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ABSTRACT

Appropriate temporal and spatial expression of osteopontin
(OPN) in the female genital tract may be critical for successful
embryo implantation and maintenance of gestation. Tradition-
ally, experimental assessments of reproductive success have been
limited to ex vivo dissection at a single time point to determine
embryo number and size and are inadequate for ongoing study of
the effect(s) of genetic manipulation on any individual gestation.
To investigate the role of OPN in the maintenance of gestation,
we developed a noninvasive, in vivo method of pregnancy sur-
veillance suitable for murine application using magnetic reso-
nance microscopy (MRM). Gravid wild-type mice (n =7) and
mice with targeted disruption of one or both OPN alleles
(OPN™'", n = 9; OPN"'~, n = 3) underwent MRM on postco-
ital days 10.5, 15.5, and 19.5. Prenatal MRM images were used

Osteopontin (OPN) is a secreted matrix protein with an
RGD-binding motif that interacts with multiple integrins (1-3).
Through these interactions, OPN modulates cell adhesion and
transduces intracellular signals that mediate cell proliferation,
differentiation, invasion, migration, and survival (4—8). OPN
also plays a significant role in host immune responses as a
proinflammatory cytokine and macrophage and T-cell che-
moattractant (4, 9—13). In healthy mammals, OPN is found in
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to determine embryo numbers and sizes. There were no signifi-
cant differences in embryo numbers determined independently by
two blinded observers (mean difference between observers =
0.04 embryos; p = 0.87). There was a significant effect of
genotype on embryo size, with OPN '~ embryos significantly
smaller at all gestational ages. However, targeted disruption of
one or more OPN alleles had no effect on embryo number at any
gestational age. Thus, MRM may be a powerful noninvasive
method for in vivo prenatal developmental study of genetically
engineered mice. (Pediatr Res 55: 419-424, 2004)

Abbreviations
OPN, osteopontin
MRM, magnetic resonance microscopy

a relatively restricted tissue distribution and is constitutively
expressed at low levels in most epithelial-lining cells (11,
14—16). OPN expression is strikingly up-regulated under con-
ditions of inflammation and tissue remodeling (4, 11, 17-19).

Much has been discerned about the biologic function of
OPN through the study of OPN~'~ mice. OPN~/~ mice dis-
play no specific phenotype under normal colony conditions,
but OPN deficiency is associated with /) defective macrophage
accumulation at sites of tissue injury, 2) abnormal cell-
mediated immunity to Herpes simplex-1 and Listeria monocy-
togenes, 3) disseminated Mycobacterium bovis BCG infection
and a poor granulomatous response, and 4) a delayed granu-
lomatous response in a Schistosoma mansoni egg pulmonary
granuloma model (9, 13, 20-22). There is an expanding liter-
ature on the biologic role of OPN in cancer, cardiovascular
disease, multiple sclerosis, renal tubulointerstitial fibrosis, and
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granulomatous diseases (3, 19, 23-26). The role of OPN in
reproduction, however, has been largely unexplored.

There is circumstantial evidence to suggest that OPN may
play an important role in mammalian reproduction. OPN ex-
pression in the reproductive tracts and placentas of many
species has been well-established. In nongravid mice, rabbits,
sheep, pigs, primates, and humans, OPN protein is expressed
by the uterine luminal epithelium during the secretory phase of
the estrous or menstrual cycle (15, 16, 27-31). This positions
OPN spatially and temporally to participate in key integrin-
mediated adhesive interactions of implantation, should fertili-
zation occur. After conception, OPN is expressed by cells in
the decidualizing uterine stroma, as well as by invading tro-
phoblasts, and by specialized endometrial immune cells (16,
32, 33). This further positions OPN to participate in critical
interactions at the maternal—fetal interface. OPN induces Thl
and inhibits Th2 cytokine expression, directly stimulates IL-12
production by murine macrophages, and inhibits IL-10 produc-
tion by lipopolysaccharide-stimulated macrophages (4, 13).
Although the Thl cytokine profile is generally not thought to
be beneficial for the fetus, it has been suggested that OPN-
induced Thl responses may protect the developing embryo
from infectious pathogens introduced during mating (29).
Therefore, a role for OPN in the initiation of implantation and
maintenance of pregnancy could be postulated.

