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Abstract

Animal models remain essential to understand the fundamental mechanisms occurring 
in fetal medicine and obstetric diseases, such as intrauterine growth restriction, pre-
eclampsia and gestational diabetes. These vary regarding the employed method used for 
induction of the disease, and differ in relation to the animal characteristics (size, number 
of fetuses, placenta barrier type, etc.). While none of these exactly mirrors the human 
condition, different pregnant animal models (mice, rats, guinea pigs, chinchillas, rabbits, 
sheep and pigs) are here described with respect to advantages and limitations. The abil-
ity to employ noninvasively diagnostics varies among species, specifically for ultrasound 
and clinical magnetic resonance imaging procedures. Management of feeding, handling, 
care and anesthesia are particularly important factors in the pregnant animal.

Keywords: animal models, fetal medicine, diagnostics and imaging, handling of 
pregnant animals

1. Introduction

Obstetrics deals with pregnancy, childbirth and the post-natal period, whereas gestation 

(from Latin: “to carry”) is the time between conception and birth. Gestation is typical for 
mammals, where an embryo/fetus develops in the uterus.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Research in the pregnant human is problematic and may pose significant ethical restrictions 
as the well-being of the mother and her unborn baby is critically important. Thus, the use of 

animal models provides a way to gain insight into the improved understanding of the human 

pregnancy. Animal models remain essential to understand the fundamental mechanisms 

underlying the onset of obstetric diseases, and to discover improved methods for prevention, 

diagnosis and treatment. However, the translatability between animals and humans should 

be carefully considered. In obstetric research, several factors may contribute in the selection 

of the most appropriate animal model, concerning the mother, fetus and placenta. In addi-

tion, the timing of the study during the gestation needs to be considered, as pregnancy is a 

dynamic process.

The aim of this chapter is to review the advantages and limitations of relevant animals, 

including mouse, rat, chinchilla, guinea pig, sheep and pig models, and their use in study-

ing fetal growth disorders (intrauterine growth restriction, IUGR), preeclampsia and diabe-

tes in pregnancy. Furthermore, available imaging modalities for studying pregnant animals 

including fetal and placental characteristics are presented. Finally, ethical and welfare con-

siderations are described, as well as how physiological effects of pregnancy pose special 
requirements to the management of feeding, handling, care and anesthesia.

2. Considerations

Knowledge of the different characteristics of the animal and its gestation is a prerequisite in 
order to select the most suitable animal model, interpret experimental findings and reach 
appropriate translational conclusions. In obstetric research, in particular, it is necessary to 

consider fetal/neonatal characteristics and the physiological changes during the gestation 

period. Several species have been used to study the normal pregnancy and related pathologi-

cal conditions [1]. First, the human gestation is described for comparison.

3. Human pregnancy and fetal development

The human gestation is about 280 days and is divided into three trimesters, each of which 

is marked by specific fetal developments and embryonic changes. The first trimester is from 
gestation week (GW) 1–12, including the conception, second trimester is GW 13–28 and third 
trimester is GW 29–40. In other mammals, the gestation is defined as the time between con-

ception/fertilization and birth, which for comparison is 266 days in humans. A single fetus 
is carried in 97–98% of all human pregnancies. The human newborn is extremely dependent 
on the mother and has immature motoric skills which traditionally placed the neurodevel-

opment of the human newborn as altrical (from Latin: “to nurse”), referring to the undevel-
oped motoric system. However, the advanced development of the human brain at birth rather 

places the human newborn as precocial, meaning well-developed at birth [2]. The human brain 

at birth is more advanced than all other animal models used in research [3].
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The placenta is the interface between the maternal and fetal circulation, facilitating an 

exchange of oxygen, nutrients, waste products and other molecules, for example, certain 

drugs. The fetal trophoblast cells form the external component of the placenta, the chorionic 

plate. The nomenclature of the placenta barrier refers to the degree of erosion of the maternal 

tissue in the uterine cavity and the interface between the maternal and fetal circulation. The 

placental interface differs greatly between species (Figure 1). Humans have hemomonochorial 

placenta barrier because the maternal blood (hemo-) is in direct contact with only one layer 

of trophoblasts (−mono) in the chorion plate (−chorial). Thus, the human placenta is implanted 

completely within the uterus with a deep invasion of the trophoblasts and erosion of the uter-

ine epithelium [4]. In rodents (mice and rats), the placenta barrier is hemotrichorail with three 

layers of trophoblasts dividing the maternal blood from the fetal capillaries in the chorionic 

plate [5]. Another nomenclature used for the microscopic structure of the placenta exchange 

area refers to the villous or labyrinth type. The human placenta is of the villous type where 

chorionic vessels branch out with few interconnections. In a placenta of the labyrinth type, the 

fetal vessels, the trophoblasts and the maternal blood space branch out and are interconnected 

in a complex labyrinthine pattern [5].

