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Abstract

Changes throughout gestation of maternal and fetal Doppler parameters in pregnant mice, similar
to those obtained in human fetuses, using a high frequency ultrasound with a 55 MHz linear probe
are described. The uterine arteries (UtA), fetal umbilical (UA) and fetal ductus venosus (DV)
showed: increased peak systolic velocity (UtA, p=0.04; UA, p=0.0004; DV, p=0.02), reduced end
diastolic velocity (UtA, p<0.001; UA, p<.0001; DV, p=0.01), and reduced resistance index (UtA,
p=0.0004; UA, p=0.0001; DV, p=0.04) toward the end of pregnancy. The middle cerebral (MCA)
and carotid arteries (CAR) showed reduced end diastolic velocity (MCA, p=0.02; CAR,
p<0.0001), and resistance index (both vessels, p<0.0001). The umbilical vein showed a reduction
in the pulsatile pattern (p<0.05). Increased velocities and reduced resistance index suggest a
progressive increment in blood flow to the fetal mouse towards the end of pregnancy. Evaluation
of fetal and utero-placental vascular parameters in CD-1 mice can be reliably performed using
high frequency ultrasound.
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Introduction

Animal experimentation has been fundamental for describing the process of fetal
cardiovascular development throughout pregnancy (Rudolph and Heymann 1968; Rudolph
and Heymann 1970), and hemodynamic adaptation/deterioration when obstetric
complications are present (Abi-Nader et al. 2012; Bennet et al. 1999; Berman et al. 1975;
Bishai et al. 2003; Block et al. 1984; Rosen et al. 1986; Sheldon et al. 1979). Indeed, the
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Methods

process of blood flow distribution in fetal organs was originally described in fetal sheep
using radiolabeled microspheres (Heymann et al. 1977; Heymann and Rudolph 1967;
Rudolph and Heymann 1967; Rudolph and Heymann 1972). Recently, other animal models
have also been proposed; pregnant murine and rabbit models (Bassan et al. 2000; Eixarch et
al. 2009; Eixarch et al. 2011) have shorter gestational periods requiring smaller experimental
areas, relatively lower costs, higher number of fetuses, and have similar characteristics as
the human placenta (Malassine et al. 2003; Sapin et al. 2001). The use of knock-out mouse
strains provides further advantages in studying the effects of specific genes during
pregnancy (Pham et al. 2009; Smith et al. 2007; Tian et al. 2006; Zhang et al. 2011).

Doppler ultrasound has proven value in assessing fetal and maternal cardiovascular
parameters in animal experimentation (Acharya et al. 2008; Ferrazzi et al. 2001;
Gudmundsson et al. 1990; Gunnarsson et al. 1998; Hernandez-Andrade et al. 2005; Schmidt
et al. 1991). However, conventional Doppler ultrasound emitting at frequencies between 2
MHz and 16 MHz does not have the temporal resolution required to clearly display Doppler
waveforms and color Doppler maps in murine models (such as the mouse) with a cardiac
rate of 350-500 bpm (Stypmann 2007). High frequency ultrasound enables fast signal
acquisition and processing by using linear probes emitting at 25-55 MHz (Phoon et al. 2000;
Renault et al. 2006). The Doppler waveforms clearly display all velocity components, and
the color Doppler mapping provides reliable information about the direction of the flow
(Stypmann 2007; Zhang and Croy 2009).

High frequency ultrasound has been previously applied to the investigation of the uterine
and umbilical arteries in the pregnant mouse throughout gestation (Khankin et al. 2012;
MacLennan and Keller 1999; Phoon et al. 2000); however, besides from these two vessels,
other fetal vascular territories have been scarcely evaluated. The aim of this study was to
obtain Doppler recordings of fetal and placental vascular territories in CD-1 mice, similar to
those obtained in the human fetus; in particular daily changes of the Doppler waveforms of
the ductus venosus, which have not been described before; and to provide a better
understanding of what is to be expected under normal circumstances in examining scarcely
evaluated fetal vascular territories. This information is of interest to investigators studying
the vascular adaptation/deterioration processes in experimental models of intrauterine
growth restriction or preeclampsia.

Animals and Husbandry

The experiments described herein were conducted as part of an ongoing in vivo study for
which the animal protocol approved by the Institutional Animal Care and Use Committee of
Wayne State University, Detroit, MI, USA (IACUC protocol # A 11-03-11). Animal
handling and care followed all the standards of the National Institutes of Health Guide for
the Care and Use of Laboratory Animals: Eighth Edition (2011). (Washington, DC: The
National Academies Press).