To explore this hypothesis, we sought a noninvasive method
of pregnancy surveillance suitable for murine application. Tra-
ditionally, experimental assessments of embryo number and
size have been limited to ex vivo examinations at a single time
point and thus are inadequate for ongoing study of the effect(s)
of genetic manipulation on any individual gestation. We
present herein a noninvasive, in vivo method of serial preg-
nancy surveillance using magnetic resonance microscopy
(MRM) that was developed to investigate the role of OPN in
the maintenance of murine gestation. MRM is a noninvasive,
nondestructive, three-dimensional imaging technique that dif-
ferentiates tissue structure on the basis of proton magnetic
properties and allows a wide range of image contrast (34).
Small structures, such as early mouse embryos and placentas,
can be imaged with the use of high-magnetic-field systems
(>1.5 Tesla) equipped with small radiofrequency coils and
strong magnetic field gradients (35). Previously, the applica-
tion of this technology to rodent reproduction was limited to
studies of embryonic development using fixed embryos inside
(36) or outside the uterus (37-39) and to studies of toxicity and
teratogenicity (40—42), with the exception of one report of
MRM used to investigate rat embryo development in vivo (43).
Here, to the best of our knowledge, we present the first serial
in vivo MRM images of murine gestation that noninvasively
identify prenatal embryo resorption.

METHODS

Animals. OPN~'~ mice with a C57B1/129Sv background
were generated by Rittling e al. (20). OPN*/* X OPN*/*,
OPN '~ X OPN~/, and OPN™~ X OPN*'~ matings were
used to create the colony of mice used in the experiments
described herein. The genotypes of all mice were confirmed by
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Southern blot analysis. Animals were housed in the Center for
Laboratory Animal Science at the Mount Sinai School of
Medicine (New York, NY, U.S.A.). Procedures and animal
care were approved by the Institutional Animal Care and Use
Committee and were in accordance with the Guide for the Care
and Use of Laboratory Animals. Mice were weaned at 4 wk of
age and fed standard rodent chow (PMI Nutrition International,
St. Louis, MO, U.S.A.) and water ad libitum. The mice used
for the experiments described herein were 6—9 mo of age.

Histology. Homozygous breeding pairs (OPN'/T X
OPN**, OPN™/~ X OPN /", and OPN"/~ X OPN™'") were
allowed to cohabitate overnight. Female mice were examined
the following morning to verify the presence of a copulatory
plug. OPN*'* (n =18), OPN~'~ (n =19), and OPN™'~ (n
=10) female mice with verified copulatory plugs were killed
and dissected at 10.5 d postcoitus to compare the incidence of
pregnancy across genotypes. Mice were killed by exsanguina-
tion under deep anesthesia and perfused with PBS followed by
10% sucrose/Tissue-tek (Sakura Finetek USA Inc., Torrance,
CA, U.S.A.). Uteri and their contents were excised en bloc,
examined grossly to determine the number of embryos in each
uterine horn, infiltrated with sucrose solutions of increasing
concentration, and snap-frozen in liquid nitrogen. Frozen sec-
tions (6 wm) through the embryo and placenta at the implan-
tation site were stained with hematoxylin and eosin.

In vivo MRM. A small pilot imaging study during early
gestation (6.5-10.5 d postcoitus) suggested that 10.5 d was the
lower limit of gestation when embryos could be reliably iden-
tified using this technique, mainly as a result of the available
spatial resolution. For the experiments described herein, ho-
mozygous breeding pairs (OPN™* X OPN** OPN~/~ X
OPN /7, and OPN™/~ X OPN™'") were allowed to cohabitate
overnight. Female mice were examined the following morning
to verify the presence of a copulatory plug. If a plug was
identified, then the female underwent MRM on postcoital days
10.5, 15.5, and 19.5. For each genotype (OPN*'*, OPN~/~,
and OPN™/7), three groups of mice were studied on each
imaging day: /) mice that were anesthetized and underwent
MRM; 2) mice that received only anesthesia; and 3) mice that
were exposed to the acoustic, lighting, and temperature stimuli
of the imaging room but were not anesthetized, restrained, or
placed in the MR system.