3.1. Gestation length

A short gestation time (or rapid reproduction) is sometimes considered an advantage to 
obtain a high experimental productivity or for economic reasons. However, if repeated pro-

cedures are required during the gestation time, a longer gestation period is usually preferred. 

A longer interval between the experiments allows for longer restitution and thereby, reduces 

the induced stress response in the animals. In addition, surgical manipulation might be dif-

ficult to employ in animals with a short gestation. During a long gestation time, the response 
of environmental or physiological influences on the fetal development could also become 
more pronounced.

3.2. Number and size of fetuses

Occurrence of a single fetus in uterus is obviously preferred for individual fetal monitoring. 

A small number of fetuses will often correlate with bigger fetal size [6]. A bigger fetus makes 

it possible to receive a higher spatial resolution and sensitivity using non-invasive diagnostic 

tools, for example, clinical magnetic resonance imaging (clinical MRI) and computerized axial 
tomography (CT or CAT). Furthermore, surgical procedures are easier to perform. However, 
larger litter sizes provide a higher sampling size per gestation, and thus, the number of ani-
mals used can be reduced in accordance with the “3 R’s” (see Section 9).

3.3. Placentation

Many differences exist in relation to placentation in the different animal models, such as 
the development and changes of the placenta during the time of gestation, blood flow, 
transfer of oxygen, nutrients and waste products, metabolic, endocrine and immunologic 

function [4].
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Figure 1. Schematic presentation of different placenta barriers as seen in a microscope. (A) Hemomonochorial placenta 
barrier as seen in, for example, human, guinea pigs and chinchillas. Only one layer of syncytiotrophoblasts separates 

the maternal blood space from the fetal capillaries. (B) Hemodichorial placentabarrier as seen in the rabbit. One layer 
of syncytiotrophoblasts and one layer of cytotrophoblasts separate the maternal blood space from the fetal capillaries. 

(C) Hemotrichorial placenta barrier as seen in, for example, mice and rats. Three layers of trophoblast cells separate the 
maternal blood space from the fetal capillaries. (D) Epitheliochorial placenta barrier as seen in, for example, sheep. One 
layer of uterine epithelium cells and one layer of trophoblast cells separate maternal and fetal capillaries. Furthermore, 

in all three cases, maternal and fetal blood is separated by connective tissue and basal laminae.
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In relation to drug transfer, it seems obvious to use animal models to study the passage across 

placenta and potential teratogenic or toxic effects, but unfortunately the transplacental trans-

fer and the placental metabolic demand vary greatly among species [7]. Drugs may transfer 
across placenta by passive transport, active transport or facilitated transport, whereas lipid-

soluble molecules with a small molecular size can cross the placenta by passive diffusion. 
In that regards, the guinea pig seems as a more human translatable model compared to, for 

example, the sheep, because the guinea pig has a thin hemomonochorial placenta barrier com-

pared to the thicker epitheliochorial placenta barrier in the sheep [7]. For hydrophilic mol-

ecules, the passive diffusion is negligible, and the transport capacity varies widely between 
species depending on the transport proteins located in the trophoblast cells. For example, the 

antidiabetic drug metformin, a hydrophilic molecule, is in humans transported across the 

placenta by organic cation transporters (OCTs). When studied in an animal model, it is highly 
relevant to identify the specific OCT transporters in the pregnant animal to verify the expres-

sion of the transport proteins [8]; otherwise the translatability has little value.

4. Animal models

Table 1 shows the average gestation length, number of fetuses, maternal weight, neonate 

weight and the placental barrier type in human and relevant species.

Basal gestation parameters of the laboratory animals

Animal species

Latin

Gestation 
length (days)

Number of 

fetuses

Maternal pre-

pregnancy weight 

(g)

Neonate 

weight (g)
Placenta barrier type

Human

Homo sapiens

266 1 5900 3183 Hemomonochorial villous

Mouse

Mus musculus

20 5–6 19 1 Hemotrichorial

labyrinth

Rat

Rattus norvegicus

22 9 283 6 Hemotrichorial

labyrinth

Guinea pig

Cavia porcellus

67 3–4 728 80 Hemomonochorial labyrinth

Chinchilla

Chinchilla lanigera

113 1–2 480 40 Hemomonochorial labyrinth

Rabbit

Oryctolagus 
cuniculus

30 5 1591 39 Hemodichorial labyrinth

Sheep

Ovis aries

153 1–2 39.100 2376 Epitheliochorial

Pig

Sus scrofa

115 5–14* 84.000* 400–1900a Epitheliochorial

Data are acquired from the PanTheria database [82].*

Dependent of the breed of pig (domestic pig or mini-pig) [20].