Thirteen pregnant CD-1 mice from Charles River Laboratories (Wilmington, MA, USA)
were evaluated. Mice were kept in separate filtered-top rodent cages with ad libitum food
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and water intake. Constant temperature (24+1°C) and humidity (50+5 %) were maintained
in the animal room, with a daily regular 12:12 hour light-dark period.

Ultrasound recordings were performed daily from gestational day (GD) 8 to GD 18 in three
mice; at GD 8, GD 13 and GD 18 in seven mice; and at GD 18 in three mice. The mice
evaluated every day (n=3) constituted the group for which we studied daily hemodynamic
changes; mice evaluated on GD 8, GD 13 and GD 18 (n=7) constituted the pilot group
designed to optimize the main operative protocol; and the three mice evaluated on GD 18
formed the control group necessary to assess differences in neonatal characteristics among
fetuses exposed to different periods of ultrasound insonation and anesthesia. No other
experimental procedures were performed. A total of 26 fetuses (two per dam) were
evaluated. Fifty seven scanning sessions were performed: 33 for the daily group, 21 for the
group evaluated at GD 8, GD 13 and GD 18, and 3 for the control group.

Ultrasound assessments of maternal, fetal and placental blood flow

General anesthesia was induced by inhalation of 4-5% isoflurane (Aerrane; Baxter
Healthcare Corporation, Deerfield, IL, USA) and 1L/minO,. Anesthesia was maintained by
inhalation with a mixture of 1-2% isoflurane and 1L/minO,. Leakage of anesthesia gas was
scavenged using a ventilation system equipped with a charcoal filter canister. Mice were
positioned on a heating pad (Vevo Imaging Station, Visual Sonics Inc. Toronto, Ontario,
Canada) and gently stabilized with adhesive tape (Figure 1). Abdominal and chest hair was
shaved with a clipper, and was further cleaned with a chemical hair remover (Nair cream,
Church & Dwight Canada Corp., Mississauga, Ontario, Canada) in order to minimize
ultrasound attenuation. Nair cream was wiped off 15-20s after its application with
alternating wet and dry gauzes to prevent damage to the skin. Mice cardiac and respiratory
rates were registered during the entire ultrasound procedure and body temperature was
maintained in the range of 37£1°C.

The first fetus in each uterine horn was evaluated with a high frequency linear 55 MHz
ultrasound probe (Vevo 2010), Visual Sonics Inc. Toronto, Ontario, Canada). The
ultrasound probe was fixed and mobilized with a mechanical holder. Fetal crown-rump
length was first measured in all fetuses. The uterine arteries were located in the maternal
pelvis on each side of the maternal bladder; the fetal carotid artery was visualized in a lateral
sagittal view of the fetal thorax and neck; the fetal middle cerebral artery was localized in a
cross sectional view of the fetal head at the level of the arterial circle; the ductus venosus
was evaluated in a cross - sectional or sagittal view of the fetal abdomen before joining the
inferior vena cava; and the umbilical artery and umbilical vein were visualized in an intra-
amniotic segment of the umbilical cord, just after the cord exit from the fetal abdomen.
(Figures 2 and 3). All Doppler recordings were performed at an angle of insonation as close
as possible to 0°, and never greater than 45°. For maternal recordings, the velocity of the
Doppler display was set at 0.8 cm/s, and for fetal recordings, at 2.6 cm/s. The size of the
Doppler gate was kept between 0.3-0.5mm. Five to eight consecutive waveforms in each
vessel in the absence of fetal movements, and without maternal respiratory movements were
obtained. Peak systolic velocity (PSV) and end diastolic velocity (EDV) were calculated;
additionally, atrial velocity (AV) in the ductus venosus was estimated. The resistance index

Ultrasound Med Biol. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hernandez-Andrade et al. Page 4

(RI) was calculated as: peak systolic velocity — end diastolic velocity / peak systolic velocity
(Arbeille et al. 1983).

After ultrasound evaluation, and during the recovery period, mice were placed into their
cages with one-half of each cage situated on a warm-water circulating blanket. All pups
were delivered by cesarean on GD 18, and then weighed and measured. Newborn
characteristics were compared between the groups of mice evaluated daily, mice evaluated
on GD 8, GD 13 and GD 18 and mice evaluated only on GD 18. After cesarean, mice were
euthanized in a CO, chamber according to the recommendation of the American Veterinary
Medical Association (AVMA) Guidelines on Euthanasia.

