemia, diabetes
mellitus, or asthma also affect fetal weight and placental
morphology [29–36], and experimental studies on mice and
rats have shown that fetal weight and placental microstructure
are influenced by maternal protein and iron restriction [37–39].
In many of these studies, the effects on the placenta involve
changes in the maternal and/or fetoplacental vasculatures [25,
28, 39–42].
We hypothesized that alterations in the functional morphology of the placenta could at least contribute to the reduced fetal
weights associated with exposure to air pollution. Therefore,
the present aim was to investigate the effects of long-term
exposure to ambient levels of air pollution in São Paulo on the
morphology of the murine placenta and a measure of its
capacity for transport by passive diffusion. In order to assess
whether there are critical time windows of exposure, we also
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FIG. 1. Diagrammatic representation of
the exposure chambers and the flow of
filtered or nonfiltered air within them
(arrows).

sought to identify the main and interaction effects of two
exposure periods (before pregnancy and during gestation).
MATERIALS AND METHODS
Experiments were performed downtown in the garden of the University of
São Paulo School of Medicine, which is situated close to a crossroads with high
traffic density. Air pollution at this site is mainly vehicular with almost 67% of
PM2.5 (particulate matter 2.5 lm in aerodynamic diameter) arising from this
source. On the main street of this intersection, about 83 900 cars, 9900 diesel
vehicles, and 6300 motorcycles circulate daily. On the intersecting street, the
corresponding figures are 25 600 cars, 5300 diesel vehicles, and 800
motorcycles [43]. Experiments were conducted during June to September
2006 and in accordance with National and Institutional Guidelines for Animal
Welfare. They were also approved by the School of Medicine Review Board
for Human and Experimental Studies. All animals (inbred Balb C mice) were
treated humanely with due consideration being given to the alleviation of
distress and discomfort.

Animals
We examined four groups (n ¼ 10 mice per group) of second-generation
(G2) animals that mated inside exposure chambers containing filtered (F) or
nonfiltered (nF) air. Group F-F comprised mice that were raised and completed
pregnancies in an air-filtered exposure chamber. Group F-nF mice were also
raised in an air-filtered chamber but completed pregnancies in a nonfiltered
chamber. Group nF-nF mice were raised and completed pregnancies in a
nonfiltered chamber, while group nF-F mice were raised in a nonfiltered
chamber and completed pregnancies in an air-filtered chamber.
First-generation (G1) mice were obtained by mating animals from the
School of Medicine Animal Facility. To this end, 20-day-old mice (10 male and
10 female) were maintained in either filtered (five couples) or nonfiltered (five
couples) chambers until they attained reproductive age (60 days old). At this
stage, individual couples were housed separately and allowed to mate. From
their offspring, 10 males and 10 females were maintained in their respective
chambers for 21 days. After weaning, these G1 mice also were paired and
separated into different cages. On reaching reproductive age, 10 couples (five
couples per chamber) were allowed to mate and produce generation G2. Ten
male and 10 female G2 animals per chamber followed the same procedures as
described for G1 mice. After mating, the first day of pregnancy was determined
by observing a vaginal plug and the presence of spermatozoa in a vaginal
smear. Pregnant G2 mice were then divided into the four study groups (F-F,
F-nF, nF-F, and nF-nF) described previously. To obtain the G1 and G2
generation of mice, we used the same number of animals in each chamber and
followed the same procedure for mating and housing.
At the end of the exposure period, all pregnant females were euthanized on
the 18th day of gestation by i.p. injection of sodium pentobarbital (200 mg/kg
body weight). The abdominal wall was immediately opened, and, after
amnionectomy, the uterus was carefully examined and fetuses and placentas
were quickly removed and weighed. A randomly selected placenta from each
litter was carefully dissected from the extraembryonic membranes, immersion
fixed in buffered 4% formalin for 24 h, and transferred to 70% ethanol until
further analysis.

Exposure Conditions and Air Analysis
The exposure system was similar to that described earlier [21]. The aim was
to create a gradient in levels of particulate matter (PM) by filtering ambient air
sampled close to a busy street of traffic. Exposures were performed using two
open-top chambers (Fig. 1) assembled side by side in the same location. Both