Table 1. Basal gestation parameters in pregnant animal models.
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4.1. Mice

Mice and rats are the most used species in research. Practical advantages include relatively 

low costs, an easy maintenance and a long tradition in scientific research. Mice have an impor-

tant advantage in many genetic manipulated models along with inbreed strains. The mouse 

has a short gestation period of around 20 days, and it carries a litter size of 5–6, which allows 
for quick data collection. The placenta is of the hemotrichorial labyrinth type [5]. The newborn 

mice are neurodevelopmental immature with closed eyes. Because of the large litter size, it is 
difficult to measure and follow individual fetal and placental progress. In addition, the small 
size makes surgical procedures difficult.

4.2. Rats

Rats have a long tradition as research models because the intrinsic properties, like the 

physiology and macro- and microanatomy, are well-known [9]. Rats pose some of the 

same advantages and disadvantages as mice; a short gestation period (around 22 days), 
large litter size (around 9 fetuses) and placental structure of a hemotrichorial labyrinth type 

(Figure 1). The considerable larger size of rats compared to mice makes them more suit-
able for surgical procedures and diagnostic imaging. Unfortunately, the genetic manipula-

tion is much less developed in rats than in mice, but this may become more pronounced 

in the future [10].

4.3. Guinea pigs

The guinea pig has a gestation length of around 67 days and gives birth to 3–4 precocious off-

spring with a well-developed nervous system at birth [2]. These characteristics make newborn 

guinea pigs suitable for research in fetal development. The placenta barrier is hemomonochorial 

(Figure 1), and it is histologically comparable with the human placenta barrier. In fact, the 

guinea pig is a well-established model to study placentation, and suggested to become one 

of the most important animal model for new placental studies in obstetric research [4]. They 

are affordable and easy to maintain in research environments. Intravenous approaches can be 
more complicated than for mice and rats due to the lack of a long tail.

4.4. Chinchillas

The chinchilla is not a traditional animal model in obstetric and fetal medicine. The chinchilla 

has mainly been used to study diseases of the ear due to similarities with human anatomy 

and function [11]. However, several characteristics of the gestation make the chinchilla a suit-

able model to imitate human pregnancy. Like the guinea pig, the chinchilla gives birth to 1–2 
precocious offspring and has a hemomonochorial placenta barrier. Chinchillas have the longest 
gestational period (around 113 days) of any rodent, which is advantageous in longitudinal 
studies. The chinchilla has recently been used to study the placenta metabolism using hyper-

polarized magnetic resonance imaging (MRI) [12]. Genomic and RNA sequencing informa-

tion are available in this species [13]. Chinchillas are relatively cheap and easy to maintain 
in a research environment. However, the chinchilla has so far not been used to investigate 

intrauterine growth restriction (IUGR), preeclampsia or diabetic pregnancy.
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4.5. Rabbits

The rabbit is known for its rapid reproduction with a short gestation of only 30 days and a 
litter size of around five cubs. Because coitus induces the ovulation, it is possible to time the 
gestation and obtain a precise age of the fetuses, which is of practical experimental advan-

tage. In particular, the rabbit has been used to study reproduction and early embryogenesis 

[14]. The larger size of rabbits compared to rodents facilitates various diagnostic techniques, 
such as ultrasound imaging, allowing structural information about the fetal size and hemo-

dynamic characteristics [15], and even fetal and placental vasculature and hemodynamics can 

be studied by Doppler ultrasonography [16]. The rabbit has a hemodichorial placenta barrier 

of the labyrinth type (Figure 1). The thickness of the trophoblast cells alternates, resulting in 

thick and thin areas of the barrier [5].

4.6. Sheep

The sheep has a gestation length of 153 days and gives birth to 1–2 neurodevelopmentally 
matured lambs with about the same weight as a human newborn [17]. Therefore, the sheep 

is a translatable model for investigating fetal physiology. However, the placenta structure is 

very distinct from the human placenta. The placenta barrier is of the epitheliochorial type where 

the uterus remains intact without invasion of the trophoblast cell. Thus, the fetal and maternal 

blood are divided by an intact uterine epithelium (Figure 1). The missing trophoblast invasion 

and no erosion of the uterine epithelium lead to a description of the placenta as “superficial” 
[5]. Sheep are easy to handle, and pregnant sheep tolerate invasive procedures [17].

4.7. Pigs

The anatomical and physiological similarities to humans make the pig an excellent animal 

model in, for example, research of metabolic, cardiovascular, infectious diseases, xenotrans-

plantation and neurological disorders. Surgical and anesthetic procedures are well estab-

lished in the pig [18], and the genome is today fully sequenced in parallel with the existence 

of an important homology between the human and pig genome [19]. However, regarding the 

gestation, the pig has some important differences from the human pregnancy. The pig, like 
sheep, has an epitheliochorial placenta barrier (Figure 1), where the uterine epithelium remains 

intact during the entire gestation period [5]. Depending of the type of pig, it gives birth to 5–14 
piglets. The domestic pig has a litter size of 10–14 and a birthweight of 1.3–1.9 kg, whereas 
breeds of minipigs, like the Yacatan and Göttingen, has a litter size of 5–8 with a birthweight 
of 0.4–1.0 kg [20]. They have the same gestation length of around 115 days. Piglets are well-

established models in fetal and neonatal research [21] and have been used, in particular, to 

study neonatal physiology in response to physical activity and nutrition [22].