Data and Statistical Analysis

Results

Normality of the Doppler parameters distributions was assessed using the Kolmogorov-
Smirnov test, inspection of histograms, and quantile-quantile (Q-Q) plots. Because multiple
measurements within individual mice were correlated, generalized linear models for
repeated measures were fit to assess the pattern of Doppler values over time using a robust
covariance estimator. Transformations were performed where appropriate to meet
parametric assumptions. Quadratic, cubic or quartic polynomials equations were selected to
model these patterns over time to optimize model fit. Differences among groups were
evaluated using one-way analysis of variance (ANOVA) with post hoc analysis. Chi square
was used to estimate changes in the pulsatile pattern of the umbilical vein. A p value <0.05
was considered statistically significant. Statistical analyses were performed with Med Calc
version 9.0.1.0 (Mariakerke, Belgium) and SAS version 9.3 (Carry, NC, USA) statistical
analysis software.

The complete ultrasound examination was performed on a median time of 37 minutes
(range, 24-53 minutes). The uterine arteries were obtained in all animals during the period
of examination. Doppler recordings of the umbilical artery and umbilical vein were obtained
from GD 10, and from the middle cerebral artery, carotid artery and ductus venosus from
GD 12. The relationship between gestational age with maternal weight, fetal heart rate and
crown-rump length was best described using linear, quadratic and cubic functions,
respectively (Figure 4).

Uterine arteries

(Figure 5.1a—c); A quadratic polynomials equation was used to model the relationships
between peak systolic velocity and gestational age (p=0.04). End diastolic velocity increased
linearly with gestational age (p<0.001) and the resistance index decreased linearly over time
(p=0.0004).

Umbilical artery

(Figure 5.2a—c); The relationship between gestational age with mean peak systolic velocity
and resistance index was best described using a quadratic polynomials equation Peak
systolic velocity increased linearly from GD 11 to GD 17 (p=0.0004) and decreased at GD
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18; end diastolic velocity was present from GD 15 and increased linearly over time (p
<0.0001). The resistance index was unchanged between GD 10 and GD 14, and decreased
thereafter (p=0.0001).

Umbilical vein

Carotid

Figure 2D shows the pulsatile pattern of the umbilical vein at GD 16 with 1 or 2 pulsations
per second as compared with approximately 8 pulsations per second at GD 14 (image not
shown) (p<0.05).

(Figure 6.1a—c) and middle cerebral arteries (Figure 6.2a—c): While peak systolic velocity
increased linearly with gestational age (p<0.001) in the carotid artery, a quadratic
relationship was observed in the middle cerebral artery (p=0.02). In both the carotid and
middle cerebral arteries, a quadratic curve best described the relationship between end
diastolic velocity and gestational age (both p<0.0001); an inverse quadratic curve best
described the relationship between resistance index and gestational age in both arteries (both
p<0.0001).

Ductus Venosus

The ductus venosus waveform showed characteristics similar to human fetuses (Figure 3).
There was a clearly visible bright color spot in its narrow portion before the junction with
the inferior vena cava. The Doppler waveform presented three components: systolic,
diastolic and atrial. Quadratic polynomials equation best described the relationship between
the three velocities and the resistance index with gestational age in this vessel (peak systolic
velocity, p=0.02; end diastolic velocity, p=0.01; atrial velocity, p<0.0001, resistance index
p=0.01) (Figure 7).

Discussion

The principal findings of this study are: 1) consistent evaluation of fetal and maternal
vascular Doppler velocities in CD-1 mice is possible using high frequency ultrasound; 2)
Doppler waveforms of the fetal and maternal vessels were similar to those observed in
human pregnancy; 3) increased diastolic velocities and reduced resistance index in all fetal
vascular territories toward the end of pregnancy, 4) the ductus venosus waveform was
consistently obtained after GD 12.

The increase in Doppler velocities and reduction of the resistance index toward the end of
pregnancy might represent the continuous development of fetal organ vascular networks.
Development of the cardiovascular system in the fetal mouse, starting at GD 7.5 is
characterized by a process of vascular proliferation, sprouting and pruning, which creates a
complex network of branched endothelial tubes of different diameters that reduce the
resistance to blood flow (Drake and Fleming 2000; Isogai et al. 2003; Walls et al. 2008).
Simultaneously, the development of the fetal heart begins at GD 7 (Ji et al. 2003); by GD 8
the primitive heart consists of a pulsatile tube; by GD 9.5 a common atrial chamber and a
primitive ventricle are observed (Srinivasan et al. 1998). From GD 10 the fetal heart passes
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through a sequence of anatomical changes and rotations until GD 15, when it reaches its
definitive shape and anatomy (Keller et al. 1996; Srinivasan et al. 1998). During this period
the heart rate increases from 120 to 190 beats per minute (Keller et al. 1996). Our findings
show a similar increment in the fetal heart rate, a stable pattern in the waveform velocities,
and a decrease in the resistance index from GD 16 onward, consistent with the period when
the heart and the vascular system attain functional maturation (Lucitti et al. 2007).