chambers received ambient air at a flow rate of 20 m3/min, but in one the air
was not filtered. and in the other it was filtered. Inside the chambers, animals
were kept at ambient conditions of temperature and humidity.
Each chamber comprised an aluminum cylinder, 2.0 m in diameter and 2.15
m high, covered by a plastic UV film. Air was forced into the chamber via the
base of the cylinder, was uniformly distributed within it, and exited through a
wide aperture at the top of the cylinder. The system was normobaric, and
pressure inside the chambers did not exceed 30 mm H2O. In the filtered
chamber, three stages of filters (Purafil, São Paulo, Brazil) were arranged
serially. The first stage eliminated large particles (plain and bag filters), while
the second and third stages (model JFL-90 followed by a high-efficiency
particulate air filter) served to trap finer particles.
The 24-h concentration of PM2.5 was determined gravimetrically [44] using
Harvard impactors (Air Diagnostics and Engineering Inc., Harrison, ME) at a
flow rate of 10 L/m and equipped with polycarbonate filters. Results were
expressed as lg/m3. Concentrations of CO (8-h mean, nondispersive infrared
method), NO2 (24-h mean, chemiluminescence method), and SO2 (24-h mean,
pulse fluorescence method) were obtained from the monitoring station of the
State of São Paulo Environmental Agency, which was located just 100 m from
the exposure chamber site. Gaseous pollutants were not retained by the filtering
system, and concentrations of NO2 and CO were similar in both chambers.

Tissue Sampling and Stereological Analysis
Seven placentas (from different litters) in each group were examined. Fixed
placentas were weighed (wet weight, g) and sampled by applying a multistage
systematic uniform random (SUR) design [45, 46]. Weights were converted
into placental volumes (Vplac, cm3) by dividing by tissue density, taken to be
1.05 g/cm3 [35]. Placentas were sectioned into 2-mm slices perpendicular to the
chorionic plate (defined as the horizontal reference plane) to generate sets of
vertical sections [47]. This sampling protocol has the virtue of randomizing
section location and orientation, both of which are required in order to estimate
interface surface areas together with tissue volumes [45, 48]. Two sets of SUR
vertical slices were obtained per placenta, and two to three slices were sampled
in each set. The first set was embedded in paraffin wax to estimate the volumes
of different placental zones. The other set was sectioned orthogonal to the
reference plane into 2-mm strips. An SUR sample of these strips, randomly
rotated about their long (vertical) axes, was embedded in glycolmethacrylate
resin (Technovit 7100, Ax-lab, Copenhagen, Denmark) to analyze volumes and
surfaces within the placental labyrinth in greater detail. Stereological analyses
were performed at the light-microscopical level. The aims were to estimate the
volumetric composition of the mouse placenta together with the surface areas of
maternal blood spaces and fetal capillaries. Other quantities (vessel calibers,
arithmetic mean thickness, total oxygen diffusive conductance, and massspecific conductance of the intervascular barrier) were derived secondarily from
these primary outcome measures.

Primary Quantities (Volumes and Surfaces)
Paraffin blocks were exhaustively cut into 5-lm sections and roughly eight
sections, evenly spaced, and were collected onto glass slides and stained using
the standard hematoxylin and eosin method. Selected slides were photographed
using a 2.53 objective lens in order to view each slide entire. Volume fractions
of the main placental zones (decidua basalis [Db], chorionic plate [Cp],
junctional zone [Jz], and labyrinth [Lab]) were estimated by the point-counting
method [48]. On the specimen scale, the test grid had a point spacing of 0.632
mm and an area of 0.4 mm2 associated with each test point. Each grid was
superimposed on the vertically oriented sections so as to be random in location.
Test grid points falling on each zone, Pzone, and on the entire placenta, Pplac,
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[26, 47]. Intersections between test arcs and the boundary traces of the surfaces
of maternal blood spaces or fetal capillaries were counted and summed over all
fields for each placenta. The following equation was used to estimate the
density of each surface within Lab volume, SV:

Est SV ¼ 2 3 RIsurf =ðlp 3 RPlab Þ;

ð3Þ

where RIsurf is the total number of intercepts between cycloid arcs and the
compartment surface, lp is the length of the test line (42.4 lm on the specimen
scale) associated with each point, and RPlab is the number of points hitting the
reference space (in this case, Lab). The absolute surface area (Ssurf) of each
compartment (maternal blood space or fetal capillaries) was obtained by
multiplying the surface density by Lab volume:

Est Ssurf ¼ SV 3 Vlab :

ð4Þ

Derived Quantities (Thicknesses, Diameter, and
Diffusive Conductances)
An estimate of the arithmetic mean thickness of the intervascular barrier
(Ta) was derived from the volume of trophoblast (Vtro) and the surface areas of
the maternal blood spaces (Smbs) and fetal capillaries (Sfcap):

Est Ta ¼ 2 3 Vtro =ðSmbs þ Sfcap Þ:

ð5Þ

This estimator of Ta generates larger values than those obtained from
measurements of linear intercepts across the intervascular barrier.
Caliber ‘‘diameters’’ of maternal blood spaces and of fetal capillaries were
estimated from the corresponding total volumes and surfaces. For example, on
the assumption that the fetal capillaries represent a network of uniform right
circular cylinders, the diameter of fetal capillaries (Dfcap) is given by the
following equation:

Est Dfcap ¼ 4 3 Vfcap =Sfcap ;