5. IUGR models

Intrauterine growth restriction or retardation (IUGR) occurs when a fetus does not reach its 
genetic growth potential, mostly due to placental insufficiency with limited offer of oxygen 
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and energy; caused by multiple factors, that is, smoking, preeclampsia or multiple preg-

nancy. IUGR affects up to 8% of all human pregnancies and may lead to serious complica-

tions in the newborn. Similarly, IUGR also initiates late-onset diseases, such as diabetes and 
cardiovascular diseases. The most commonly used IUGR animal model is the rat, but pigs, 
guinea pigs, mice, rabbits and sheep have also been studied for this purpose (Table 2). Six 

different methods have been reported to obtain an IUGR animal model: (1) diet-induced 
IUGR, (2) heat-induced IUGR, (3) IUGR induced by artery ligation, (4) hypoxia-induced 
IUGR, (5) embolization-induced IUGR and (6) glucocorticoid-induced IUGR. The most fre-

quently used methods are the diet and ligation approach.

5.1. Diet-restriction IUGR

Diet-induced IUGR has mainly been performed using either calorie restriction or low-protein 
diet. Calorie restriction is often provided via a 50% restriction diet as notably programs insu-

lin resistance and hypertension [23]. This approach has been adopted by López-Tello, demon-

strating a diet-induced IUGR rabbit model, where animals were offered 50% of daily global 
nutrition, allowing investigations of the early changes in fetoplacental hemodynamics [24]. 

Interestingly, they found that neonates from this group were significantly smaller than those 
in the control group, which were offered food ad libitum throughout the pregnancy, and that 

the IUGR-induced animals showed asymmetrical growth and brain sparing. Furthermore, the 
restriction diet provided a significant altered blood flow perfusion. Hawkins et al. investigated 
the impact of maternal malnutrition in early gestation on the ovine blood pressure and cardio-

vascular reflexes, also by reducing maternal global nutrition, but in this study only by 15% in 
the first 70 days of gestation [25]. This study showed that even mild maternal undernutrition 

altered fetal cardiovascular development and produced a low blood pressure. However this 

redcution was not sufficient to induce IUGR.

Low-protein diet in fetal programming features different compositions of macronutrients. 
The Southampton diet (SH) and the Hope farm diet (HF) is often used in fetal programming 
(Table 3). The main difference between these two diets is the amount of starch, simple sug-

ars (sucrose and glucose) and lipids (corn oil and soy oil) vary, whereas SH has high starch  

Animals Methods

Diet induced Artery ligation Heat induced Embolization Hypoxia Glucocorticoid

Rats [83] [84] [31] [85]

Mice [86] [27] [30]

Guinea pigs [87] [28]

Rabbits [24] [88]

Sheep [25] [32] [33] [89] [90]

Pigs [91]

Table 2. IUGR models (number refers to reference list).
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content (42–51%), corn oil (10%) and sucrose (21–24%) and HF has low starch (8%), soy oil 
(4.3%) and glucose (53–67%). They also differ in their impact on the offspring; the SH has 
shown to program hypertension whereas HF programs insulin resistance [26].

5.2. Ligation-induced IUGR

IUGR induced by artery ligation is frequently used in animal research. Ligation intends to 
reduce blood flow and thereby oxygen and nutrition to the fetus. This approach has been 
introduced in relevant animals (Table 4). Notice that all the listed animals have bicornated 

uteruses while humans have a simple pyramid-shaped uterus [1]. These animals have two 

large horns and each have their own blood supply, allowing animal to act as both control 

(one horn) and case (another horn). Ligation is performed on the uterine vessel and can be 
performed either unilaterally (on only one of the horns) or bilaterally.

The timing and the site of ligation is of important matter in the ligation-induced IUGR 
model. Ligating at the distal portion of the uterine vessel implies a complete blockage of 
the iliac artery and the uterine blood supply is then solely dependent on the ovarian artery. 

Conversely, when ligating at the central portion of the uterine vessel, the blood supply comes 
from both the ovarian and iliac artery, resulting in a less affected uterine blood delivery.  

Table 3. Different low-protein diets used for fetal programming.