Mice were anesthetized with isoflurane/O, at 4% and main-
tained at 1.5% volume. Each mouse was placed in a 30-mm
birdcage transmit/receive coil within an animal handling sys-
tem. A respiratory sensor was placed on the abdomen for
triggering and for monitoring the depth and the frequency of
respiration. The sensor was connected to a Physioguard SM
785 NMR triggering unit (Bruker Instruments, Billerica, MA,
U.S.A)). After imaging, mice were returned to their cages and
allowed to recover completely from anesthesia under heating
lamps before being returned to the animal facility. The duration
of anesthesia averaged 3-3.5 h.

In vivo MRM was performed with a Bruker AVANCE 9.4T,
89-mm bore magnet system operating at a proton frequency of
400 MHz (Bruker). An in vivo probe (Micro 2.5) was used in
combination with a gradient system of 1000 mT/m and a rise
time of 110 us. The software package used for data acquisition
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and initial processing was Paravision 2.1 (Bruker) on a Silicon
Graphics O, workstation with an Irix 6.5 operating system. The
total imaging time for each experiment was approximately 2 h.
Imaging began with a gradient echo scout sequence for posi-
tion determination. Three orthogonal slices were acquired to
obtain sagittal, axial, and coronal views. Subsequent pulse
sequences were multislice spin-echo with parameters for pro-
ton density weighted images and fat suppression. The repeti-
tion time and echo time were 2000 ms and 10 ms, respectively,
for the proton density weighted pulse sequence. Twelve 1-mm-
thick slices were acquired for coronal (contiguous slices) and
axial views (interslice distance 0.5 mm). The matrix size was
256 X 256 pixels, with a typical field of 35 X 35 mm
(corresponding to a pixel size of 137 um).

Hard copies of the MRM images were interpreted indepen-
dently by two investigators (A.S.W. and J.G.A.) who were
blinded to each other’s observations. Each investigator re-
corded the total number of embryos that he or she counted in
each dam on days 10.5, 15.5, and 19.5 postcoitus. Both inter-
observer reliability (the degree to which the two investigators
agreed about the number of embryos seen in each dam at each
gestational age) and observer validity (the extent to which the
two investigators’ observations accurately reflected the actual
number of embryos) were assessed to determine the utility of
MRM as a technique for the identification and monitoring of
prenatal embryo resorption. Embryo size was determined
through calculation of the maximal cross-sectional area [short-
axis (mm) X long-axis (mm) X mr].

Statistical analyses. For the histologic study, the Fisher
exact test was used to compare the incidence of pregnancy
across genotypes at 10.5 d postcoitus. For the MRM studies,
the number of embryos counted per dam by each of the two
observers on days 10.5, 15.5, and 19.5 postcoitus were com-
pared using a paired ¢ test. Statistical significance was consid-
ered at the level p < 0.05. This analysis revealed no statisti-
cally significant differences between the two investigators’
counts (see “Results”); therefore, the values of the two observ-
ers for each dam on each imaging day were averaged, and that
average was defined (for the purposes of this report) as the
“embryo count” for that dam on that day. This embryo count
was analyzed across genotype and gestational day of imaging
using a two-way ANOVA, with individual points compared by
the least significant difference test (44). The validity of MRM
was determined by comparing the late gestation (19.5 day
postcoitus) embryo count for each dam with her actual litter
size. Embryo sizes for OPN™* and OPN~/~ dams were
compared on days 10.5, 15.5, and 19.5 using a two-way
ANOVA. For normally distributed variables, data are ex-
pressed as mean * SEM; for data that are not normally
distributed, data are expressed as median (range 25-75%).