FIG. 2. Histological appearance of the labyrinthine compartment of
the murine placenta in the filtered (a) and nonfiltered (b) groups. Note
the smaller caliber of maternal blood spaces (white arrow) in the
nonfiltered group; fetal capillaries (black arrowhead). Toluidine blue.
Bar ¼ 25 lm.

were counted, and volume fractions (VV) of zones within placentas were
estimated using the following equation:

Est VV ¼ RPzone =RPplac ;

ð1Þ

where RPzone and RPplac were summed over all fields and sections from each
placenta. Subsequently, the total volume of each zone (Vzone ) within a placenta
was estimated by multiplying its volume fraction (VV) by the corresponding
placental volume (Vplac ):

Est Vzone ¼ VV 3 Vplac :

ð2Þ

From the resin blocks, a series of about four evenly spaced and vertically
oriented sections (thickness 3 lm) was obtained and stained with 1% toluidine
blue. Each section contained samples from three to four strips. The total
volumes of the main subcompartment of the Lab (fetal capillaries, trophoblast,
and maternal blood spaces) were estimated also by the point-counting method
(point spacing 54 lm, area per point 2916 lm2 on the specimen scale). Twelve
fields of view randomly sampled within the Lab were photographed using a
403 objective lens. Again, the total volume of each Lab component within a
placenta was obtained indirectly by multiplying the volume fraction by the total
Lab volume.
Surface densities of maternal blood spaces and fetal capillaries were
obtained using a grid of cycloid arcs superimposed on fields of view so that its
vertical axis corresponded with the vertical direction of the tissue samples

ð6Þ

where Vfcap is the total volume and Sfcap the total surface area of fetal
capillaries.
Even though this model better represents fetal capillaries than maternal
blood spaces (which are irregularly shaped spaces), the resulting diameters are
only approximations because they assume that vessels/spaces are circular in
transverse section and uniform along their length. However, the principal aim
here was to understand whether changes in vascular volumes might be attended
by changes in caliber.
Total oxygen diffusive conductance (cm3 min1 kPa1) of the intervascular
barrier is determined by a set of structural and physicochemical quantities that
characterize the physical dimensions and physiological properties of tissue
components interposed between the maternal and fetal vessels [24, 26]. A
measure of the diffusive conductance (Divb) of this membrane can be obtained
from estimates of exchange surface areas and harmonic mean thickness (Thivb)
using the following relationship:

Est Divb ¼ K  ðSmbs þ Sfcap Þ=2  Thivb ;

ð7Þ

where K represents Krogh’s diffusion coefficient and for which we adopted the
value of 17.3 3 108 cm2 min1 kPa1 [24]. The harmonic mean differs from an
arithmetic mean by giving greater weight to thinner regions of the intervascular
membrane, that is, to regions across which diffusion will proceed more
efficiently. In the present study, we approximated Divb by using the arithmetic
(Ta) rather than the harmonic mean barrier thickness. Recent studies on murine
placentas [26] have suggested that, when estimated from orthogonal intercept
length measurements, the arithmetic mean is roughly 7%–10% greater than the
harmonic mean after 16.5 days of pregnancy. Mass-specific conductances (cm3
min1 kPa1 g1) were established simply by dividing Divb by the weight of the
fetus. To monitor tissue processing distortions in different groups of placentas,
the mean diameters of red blood cells were used as internal calibration
standards. With the ImageJ Program software (http://rsb.info.nih.gov/ij), linear
magnifications were calibrated by photographing a micrometer scale as an
external standard. The software was used also to generate and superimpose the
test grids and perform the measurements [49].

Statistical Analyses
All data handling and statistical analyses were performed using SPSS 13 or
Unistat v5.5 statistical software. Means and standard errors of means (SEM)
were calculated for each group. In order to monitor between-subject variation
within groups, we also calculated the observed coefficient of variation (CV ¼
standard deviation/mean) for each placental variable. A two-way ANOVA was
performed to resolve the main effects of maternal pregestational exposure and
gestational exposure. This test produces an interaction term that identifies
whether the effects of one factor (pregestational exposure) are influenced by the
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TABLE 1. The effects of exposure period (pregestational and gestational) on litter size, fetal weight, and placental volumes.a
Variable

Group F-F

Litter weight (g)
Pups/litter (g)
Fetal weight (g)b,c
Placenta volume (mm3)
Decidua volume (mm3)
Junctional zone volume (mm3)
Chorionic plate volume (mm3)d
Labyrinthine volume (mm3)
Trophoblast volume (mm3)
Maternal blood volume (mm3)c
Fetal capillary volume (mm3)

6.41
7.4
0.905
97.0
17.5
20.4
9.5
49.6
25.9
15.6
8.0

Group F-nF

(0.65)
(1.02)
(0.076)
(4.9)
(3.3)
(0.9)
(0.9)
(2.1)
(1.6)
(0.7)
(0.8)