Ultrasound evaluation of fetal mice has been previously reported using either conventional
or high-frequency ultrasound. Brown et al. (2006) used a 15 MHz probe and conventional
ultrasound equipment to count the number of fetuses and to estimate the crown-rump length,
from GD 9.5 until the end of pregnancy using a freehand technique. Even with success in
obtaining these basic estimations, neither detailed anatomy nor hemodynamic data were
described. The authors acknowledged that it was not possible to obtain detailed information
about fetal, placental and maternal structures using conventional ultrasound. Mu &
Adamson (2006) used high-frequency ultrasound for daily evaluation of the uterine and
umbilical arteries from GD 6 to GD 18. Similar to our results, they showed a progressive
increase in systolic and diastolic velocities, and a reduction in the resistance index of both
vessels throughout gestation. The authors suggested that the increase in the umbilical artery
diastolic flow might be related to the final process of fetal organogenesis. We also consider
that can also be related to a lower placental resistance to blood flow. Khankin et al. (2012)
also evaluated the uterine and umbilical arteries at GD 13 and GD 18 and showed, similar to
our results, an increase in systolic and diastolic velocities in both blood vessels; however, no
significant reduction in the umbilical artery resistance index was noted. The two mentioned
articles reported changes only for the uterine and/or umbilical arteries; in the present study
we also included the examination of the carotid and cerebral arteries, and the evaluation of
the ductus venosus, thus offering a more complete perspective of arterial and venous
hemodynamic changes of the fetal mouse throughout pregnancy. The increased diastolic
velocities in the carotid and cranial arteries towards the end of pregnancy suggested an
increment in the intracranial blood flow in late periods of gestation. Similarly, the ductus
venosus showed a progressive increase in diastolic and atrial blood velocities, probably due
to more oxygenated blood in the umbilical vein. This is the first report showing
simultaneous evaluation of all these vascular parameters.

The technique for obtaining Doppler recordings in the common carotid and middle cerebral
arteries in fetal mice was previously described by Bake et al. (2012). They reported changes
in these vessels when pregnant mice were exposed to alcohol. We acquired Doppler
recordings using a similar approach. Although the carotid artery was relatively easy to
obtain, the anatomical projection and angle of insonation limited the interpretation of true
velocity. Waveforms from the middle cerebral artery were obtained in a cross-sectional view
of the fetal head, similar to that used in human fetuses, providing a good insonation angle
and reliable velocity estimations. In the carotid and middle cerebral arteries, end diastolic
velocity appeared from GD 12 onward. The two vessels showed a similar trend of increasing
velocities and reduced resistance index toward the end of pregnancy. Doppler investigation
of the ductus venosus showed a triphasic component, similar to that observed in human
fetuses, consisting in a systolic peak, diastolic peak and positive atrial peak. The ductus
venosus was identified by following the intra-abdominal trajectory of the umbilical vein and
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the detection of aliasing produced by increased blood velocity in its narrow region.
Previously, Dickinson et al.(2008) studied the ductus venosus in a different genus known as
the spiny mouse. This genus has a longer gestational period (38 days) and bears fewer and
larger fetuses than CD-1 mice. Fetal mice also showed a triphasic waveform and an increase
in velocities throughout the end of pregnancy with no changes in the resistance index. No
previous reports on the daily changes of the ductus venous velocity waveform in CD-1 mice,
or in similar mouse species were found in the literature

Technical considerations

Although some authors have used a freehand acquisition of ultrasound images (Brown et al.
2006), the platform and mechanical holder of the ultrasound probe proved to be of major
importance for obtaining good quality Doppler waveforms. Small movements can change
the angle of insonation, giving erroneous assessment of the Doppler velocities. Despite the
limited mobility of the mechanical holder, only two anatomical views were necessary to
obtain all hemodynamic estimations: 1) a cross-sectional view of the fetus, where the
ultrasound probe was swiped from head to tail, provided images of almost all anatomical
organs and adequate insonantion angles of the umbilical artery, umbilical vein, middle
cerebral artery, and ductus venosus; and 2), by rotating the ultrasound transducer by 90°, a
sagittal plane was obtained for the measurement of the crown-rump length. Additionally, in
the latter, by swiping the ultrasound probe form left to right, recordings of the carotid
arteries, umbilical artery, umbilical vein, and ductus venosus were obtained.