RESULTS

We compared the incidence of pregnancy in wild-type
(OPN™'*) mice with that of mice with a targeted disruption of
at least one OPN allele (OPN~'~ and OPN™/7). Through ex
vivo dissection on day 10.5 postcoitus, it was demonstrated that
72% of OPN™'" female mice with a verified copulatory plug
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were indeed gravid, with more than one embryo identified.
Surprising, however, is that only 37% of OPN '~ female mice
and 40% of OPN™'~ female mice with identified plugs were
found to be pregnant (p < 0.05, Fisher exact test; Fig. 1). On
the basis of this observation, we hypothesized that disruption
of the OPN gene results in an incompletely penetrant, “all-or-
nothing” effect on murine gestation that compromises repro-
ductive success by interfering with conception, implantation,
or the maintenance of gestation.

To explore this hypothesis further, we developed and used
serial in vivo MRM as a noninvasive prenatal method of
monitoring embryos (both numbers and sizes) throughout mu-
rine gestation. OPN™'* (n = 7), OPN~'~ (n = 9), and OPN "/~
(n = 3) female mice with verified copulatory plugs underwent
MRM at 10.5, 15.5, and 19.5 d postcoitus. There were no
significant differences in mortality for dams or their pups in the
MRM and control groups. Examination of pups within the first
48 h of life revealed no gross physical abnormalities in either
the MRM or the control groups. Representative coronal MRM
images of gravid OPN™'* female mice are shown in Figure 2.

MRM images were interpreted independently by two inves-
tigators (A.S.W. and J.G.A.) who were blinded to each other’s
observations; each investigator recorded the total number of
embryos that he or she counted in each dam on 10.5, 15.5, and
19.5 d postcoitus. There was no statistically significant differ-
ence between the two investigators’ counts (mean difference *
SEM = 0.04 = 0.25 embryos; p = 0.87). Therefore, the values
of the two observers for each dam on each imaging day were
averaged, and that average was defined as the embryo count for
that dam on that day.

The mean embryo count = SD for dams of each genotype
(white bars: OPN*'*; black bars: OPN~'~; stippled bars:
OPN*'7) at the four times of measurement (10.5 d, 15.5 d,
19.5 d, and birth) are shown in Figure 3. The two-way
ANOVA showed a statistically significant effect of gestational
age on embryo count (p < 0.001), with no effect of genotype
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Figure 1. Ex vivo determination of incidence of pregnancy. OPN*/*,

OPN™'~, and OPN™/~ female mice with verified copulatory plugs were killed
at 10.5 d postcoitus to compare the incidence of pregnancy across genotypes.
For each genotype, the black bars indicate the percentage of mice with
detectable vaginal plugs that were also found to be gravid upon dissection.
Pregnancy rates across genotypes were compared using the Fisher exact test.
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10.5 days

15.5 days

19.5 days

Figure 2. [n vivo MRM images of a gravid OPN™/* mouse. Representative
coronal views are shown in A—/. 4—C show in vivo images at 10.5 d postcoitus;
the white arrows are touching whole embryos in individual gestational sacs. In
D-F, images at 15.5 d postcoitus are shown, and the white arrows touch
individual placentas. G—/ show images at 19.5 d postcoitus, and the white
arrows touch the spinal vertebrae of individual fetuses.

DOPN +/+ (n=7)
8 1 W OPN -/- (n=9)
EIOPN +/- (n=3)

Mean of embryo counts

15.5 19.5

Gestation (days)

Figure 3. MRM determination of embryo count. MRM images were inter-
preted independently by two investigators. Because there were no statistically
significant differences between the investigators’ counts, the values for each

observer for each dam on each imaging day were averaged. That average was
defined as the embryo count for that dam on that day. The mean embryo count
+ SD for dams of each genotype (white bars: OPN*'*; black bars: OPN~'~;
stippled bars: OPN*/7) at the four times of measurement (10.5 d, 15.5 d,
19.5 d, and birth) are shown. The embryo counts were analyzed across
genotype and gestational day of imaging using a two-way ANOVA.