4.92
7.1
0.694
90.4
18.9
20.9
8.2
42.4
22.5
12.2
7.7

Group nF-F

(0.43)
(0.7)
(0.019)
(6.0)
(4.1)
(1.5)
(1.1)
(1.8)
(1.8)
(0.04)
(0.6)

4.66
6.4
0.722
83.8
15.2
16.2
6.3
46.1
23.6
14.7
7.7

(0.74)
(1.0)
(0.026)
(4.7)
(1.8)
(1.2)
(0.8)
(2.7)
(1.8)
(0.8)
(0.8)

Group nF-nF
4.37
6.4
0.664
96.2
21.5
20.2
11.2
43.3
24.4
9.2
9.6

(0.64)
(0.75)
(0.047)
(6.5)
(4.5)
(1.6)
(1.4)
(3.6)
(1.6)
(1.9)
(1.1)

a

Values are group means (SEM) for n ¼ 7 mice.
Significant effect of pregestational exposure.
c
Significant effect of gestational exposure.
d
Significant interaction effect.
b

effects of the other (gestational exposure). Null hypotheses were rejected at a
probability level of P , 0.05.

RESULTS
These are summarized in Tables 1 and 2. Although not
shown, the CVs of placental variables, with few exceptions,
were greatest in the nF-nF (pregestational and gestational
exposure to nonfiltered air) group (range 15%–54% of
corresponding group means). Moreover, the differences were
most exaggerated for maternal blood space variables and
diffusive conductances (35%–54%). By contrast, the CVs for
placental variables tended to be lowest in the F-F (both
exposures to filtered air) group (range 7%–24%).
Pollution Indices
Mean ambient levels of NO2, CO, and SO2 were 101 lg/m3
(CV ¼ 43%), 1.81 lg/m3 (CV ¼ 50%), and 7.66 ppm (CV ¼
64%), respectively. During the exposure period, four samples
per week were taken to measure the concentrations of PM2.5 in
the F and nF chambers and in the local environment. The mean
concentration of PM2.5 in the nF groups was 27.5 lg/m3 (CV ¼
44%), and values overall were similar to those measured in the
local environment. However, the mean value (6.5 lg/m3; CV ¼
49%) was significantly lower in the filtered chambers (P ,
0.001).
Litter Sizes and Birth Weights
In group F-F (pregestational and gestational rearing in
filtered chambers), average litter weight was 6.41 g, the
number of pups per litter was 7.4, and average fetal weight was

0.905 g (Table 1). Fetal weight was influenced by both
pregestational (P , 0.05) and gestational (P , 0.01) periods of
exposure, but litter size did not vary significantly between
groups. Although total litter weight appeared to decline in
groups exposed to nonfiltered polluted air, the apparent effects
overall were not significant. However, post hoc testing (not
shown) indicated a significant difference in total litter weights
between groups F-F and nF-nF (P , 0.05).
Placental Tissue Volume
There were no significant main or interaction effects
involving total placental volume or the volumes of its Db, Jz,
or Lab (Table 1). However, there was a significant interaction
effect on chorionic plate volume. Further analysis of Lab
subcompartments showed that the maternal blood space volume
was reduced in groups exposed to nonfiltered air during
pregnancy (P , 0.001; Fig. 2). The differences were between
22% (comparing F-F and F-nF groups) and 37% (nF-F and nFnF groups). Apparent differences in the volumes of fetal
capillaries and trophoblast were not significant.
Exchange Surface Areas and Vessel/Blood Space Diameters
In group F-F, the exchange surface areas for the maternal
blood space and fetal capillaries were 19.1 cm2 and 17.1 cm2,
respectively (Table 2). Maternal blood space surfaces were
11%–13% less extensive in groups completing pregnancies in
nonfiltered air (P , 0.05). By contrast, fetal capillary surfaces
were greater in these groups (P , 0.01) and also in gestational
groups exposed to nonfiltered air (P , 0.05). As a consequence
of these changes, there was a significant gestational effect on

TABLE 2. The effects of exposure period (pregestational and gestational) on exchange surface areas, vessel/blood space calibers, arithmetic barrier
thicknesses, and total and mass-specific diffusive conductances.a
Variable

Group F-F
2 b

Maternal blood surface (cm )
Fetal capillary surface (cm2)b,c
Surface ratio (cm2)b
Maternal blood space diameter (lm)b,c
Fetal capillary diameter (lm)
Trophoblast thickness (lm)
Total conductance (cm3 min1 kPa1)c
Specific conductance (cm3 min1 kPa1 g1)b,c
a
b
c

Values are group means (SEM) for n ¼ 7 mice.
Significant effect of gestational exposure.
Significant effect of pregestational exposure.