Animals Methods

Artery ligation NO reduction RAS-related 

models

Immunological Transgenic models

Rats [37] [40] [92] [47]

Mice [42] [43] [48] [50]

Guinea pigs [93] [94]

Rabbits [95]

Sheep [96]

Pigs [97]

Table 4. Preeclampsia models (number refers to reference list).
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Janot et al. demonstrated that ligating on the central portion of the uterine vessel was 

necessary to maintain a viable pregnancy, by establishing IUGR models in mice with liga-

tion at either positions [27]. Mice ligated at the distal portion had a 100% abortion rate and 
a 50% mortality rate. In contrast, mice ligated at the central portion had an abortion rate of 
75% (but still inducing a characteristic IUGR profile) and no maternal mortality. Herrera 
et al. used an ameroid occlusion to ligate the uterine artery bilateral in guinea pigs at day 

35 of gestation [28] (Figure 2A). The occlusion led to an increased placental vascular resis-

tance associated with a decreased fetal and placental weight, and the study also showed 

asymmetrical growth of the fetal organs.

5.3. Hypoxia-induced IUGR

Hypoxia has been shown to affect the size of the offspring pathologically and function-

ally [29]. Hypoperfusion of placenta increases the amount of reactive oxygen species, caus-

ing oxidative stress and a reduced vasodilation. Ligation, as described earlier, also causes 

hypoperfusion of placenta creating hypoxia, but in this section hypoxia will be refered to 

as reduced environmental oxygen saturation. Rueda-Clausen et al. studied the impact of 
hypoxia on IUGR and preeclampsia in mice [30]. Mice were mated and randomly assigned 

to either cases or controls. Cases were placed in a sealed chamber for 3 days with an oxygen 
concentration of 10.5% ± 0.3% (normal oxygen content is 20% in atmospheric air) and then 
placed in clean cages. This prolonged lack of oxygen significantly induced IUGR, but the 

pub survival was down to approximatly 10%. Tapanaien et al. found that rat dams having 

an oxygen concentration of 13–14% induced IUGR with a birthweight of 24% lower than 
controls (20% oxygen), but without significant fetal death, suggesting that an oxygen con-

centrations of 13–14% may become beneficial for inducing of IUGR [31].

5.4. Additional methods for IUGR

5.4.1. Hyperthermia

Galan et al. initiated a study by exposing five pregnant ewes to hyperthermic conditions for 
80 days, initiated from the 40th gestation day [32]. The ewes were exposed to 40°C during the 
day and 35°C during the night. The study established an interesting IUGR model with some 
similarities with the human IUGR (asymmetrical growth, hypoxia and hypoglycaemia). Even 
though this method successfully induced IUGR, a more widespread use of this hyperthermic-
based IUGR model could become difficult due to animal ethical restrictions, and this method 
has only been reported in sheep.

5.4.2. Embolization

Duncan et al. induced IUGR by injecting microspheres of 15–30 μm into the umbilical-placental 
vascular bed from day 120 of gestation in a sheep model [33]. This procedure reduced the fetal 

oxygen saturation to 50%, resulting in significantly reduced growth and significant altered 
pH, SaO

2
 and pO

2
.
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Figure 2. Ameroid occludder placement (reproduced from ref. [28]). Schematic representation (A and C) and photograph 
(B) of the placement site of the ameroid constrictors in the uterine artery of a pregnant guinea pig at 35 days of gestation. 
C shows the maternal artery supply to the uterus in gunea pigs; a, ovarian arteries; b, aorta; c, uterine arteries; d arcade 
arteries. D shows induction of reduced uterine perfusion pressure (RUPP) model in pregnant rats (reproduced from 
ref. [37]). In the rat RUPP model, laparotomy is performed through an abdominal incision on day 14 of gestation. A 
silver clip with a 0.203-mm internal diameter is placed around the aorta right above the iliac bifurcation, and silver clips 
with 0.1 mm internal diameter were placed around the left and right uterine arcade at the ovarian artery before the first 
segmental artery. Uterine perfusion pressure in the gravid rat is reduced by ∼40%. Blood pressure is measured via a 
carotid arterial catheter.
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5.4.3. Glucocorticoid

Exposure to glucocorticoid during pregnancy has long been known to be associated with a 
low birthweight and concomitant adult diseases. When investigating the effect of glucocor-

ticoid, it is necessary to distinguish between natural cortisol and synthetic glucocorticoid. 

Previous studies have shown that dexamethasone induces hypertension in rodents whereas 

cortisone acetate and betamethasone do not [23]. Additionally, different species and sex may 
react differently to glucocorticoid exposure. When looking at long-gestation mammals, the 
timing of glucocorticoid exposure is essential. Exposure to glucocorticoid in the pregnant 
ewe in the early gestation has shown to induce hypertension in adulthood of the offspring, 
whereas exposure late in gestation promoted insulin resistance rather than hypertension in 

the offspring. Glucocorticoid exposure can be administered subcutaneously, through mater-

nal drinking water or intraperitoneal injections [23].