(p > 0.5) or interaction (p > 0.5). The significant decrease in
embryo count as a result of gestational age occurred between
15.5 and 19.5 d (p < 0.05). There was no difference between
embryo counts on days 10.5 and 15.5 or any difference be-
tween day 19.5 and the actual number of pups delivered. This
suggests that midgestation resorption is not an uncommon

cant difference between day 19.5 and birth supports the validity
of this technique in determining the true number of embryos.
Embryo size was measured by assuming the embryo shape
to be an ellipse. Maximal cross-sectional area was computed as
a product of 7 and short-axis and long-axis lengths (area =
mab). A representation of this method of measurement is
shown in Figure 4. Embryo sizes for OPN™'* and OPN ™/~
dams were compared on days 10.5, 15.5, and 19.5 using a
two-way ANOVA (Fig. 5). As expected, embryos of both
genotypes grew with increasing gestational age (p < 0.001).
Surprising is that embryos of OPN '~ dams were significantly
smaller than their wild-type counterparts at each gestational
age (p = 0.03; interaction not significant, p = 0.195).
Because of concern that the validity of our results could be
affected by physical stressors on the dams associated with
MRM, we compared litter sizes of our experimental animals
with dams that were not imaged. Of the 6 OPN*'* dams that
underwent MRM, the median (25-75%) litter size was 6
(4—6.75) versus 5 (3—6) for the 58 pregnant OPN ™/ dams that
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event and that once an OPN '~ female is pregnant, she is no
more or less likely to undergo midgestation resorption than her
wild-type counterparts. Furthermore, the absence of a signifi-

Figure 4. Method of embryo size measurement. A representative 13.5-d
embryo in coronal MRM section was used to illustrate the method of size
measurement. Measurements were performed assuming embryo shape to be an
ellipse. Maximal cross-sectional area was computed as the product of 7 and
short-axis (@) and long-axis (b) lengths (area = rab).
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Figure 5. MRM determination of embryo size. Embryo size was determined
through calculation of the maximal cross-sectional area. White bars represent
the mean of the maximal cross-sectional areas of OPN™/" embryos on days
10.5 (n = 3), 15.5 (n = 5), and 19.5 (n = 6) of gestation. Black bars similarly
represent the mean of the maximal cross-sectional areas of OPN ™/~ embryos
on days 10.5 (n = 3), 15.5 (n = 6), and 19.5 (n = 7) of gestation. Error bars
indicate SD. Embryo sizes for OPN*'* and OPN '~ were compared across
gestational age using a two-way ANOVA.

did not undergo MRM (p = 0.397). Similarly, there was no
significant difference in mean litter size between OPN '~ dams
that underwent MRM (n =8; mean = SEM = 5.4 = 1.1) and
those that did not (n = 56; 5.5 = 0.3; p = 0.91).

DISCUSSION

The noninvasive nature of MRM has made it an exciting
method for analysis of the effects of altered gene expression in
the placenta and developing embryos of genetically engineered
animals. Our data suggest that MRM is a fast, safe, and reliable
in vivo technique that can be used to study serially and
noninvasively the intact gravid animal. The performance of
repeated analyses in the same animal eliminates the need for
multiple experimental groups with larger numbers of animals
killed at different time points. There has been one previous
report of MRM used to investigate noninvasively rat embryo
development in vivo (43). Before this, the application of MRM
to rodent reproduction was limited to studies of embryonic
development using fixed embryos inside (36) or outside the
uterus (37-39).