Doppler recordings were affected by fetal body movements and maternal breathing.
Although fetal mouse movements are not very common, tiny movements can change the
anatomical section used for examination. Maternal respiratory movements might also affect
the quality of the recordings; fortunately, the high maternal and fetal heart rate allowed clear
recordings of at least three to four waveforms between respiratory movements.

Time exposure and anesthesia

The effect of anesthesia on the hemodynamic parameters in the fetal mouse is not known.
To reduce exposure to anesthesia, Jaiswal et al. (2009) proposed immobilizing the mouse in
a ventral position without sedation. This approach was used for the evaluation of the ovaries
in which insonation was performed from the back of the mouse. However, for abdominal
examination, the mouse needs to lie on its back. In this position, the mouse cannot be safely
immobilized without sedation. We kept exposure to anesthesia to a maximum of one hour;
in the majority of sessions, the study was completed in less than 40 minutes. We did not find
differences in birth weight, neonatal measurements, and placental weight and size among
fetuses exposed to anesthesia and high-frequency ultrasound daily, three times during
pregnancy or only before delivery.

Clinical implications

Mice and humans have placentas with similar anatomical and functional characteristics
(Carter 2007; Georgiades et al. 2002). Both have discoid placentas with a common
phylogenetic origin and similar functional units (labyrinth in the mouse, and villous tree in
humans) (Wildman et al. 2006). Cox et al. reported that more than 70% of genes involved in
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nutrient transport are co-expressed in human and mouse placentas (2009). This makes the
pregnant mouse an interesting and convenient model for studying severe and frequent
perinatal complications related to placental dysfunction such as preeclampsia and
intrauterine growth restriction (Watson and Cross 2005). High frequency ultrasound might
provide important information about the fetal cardiovascular response when these
complications develop.

Conclusion

Using high-frequency ultrasound, evaluation of maternal and fetal Doppler parameters in
pregnant mice, similar to those obtained during human fetal surveillance, can be completed
in about 40 minutes with short exposure to anesthesia. Hemodynamic changes in
experimentally-induced pathologic conditions (preeclampsia, intrauterine growth restriction,
diabetes) or in knock-out mouse models can be studied using high-frequency ultrasound.
These results can be compared to those obtained from human fetuses in order to evaluate the
process of adaptation or deterioration related to obstetrical complications.
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Figure 1.
Position of a pregnant mouse in the ultrasound scanning platform
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Figure 2.
a) Midsagittal view of a fetal mouse at gestational day 17; b) Doppler waveforms of the

uterine artery, ¢) umbilical artery, and d) umbilical vein at gestational day 16.
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Figure 3.
Doppler waveforms of: a) common carotid artery; b) middle cerebral artery; c) ductus

venosus; and d) color Doppler velocimetry of intraplacental vessels at gestational day 16.
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Doppler velocities and resistance index (RI) from gestational day 12 to gestational day 18 of
the common carotid artery PSV, peak systolic velocity (1a); EDV, end diastolic velocity
(1b); RI, resistance index (1c) and middle cerebral artery PSV, peak systolic velocity (2a);
EDV, end diastolic velocity (2b); RI, resistance index (2c). The solid line represents the best
fitting mean determined using a generalized linear model, whereas dashed lines represent the
95% confidence limits of the mean.
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Characteristics of newborn mice

Table 1

Miceevaluated from Miceevaluated at GD Miceevaluated at p Value
GD 8toGD 18 8,GD13and GD18 GD 18
(Pregnant damsn=3, (Pregnant damsn=7, (Pregnant dams
fetuses n= 6) fetusesn=14) n=3, fetuses n=6)

Birthweight 1.05 1.02 1.05 0.64
(grams [median, range]) (0.97-1.22) (0.96-1.19) (0.01-1.24)
Neonatal length 22.0 19.15 21.02 0.11
(mm [median, range]) (16.8-25.6) (16.8-22.69) (16.4-24.3)
Biparietal diameter 6.29 6.17 6.19 0.21
(mm [median, range]) (5.99-6.78) (5.84-6.68) (5.92-6.75)
Placental weight 0.12 0.11 0.12 0.85
(grams [median, range]) (0.08-0.18) (0.07-0.19) (0.08-0.17)
Placental diameter 8.19 8.06 8.14 0.45
(mm [median, range]) (6.28-9.72) (6.0-9.42) (6.0-9.65)
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