19.1
17.1
1.12
32.9
18.7
14.3
0.0022
0.0026

(0.84)
(0.46)
(0.04)
(1.55)
(1.84)
(0.65)
(0.0001)
(0.0003)

Group F-nF
16.6
18.8
0.89
29.9
16.6
12.7
0.0025
0.0035

(0.78)
(1.06)
(0.04)
(1.78)
(1.27)
(0.68)
(0.0001)
(0.0002)

Group nF-F
19.9
17.8
1.19
29.6
17.5
12.7
0.0027
0.0037

(1.14)
(2.00)
(0.13)
(0.95)
(0.84)
(1.02)
(0.0003)
(0.0004)

Group nF-nF
17.8
25.5
0.71
20.1
15.3
11.6
0.0035
0.0054

(1.04)
(1.93)
(0.05)
(3.36)
(1.70)
(1.14)
(0.0005)
(0.0007)
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maternal:fetal surface ratios with values declining significantly
(by 20%–40%) in groups exposed during pregnancy to
nonfiltered air (P , 0.001). The differences in vascular
volumes and surfaces were accompanied by changes in the
mean diameters of maternal blood spaces but not those of fetal
vessels (Table 2). In the F-F group, maternal blood spaces had
an apparent mean diameter of 33 lm with significant main
effects of pregestational and gestational exposures (P , 0.01 in
both cases). During both periods, maternal blood spaces
calibers declined.
Thickness of the Intervascular Barrier
In placentas from group F-F, the arithmetic mean thickness
of the intervascular barrier was about 14 lm (Table 2), but the
apparent decline in the other groups failed to reach significance, and there was no significant interaction effect.
Oxygen Diffusive Conductances
The total oxygen diffusive conductance of the intervascular
barrier amounted to 0.0022 cm3 min1 kPa1 (Table 2) in
group F-F placentas, and this value increased significantly
during pregestational exposure to nonfiltered air (P , 0.05).
Apparent increases during gestational exposures were not
significant, and no interaction effects were detected.
When normalized for differences in fetal weights, the massspecific conductance in the F-F group amounted to 0.0026 cm3
min1 kPa1 g1 (Table 2). This value increased during
pregestational and gestational periods of exposure to nonfiltered air (P , 0.01 in both cases).
DISCUSSION
The hypothesis underlying the present study was that the
effects of particulate urban air pollution on murine pregnancies
would result in changes in functional morphology of the
placenta. As far as we are aware, this is the first study to
characterize placental morphometric changes secondary to
maternal exposure to particulate air pollution. In fact, decreases
in fetal weight were accompanied by decreases in the volume
of the maternal blood space, the mean caliber of maternal blood
spaces, and the maternal:fetal surface ratio and to increases in
the surface area of fetal capillaries, the total diffusive
conductance of the intervascular barrier, and the mass-specific
conductance of that barrier. Both prepregnancy and pregnancy
periods of exposure to nonfiltered air resulted in morphological
changes in the placenta, but the gestational period was
associated with the more dramatic changes. However, pregestational exposure did reduce maternal blood space diameters,
suggesting that maternal vascular changes might result from
systemic changes or a compromised uterine environment prior
to pregnancy. Despite the maternal vascular differences,
changes in fetal capillary surface areas during gestational
exposure helped to increase total and mass-specific diffusive
conductances of the intervascular barrier. The accompanying
coefficients of variation indicated that most placental variables
varied less (7%–24%) in groups exposed to filtered air during
both the pregestational and the gestational periods. Conversely,
most placental variables varied more (15%–54%) in the group
exposed to nonfiltered air during both periods. The greater
interindividual variation within a group may be an indicator of
poorer adaptability to the polluted environment. In contrast, the
CV for fetal weight was greater in the F-F group (22%), and
this is, perhaps, indicative of the fact that these conditions
impose less environmental stress.