6. Preeclampsia models

Human preeclampsia is a multiorgan disorder with onset after the 20th week of gestation. The 

dignostic criteria includes a blood pressure that exceeds 140 mmHg (systolic) and 90 mmHg 

(diastolic) and simultaneous dection of proteinuria. The condition can lead to kidney failure, 

liver rupture, stroke, eclampsia with seizures and HELLP syndrome [34]. The definitive patho-

genesis of preeclampsia is yet to be found but may be associated with oxidative stress, angiogenic 

factors, an immunological response between mother and placenta or superficial placentation 
[35]. Appropriate animal models of preeclampsia must meet the following criteria (Table 4): 
they should initiate hypertension, proteinuria and endothelial dysfunction, and furthermore, 

resolve after delivery of the placenta [34]. Preeclampsia is presumably caused by reduced uter-

ine blood flow due to abnormal trophoblastic invasion in spiral arteries. This has implicated the 
need of an animal model of reduced uterine perfusion pressure to study the mechanisms within 

preeclampsia. In 1940, one of the first studies describing this correlation was performed [36], 

demonstrating pregnancy-mediated hypertension in dogs following partial ligation of the infra-

renal abdominal aorta. This ligation procedure has subsequently been performed in rabbits, 

monkeys, sheep, primates, guinea pigs and rabbits [37]. One of the best-described studies was 

performed in baboons [38], showing that hypertension occurred in parallel with renal changes 

due to uteroplacental ligation, supporting the view that hypoxia/ischemia participates in the 

potential mechanisms underlying the pathogenesis of preeclampsia. Rodents are also reported 

as important ligation-induced models of preeclampsia. Preeclampsia in rats has been estab-

lished by clipping around aorta, above the iliac arteries, and at both uterine arteries, at day 14 of 
gestation (Figure 2D), providing characteristic pathological conditions, including hypertension, 

proteinuria and renal impairment [37].

6.1. Additional methods

6.1.1. Nitrogen oxide reduction

Another approach to stimulate the conditions of preeclampsia is to manipulate genes thought 

to influence the pathogenesis. NO production is reduced in preeclampsia [39], and several 

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy354



studies have been performed to mimic this pathogenesis [40],[41]. A study by Molnár et al. 

inhibited the NO synthase in pregnant rats [40], resulting in hypertension, proteinuria, throm-

bocytopenia and IUGR; all characteristic findings that were considered consistent with pre-

eclampsia. However, one study in eNOS knockout mice showed, controversially, a decreased 

blood pressure [42].

6.1.2. RAS-related models

Women with preeclampsia have general elevated levels of autoantibodies (AT
1
-AA) that bind 

and activate the angiotensin II type 1a receptor, mediating augmented blood pressure. To imi-

tate this pathogenesis, Zhou et al. successfully injected purified AA
1
-AA into pregnant mice, 

resulting in hypertension, proteinuria, placental abnormalities, glomerular endotheliosis and 

small fetus size [43]. This study also showed that co-injection of losartan (AT
1
-antagonist) 

prevented these conditions. However, losartan in human pregnancies is contraindicated due 

to teratogenicity.

6.1.3. Anti-angiogenic factors

In pregnancy, VEGF plays an important role in angiogenesis, while placental growth fac-

tor (PIGF) plays an important role in placentation. Preeclampsia in women, however, shows 
elevated levels of sFlt-1, a VEGF receptor binding and inactivating both VEGF and PIGF. 
sFlt-1 has been introduced to both mice and rats by a adenoviral vector, demonstrating pre-

eclampsia characteristics (increased BP, proteinuria and glomerular endotheliosis) [44-46] . A 

limitation of this method is that the reported results were not specific to pregnancy and were 
dose dependent [44].

6.1.4. Immunological methods

A host of immunological mediators, thought to be a part of the pathogenesis in preeclamp-

sia, have been studied in animal models, including TNF-α (tumor necrosis factor), IL-6 and 
anti-IL-10, and all mediators provoked elevated blood pressures [47] [45] [46]. A study by 

Zenclussen et al. injected T-helper-1-like-cells into mice, causing increased blood pressure, pro-

teinuria and glomerular fibrosis [48]. This method is interesting as it exhibits the inflammatory 
pathway, but they are considered unlikely to participate in the primary events of preeclampsia.

6.1.5. Transgenic models

It is well-known that a genetic predisposition exists in relation to preeclampsia [34]. Transgenic 

mice models can be generated to study the influence of relevant genes. The APOL1 gene 
encodes apolipoprotein L1, and variants of the gene (APOL1-G1 and -G2) are associated with 
kidney disease [49]. As the gene is only found in humans and some primates, transgenic mice 

models were developed to study the gene variants in vivo. Beckerman et al. found an associa-

tion between the APOL1 gene and a preeclampsia phenotype that occurred during the second 
half of pregnancy with significant blood pressure elevation, loss of litters and maternal death 
from eclampsia [50]. Mice with the G2 gene variant were affected more severely. Importantly, 
also wild type mice carrying transgenic litters developed eclampsia, which is consistent with 
the known influence from the fetal genotype and the placenta.
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There are several other ways to induce preeclampsia, including adriamycin-induced, chat-

echol-O-methyltransferase-deficient and BPH/5 mice strain. However, these methods have 
only been used in mice and will not be discussed further [51].