There are many challenges to the use of MRM for the
examination of live embryos in situ. These include motion
artifact during the maternal cardiorespiratory cycle, limited
signal, limited spatial resolution, low inherent contrast, and
maternal physiologic instability during image acquisition. In
our study, motion artifact was minimized by the use of a
long-acting inhalational anesthetic and respiratory gating. The
short duration of anesthesia (~3-3.5 h), in concert with cardio-
respiratory monitoring during imaging, resulted in no maternal
morbidity or mortality. Ongoing methodologic improvements
in signal-to-noise ratio, image resolution, and image acquisi-
tion speed will increase the level of detail obtained in future
MRM studies.
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There is a lack of consensus in the literature about the
potential adverse effects of MRM on gravid rodents and their
offspring; this discrepancy may be due in part to the extremely
long duration exposures that were used in some of the safety
studies (40—42), as well as confounding environmental vari-
ables, such as physical crowding in the animal restraining
device, loud ambient noise, and lowered ambient temperatures
in the magnet (41). Despite concern over the potential hazards
of repeated exposure of gravid animals to a strong magnetic field,
we saw no ill effects in our limited study population. There were
no significant differences in mortality for dams or their pups or in
litter sizes in the MRM and control groups. That the litter sizes of
the study and control dams were equivalent suggests that repeated,
short exposures to the magnetic field did not result in an increased
rate of fetal resorption above baseline. Examination of pups
within the first 48 h of life revealed no gross abnormalities in
either the MRM or control groups.

We have shown MRM to be a reliable and valid method to
determine embryo number and size. MRM images were inter-
preted independently by investigators who were blinded to
each other’s observations. There were no statistically signifi-
cant differences between the two investigators’ counts, which
suggests that the counting of embryos was internally consis-
tent. This demonstration of internal consistency is critical in
determining the utility of MRM as a means for prenatal
monitoring of embryos, particularly in early gestation, as there
are many other small structures in the dam (e.g. loops of bowel
containing stool) that could potentially be mislabeled as em-
bryos. Our assessment of observer validity concerned the
extent to which our investigators’ observations accurately re-
flected true number of embryos. In our study, there were no
significant differences between the embryo count per dam on
day 19.5 of gestation and the actual litter size, which suggests
that the investigators’ counting of embryos accurately reflected
in utero numbers at the time of imaging.

Although we were not able to demonstrate a significant effect of
genotype on mid- or late-gestation embryo resorption, there was a
significant effect of genotype on embryo size at all gestational
ages. Thus, the OPN '~ mouse may provide a model for embry-
onic growth restriction, although the cause of the growth restric-
tion is unclear. During embryogenesis in the wild-type mouse,
OPN expression is developmentally regulated, with late-gestation
OPN mRNA expression in the calvaria, spine, and long bones, as
well as the renal tubules and placenta (16). Rittling et al. (20)
showed that a lack of OPN in bony structures had no effect on
either the structure or the distribution of cells within these tissues,
and Chellaiah et al. (45) demonstrated that femoral lengths are not
reduced in OPN ™'~ mice; thus, it is unlikely that the smaller size
of OPN ™/~ embryos is due to alterations in skeletal morphometry.

A more plausible hypothesis for the cause of the intrauterine
growth restriction may be changes in uteroplacental blood flow
as a result of OPN deficiency in the decidua and placenta. Liaw
et al. (46) recently showed that loss of OPN alters hemody-
namics and arterial mechanics in the aorta and carotid arteries;
OPN '~ mice were observed to have lower systolic blood
pressures, greater arterial compliance, and reduced blood flow
at similar heart rates when compared with wild-type controls,
as well as defective collagen organization within the arterial
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wall. It is not unreasonable to infer that similar findings would
apply to other vascular beds in the OPN™/~ mouse, including
the placenta. In that case, the intrauterine growth restriction
seen in our OPN '~ embryos could be the result of decreased
placental perfusion, either from relative hypoperfusion of the
maternal side of the placenta or from decreased blood flow
through morphologically abnormal placental vessels.

We further speculate that abnormal placental vascular de-

velopment contributed to the decreased incidence of pregnancy
seen in the OPN™/~ dams in our study. OPN expression in
placenta and decidua is confined to the invasive trophoblast
and metrial gland cell populations (16, 32, 33); metrial gland
cells are hypothesized to participate in the remodeling of the
uterine stroma and blood vessels that permits growth of the
embryo and development of the network of maternal blood
sinuses (47). Thus, local alterations in OPN expression could
have a tremendous impact on the ability of the conceptus to
implant and to develop a life-sustaining blood supply.
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