Present estimates of placental quantities can be compared
with those obtained in other studies on murine placentas [26,
27, 39]. Agreement is best for compartment volumes, vascular
surfaces, and maternal:fetal surface ratios, and the discrepancies are probably attributable to strain differences. However,
larger discrepancies exist between present and previous
estimates of arithmetic mean thickness, vessel calibers, and
diffusive conductances. It is likely that these are further
influenced by differences in methods of estimation, but it is
important to appreciate that, in the present context, they still
allow valid internal comparisons to be drawn between the
different experimental groups. A possible exception is the
comparison of conductances, results for which should be
regarded as tentative because of the substitution of arithmetic
thicknesses in diffusion equations.
Our estimate of arithmetic thickness of the intervascular
barrier in group F-F (14.3 lm) was obtained by relating
trophoblast volume to the combined surfaces of maternal blood
spaces and fetal capillaries. The value is greater than the
estimate of 4.8 lm obtained by measuring orthogonal intercept
lengths from randomly selected sites on the barrier surface
[26]. The discrepancy is probably explained by local surface
curvature effects and by differences in amounts of intervascular
tissue featuring in the different approaches. This is supported
by the fact that the volume and surface data in Coan et al. [26]
yield an arithmetic thickness of 14.5 lm, a value essentially
identical to ours. These differences in arithmetic mean
thickness of the intervascular barrier account in part for the
apparent inconsistency with earlier estimates of total and massspecific conductances [26]. However, an additional factor is
that such estimates are best based on harmonic rather than
arithmetic means because the former accord appropriate weight
to thinner areas of the barrier across which passive diffusion
will occur more efficiently. It has been demonstrated that the
harmonic mean thickness of the barrier is roughly 9% smaller
than the arithmetic mean in mice at 18.5 days of gestation [26].
With these corrections, our estimate of total conductance more
closely approximates the earlier estimate [26].
Differences in vessel diameters are also explicable in terms
of variations in methods of calculation. Previous estimates
obtained by dividing vessel volumes by lengths have yielded
values of 11–16 lm for maternal blood spaces and 8–15 lm for
fetal capillaries [26, 28, 39]. This method produces lower and
less biased estimates than those obtained by dividing volumes
by surface areas as illustrated by the fact that such data in Coan
et al. [26] produce an estimate of capillary diameter of 20.6
lm, and this value is much closer to our estimate of 18.7 lm
for placentas in group F-F.
Epidemiological studies conducted in São Paulo and
elsewhere have demonstrated associations between maternal
exposure to particulate matter in polluted air and adverse
effects on fetal development including low birth weight [2, 15,
16, 21, 22, 50]. Here, we observed that exposure to air
pollution before and during gestation had no significant effect
on litter size, although mean fetal weights were significantly
smaller in mice reared before and/or during pregnancy in
nonfiltered exposure chambers. In mammals, most embryonic
losses occur during early pregnancy, a critical period in which
major developmental events occur, including formation of the
placenta and organogenesis. Placental development involves
extensive angiogenesis in uteroplacental and fetoplacental
vasculatures as well as increases in uterine and umbilical
blood flows [41, 51]. Thus, factors that affect vascular
development and function will have impacts on fetal growth,
development, and survival [52, 53].

AIR POLLUTION AND MOUSE PLACENTA

The spectrum of changes seen in pregnancies associated
with nonfiltered ambient air is somewhat surprising in the
sense that some seem to be adaptive and others deleterious.
Thus, the greater surface area of fetal capillaries, total diffusive
conductance, and mass-specific conductance of the intervascular barrier may be seen as fetoplacental adaptations serving
to maintain and expand oxygen and nutrient delivery to the
growing fetal mass. These variables increased significantly as a
result of maternal pregestational and gestational exposure. The
fact that fetal weight declines despite these adaptations implies
that other factors exert influential effects. Among these must be
considered the effects of smaller maternal blood space volumes
and calibers on the maternal side of the placenta. In mice, the
maternal blood space develops and attains its maximum
volume between 14.5 and 16.5 days of gestation, and
consequently this may represent the period of maximal
perfusion on the maternal side. In contrast, fetal capillaries
grow slowly between 12.5 and 14.5 days, but thereafter their
volume and surface area expand until 18.5 days of gestation
[26–28]. The changes reported here suggest compromised
delivery of maternal blood to the placenta and an increase in
resistance to its flow. Indeed, fine particulate matter, PM2.5, has
been shown to produce significant vasoconstriction in healthy
rats, albeit in the small arteries of the heart and lungs [54].
Other things being equal, the expected increase in vascular
resistance due to the reduced caliber of maternal blood spaces
in the placenta could be overcome by increasing the branching
complexity of maternal blood spaces, comparable to the
enhanced branching angiogenesis seen in human fetoplacental
capillaries [55]. Future studies are required in order to test
whether this occurs in the present model.
Within polluted air, particulate matter, polycyclic aromatic
hydrocarbons (PAHs), bisphenol-A, and heavy metals have the
potential to harm fetal or placental development. Analyses of
emission samples generated by fossil fuel combustion have
detected many aromatic carbonyls, large-molecule alcohols,
PAHs and derivatives, and substituted phenolic compounds
and derivatives that may act as environmental estrogens [56].
Pregnant women living in highly polluted industrial regions
also present with high lead concentrations and more PAHDNA adducts in umbilical cord blood [57, 58]. Taken together,
these studies suggest the possibility of transplacental transfer of
pollutants from mother to fetus.
Among the pollutants present in urban air is CO, which is
known to cause fetal hypoxia by forming carboxyhemoglobin
at the expense of oxyhemoglobin. The mechanisms by which
other pollutants, including particulates, influence perinatal
outcomes are not uniformly clear, but possible mechanisms
include induction of apoptosis following DNA damage,
induction of p450 enzymes, binding to growth factors, and
endocrine disruption. In this study, we have shown that
maternal aspects of placental development are affected, so this
could represent one of the factors involved in impaired fetal
development. However, the study design did not allow us to
identify which components present in the air were responsible
for the changes or if any pollutants crossed the maternal-fetal
barrier. More detailed chemical analyses of particulate matter
composition are required in order to identify specific
constituents.
Among other factors by which air pollution might influence
birth outcomes are systemic alterations in hematocrit, blood
viscosity, blood coagulability, endothelial dysfunction, oxidative stress, and inflammation [54, 59–65]. Increases in such
factors, exacerbating the effects of decreases in vessel calibers,
might be expected to have marked effects on maternal blood
rheology.
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In conclusion, this study has demonstrated that ambient
levels of particulate matter and other pollutants generated by
urban traffic may impair the reproductive and fetal health of
mice by affecting the maternal side of the placental interface
between the mother and fetus. Despite parallel attempts on the
fetal side to improve transport by passive diffusion, fetal
weights are reduced.
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584