7. Diabetic pregnancy

Diabetes in pregnancy is divided in two groups, pre-gestational diabetes mellitus (PGDM) 
and gestational diabetes mellitus (GDM). In PGDM, the pregnant woman suffers from diabe-

tes acquired prior to onset of pregnancy. PGDM is subdivided in type 1 (insulin deficiency) 
or type 2 (insulin resistance). Type 1 diabetes (DM1) is caused by an autoimmune reaction 
against the insulin producing pancreatic β cells [52]. DM1 is often diagnosed in early child-

hood, and DM1 patients will require exogenous insulin. Type 2 diabetes (DM2) is the most 
common, less severe type of diabetes. In DM2, the skeletal muscle and adipose tissue are 
insensitive to insulin, and the β cells fail to compensate.

In normal pregnancy, maternal tissues become progressively insensitive to insulin. This effect 
is likely caused by hormones from the placenta. In order to maintain a euglycemic state, the 

woman must increase her insulin secretion by 200–250%. About 3–10% of the pregnant popu-

lation is unable to produce an adequate insulin response to compensate this insulin resistance 

and they develop GDM. The choice of animal model should depend on the type of diabetic 
pregnancy that the research aim to study. Diabetes can be induced pre-gestationally or gesta-

tionally as either an insulin-resistant or insulin-deficient model and the following methods can 
be used to induce PGDM or GDM in animals: (1) surgical induced (partial pancreatectomy), 
(2) chemical induced (streptozotocin or alloxan), (3) diet induced and (4) genetic models.

7.1. Surgical-induced diabetic pregnancy by partial pancreatectomy

Partial pancreatectomy is provided by removal of up to 95% of pancreas prior to mating, 
leading to onset of PGDM with concomitant insulin deficiency [53]. This model was intro-

duced in female rats in 1970 [54], but the model is hampered by several factors: surgical 
complexity, high post-surgical mortality, a long time between surgery and development of 

diabetes (2–3 months) and sequelae like digestive problems from the missing exocrine pan-

creas. However, partial pancreatectomy in sheep fetuses in late gestation has been used to 

study fetal insulin and glucose metabolism in utero [55].

7.2. Chemical-induced diabetic pregnancy

A widely used method for induction of experimental diabetes is chemical destruction of pan-

creatic β cells, resulting in insulin deficiency. This approach resembles a DM1 model, but it 
has been used to mimic GDM. Streptozotocin and alloxan are the most used drugs, especially 
in rats and mice. The amount of time required to induce diabetes and the phenotype (mild to 
server diabetes) depend on factors such as animal species, strain, dose and mode of admin-

istration (sc, iv, ip or im) [56]. In rats, streptozotocin has shown to cause ovarian dysfunction 
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[57], and untreated diabetes generally results in subfertility. For these reasons, streptozotocin 
is often administered on the day of mating in order not to interfere with a successful mating 

and where the risks of direct toxic effects on the embryo are little [56].

7.3. Diet-induced diabetic pregnancy

Obesity is a well-known risk factor for DM2 and GDM [58]. Feeding with high-fat diets and/

or high concentrations of sucrose and fructose induces insulin resistance, and this approach 

is used to create animal models of DM2 and GDM in rats, mice and sheep (Table 5) [56] 

[59]. This method is cheap and accessible, but relatively more time-consuming than chemical 

induction. Holemans et al. fed female rats with a diabetogenic diet 4 weeks prior to mating 
and during gestation [59]. They found that diabetes was not present prior to mating, but was 

confirmed at gestation day 20, resembling a GDM model. Liang et al. used a similar protocol 
in mice, but diabetes was developed pre-gestational in this study [60]. In sheep, a 60 days of 
diabetogenic diet before mating resulted in insulin resistance and increased fetal adipose tis-

sue and β cell mass in mid-gestation (gestation day 75) [61]. Another way to study hypergly-

cemia and hyperinsulinemia and the impact on the fetus is by continuous iv glucose infusion 

during gestation [62]. However, this method is considered too simple and lacks the complex-

ity of a diabetic pregnancy.