21.

22.

23.
24.
25.
26.
27.
28.

29.
30.

31.
32.
33.

34.
35.

36.
37.
38.
39.
40.

41.

VERAS ET AL.
air pollution increase lung responsiveness in rats. Environ Res 1995; 69:
96–101.
Mohallem SV, de Araujo Lobo DJ, Pesquero CR, Assunção JV, de Andre
PA, Saldiva PH, Dolhnikoff M. Decreased fertility in mice exposed to
environmental air pollution in the city of São Paulo. Environ Res 2005; 98:
196–202.
Lichtenfels AJ, Gomes JB, Pieri PC, El Khouri Miraglia SG, Hallak J,
Saldiva PH. Increased levels of air pollution and a decrease in the human
and mouse male-to-female ratio in São Paulo, Brazil. Fertil Steril 2007; 87:
230–232.
Jackson MR, Mayhew TM, Boyd PA. Quantitative description of the
elaboration and maturation of villi from 10 weeks of gestation to term.
Placenta 1992; 13:357–370.
Mayhew TM, Jackson MR, Boyd PA. Changes in oxygen diffusive
conductances of human placentae during gestation (10–41 weeks) are
commensurate with the gain in fetal weight. Placenta 1993; 14:51–61.
Mayhew TM. Fetoplacental angiogenesis during gestation is biphasic,
longitudinal and occurs by proliferation and remodelling of vascular
endothelial cells. Placenta 2002; 23:742–750.
Coan PM, Ferguson-Smith AC, Burton GJ. Developmental dynamics of
the definitive mouse placenta assessed by stereology. Biol Reprod 2004;
70:1806–1813.
Watson ED, Cross JC. Development of structures and transport functions
of the mouse placenta. Physiology 2005; 20:180–193.
Rutland CS, Mukhopadhyay M, Underwood S, Clyde N, Mayhew TM,
Mitchell CA. Induction of intrauterine growth restriction by reducing
placental vascular growth with the angioinhibin TNP470. Biol Reprod
2005; 73:1164–1173.
Teasdale F. Histomorphometry of the human placenta in pre-eclampsia
associated with severe intrauterine growth retardation. Placenta 1987; 8:
119–128.
Jackson MR, Mayhew TM, Haas JD. On the factors which contribute to
thinning of the villous membrane in human placentae at high altitude. I.
Thinning and regional variation in thickness of trophoblast. Placenta 1988;
9:1–8.
Mayhew TM, Jackson MR, Haas JD. Oxygen diffusive conductances of
human placentae from term pregnancies at low and high altitudes. Placenta
1990; 11:493–503.
Mayhew TM, Sørensen FB, Klebe JG, Jackson MR. Oxygen diffusive
conductance in placentae from control and diabetic women. Diabetologia
1993; 36:955–960.
Reshetnikova OS, Burton GJ, Teleshova OV. Placental histomorphometry
and morphometric diffusing capacity of the villous membrane in
pregnancies complicated by maternal iron-deficiency anemia. Am J Obstet
Gynecol 1995; 173:724–727.
Bush PG, Mayhew TM, Abramovich DR, Aggett PJ, Burke MD, Page
KR. Maternal cigarette smoking and oxygen diffusion across the placenta.
Placenta 2000; 21:824–833.
Mayhew TM, Ohadike C, Baker PN, Crocker IP, Mitchell C, Ong SS.
Stereological investigation of placental morphology in pregnancies
complicated by pre-eclampsia with and without intrauterine growth
restriction. Placenta 2003; 24:219–226.
Mayhew TM, Jenkins H, Todd B, Clifton VL. Maternal asthma and
placental morphometry: effects of severity, treatment and fetal sex.
Placenta 2008; 29:366–373.
Lewis RM, Doherty CB, James LA, Burton GJ, Hales CN. Effects of
maternal iron restriction on placental vascularisation in the rat. Placenta
2001; 22:534–539.
Doherty CB, Lewis RM, Sharkey A, Burton GJ. Placental composition
and surface area but not vascularisation is altered by maternal protein
restriction in the rat. Placenta 2003; 24:34–38.
Rutland CS, Latunde-Dada AO, Thorpe A, Plant R, Langley-Evans S,
Leach L. Effect of gestational nutrition on vascular integrity in the murine
placenta. Placenta 2007; 28:734–742.
Mayhew TM. Enhanced fetoplacental angiogenesis in pre-gestational
diabetes mellitus: the extra growth is exclusively longitudinal and not
accompanied by microvascular remodelling. Diabetologia 2002; 45:1434–
1439.
Kaufmann P, Mayhew TM, Charnock-Jones DS. Aspects of human

42.

43.

44.

45.
46.
47.
48.

49.

50.

51.
52.

53.
54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

fetoplacental vasculogenesis and angiogenesis. II. Changes during normal
pregnancy. Placenta 2004; 25:114–126.
Mayhew TM, Charnock-Jones DS, Kaufmann P. Aspects of human
fetoplacental vasculogenesis and angiogenesis. III. Changes in complicated pregnancies. Placenta 2004; 25:127–139.
Characterization of the air quality monitoring station near the exposure
region was retrieved from CETESB 2005 Technical Report (URL: http://
www.cetesb.sp.gov.br/Ar/relatorios.asp). (January 29, 2008).
Chow JC. Measurement methods to determine compliance with ambient
air quality standards for suspended particles. J Air Waste Manag Assoc
1995; 45:320–382.
Mayhew TM. Stereology and the placenta: where’s the point?—a review.
Placenta 2006; 27(suppl 1):17–25.
Mayhew TM. Taking tissue samples from the placenta: an illustration of
principles and strategies. Placenta 2008; 29:1–14.
Baddeley AJ, Gundersen HJ, Cruz-Orive LM. Estimation of surface area
from vertical sections. J Microsc 1986; 142:259–276.
Howard CV, Reed MG. Unbiased Stereology: Three-Dimensional
Measurement in Microscopy, 2nd ed. Abingdon, Oxon: Garland
Science/Bios Scientific; 2005:103–117.
Papadopulos F, Spinelli M, Valente S, Foroni L, Orrico C, Alviano F,
Pasquinelli G. Common tasks in microscopic and ultrastructural image
analysis using ImageJ. Ultrastruct Pathol 2007; 31:401–407.
Huynh M, Woodruff TJ, Parker JD, Schoendorf KC. Relationships
between air pollution and preterm birth in California. Paediatr Perinat
Epidemiol 2006; 20:454–461.
Reynolds LP, Redmer DA. Utero-placental vascular development and
placental function. J Anim Sci 1995; 73:1839–1851.
Kingdom J, Huppertz B, Seaward G, Kaufmann P. Development of the
placental villous tree and its consequences for fetal growth. Eur J Obstet
Gynecol Reprod Biol 2000; 92:35–43.
Sherer DM, Abulafia O. Angiogenesis during implantation, and placental
and early embryonic development. Placenta 2001; 22:1–13.
Rivero DH, Soares SR, Lorenzi-Filho G, Saiki M, Godleski JJ,
Antonangelo L, Dolhnikoff M, Saldiva PH. Acute cardiopulmonary
alterations induced by fine particulate matter of São Paulo, Brazil. Toxicol
Sci 2005; 85:898–905.
Charnock-Jones DS, Kaufmann P, Mayhew TM. Aspects of human
fetoplacental vasculogenesis and angiogenesis. I. Molecular regulation.
Placenta 2004; 25:103–113.
Miller KP, Borgeest C, Greenfeld C, Tomic D, Flaws JA. In utero effects
of chemicals on reproductive tissues in females. Toxicol Appl Pharmacol
2004; 198:111–131.
Sharara FI, Seifer DB, Flaws JA. Environmental toxicants and female
reproduction. Fertil Steril 1998; 70:613–622.
Perera FP, Jedrychowski W, Rauh V, Whyatt RM. Molecular epidemiologic research on the effects of environmental pollutants on the fetus.
Environ Health Perspect 1999; 107(suppl 3):451–460.
Baskurt OK, Levi E, Caglayan S, Dikmenoglu N, Kutman MN.
Hematological and hemorheological effects of air pollution. Arch Environ
Health 1990; 45:224–228.
Knottnerus JA, Delgado LR, Knipschild PG, Essed GG, Smits F.
Haematologic parameters and pregnancy outcome: a prospective cohort
study in the third trimester. J Clin Epidemiol 1990; 43:461–466.
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