7.4. Genetic models of diabetic pregnancy

Several genetic mice models of diabetic pregnancy exist. Genetic engineering and inbreeding 
are unfortunately impossible in several species [56]. The “non-obese diabetic” mice and “bio 
breeding” rats are inbreed strains spontaneously developing DM1. They are used to study 
fertility and fetal complications in DM1 diabetic pregnancy [53]. The “db/db” mouse is a clas-

sic DM2 model with a mutation in the leptin receptor gene (ObR) resulting in excessive appe-

tite and hence obesity [63] [56]. These mice are infertile, but the heterozygote “db/+” mouse 
are fertile and develops insulin resistance during gestation, and they are therefore providing 

a model of GDM [64]. Newborns of “db/+” mice show complications related to GDM like 

Methods

Partial pancreatectomy Chemical Diet Genetic

STZ Alloxan

Rats [54] [98] [99] [59] [100]

Mice [101] [102] [60] [64]

Guinea pigs [103] [104]

Rabbits [105] [106]

Sheep [107] fetal surgery in utero [108] [109] [61]

Pigs [110] [111]

Table 5. Diabetic pregnancy models (number refers to reference list).
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macrosomia regardless of fetal genotype. An important factor is that the diabetic phenotype 

of the “db/+” mouse is not present prior to gestation, making this model more transferable to 
GDM than many other models [56].

With genetic models of diabetic pregnancy, it is important to remember the genetic predispo-

sition to diabetes in the fetus. Embryo transfer can be used to study the influence of maternal 
diabetes separately from the fetal genotype [65]. Many genes affecting β cell function in preg-

nancy can be mutated in mice to induce a diabetic phenotype [56].

8. Imaging diagnostics of the pregnant animal

Ultrasound imaging is widely used in small animal practice for the evaluation of the preg-

nancy and determination of number of fetuses, and it is also used to monitor abnormal 

pregnancies, such as poorly fetal development for gestational age and to identify pregnan-

cies in which there is embryonic resorption or fetal abortion. In the placenta, ultrasound-

based Doppler is the first-line technique for the evaluation of uteroplacental blood flow. The 
Doppler technology is based on analysis of the change in frequency or intensity of ultrasound 
waves when they are reflected by a moving target such as erythrocytes. Ultrasound exposure 
is considered harmless; and in fact, animal experiments subjected to fetal ultrasound imaging 
in various mammalian species showed no pathological effects for the embryo, no congenital 
malformations or adverse neurobehavioral effects [66]. The technique is often combined with 

simultaneous administration of a sonographic contrast agent, resulting in an enhanced gray 

scale or color Doppler signal, facilitating visualization of microvascular structures down to 
the microvascular perfusion. The mean diameter of micro-bubbles ranges from 2 to 10 μm, 
less than that of a red blood cell but sufficiently large to be trapped within the vascular space 
[67]. Thus, ultrasound imaging allows discrimination between fetal and maternal circulatory 

systems by imaging the intervillous space alone, and it could be used to diagnose the abnor-

malities of placental blood flow [68] (Figure 3A).

MRI is another non-invasive method for diagnostic information. MRI uses the body’s natural 
magnetic properties to produce detailed images from any part of the body. For imaging pur-

poses, the hydrogen nucleus is used because of its abundance in water and fat. What makes 

MRI so powerful is the exquisite soft tissue and anatomic details. MRI has been increasingly 

used for detailed visualization of the fetus in utero as well as placental structures. While small 

rodents have fetal sizes that are difficult to investigate with most MRI systems, recent develop-

ment in very high-field MRI systems now allows visualization of fetal anatomical structures 
down to a mouse fetus. Wu et al. demonstrated how embryonic mice brain structures could 

be delineated in vivo at embryonic day 17 using an 11.7 T MRI system. In utero, 3D MRI has 
been extensively used in larger animals in clinically available MRI systems. As an example, 

high-resolution MRI of the inner ear structures of fetal sheep in vivo has been demonstrated 

[69]. Pregnant domestic pigs, on the other hand, are too large to fit in a standard MRI machine 
bore, precluding MRI as a diagnostic tool in this animal model. Non-brain investigations of 

the fetus have been increasingly performed using MRI.

Similar to the ultrasound-based contrast-enhanced method, an excellent soft tissue image contrast 

can be obtained by MRI contrast agents; usually a paramagnetic (gadolinium) molecule that alters 
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the intrinsic T1-relaxation times of various soft tissues where the contrast agent accumulates. For 

example, Mourier et al. have evaluated placental blood flow with MRI in a rabbit model before and 
after injection of a paramagnetic contrast agent [68] (Figure 3B–C). Animal studies have shown 

that small-size gadolinium agents cross the placenta and are extracted by the fetal kidneys into 
the amniotic fluid [70] [71]. Mikkelsen et al [12] revealed a high signal of [1-13C]-pyruvate and 
its derivative [1-13C]-lactate in the chinchilla placenta using hyperpolarized MRI; a non-harmful 
imaging modality using non-ionizing endogenous substrates for interrogating accumulation and 
metabolic pathways. In parallel, Friesen-Waldner et al. examined noninvasively the fetoplacental 

metabolism and transport of pyruvate in guinea pigs using the same technique [72]. The rela-

tion between maternal oxygen challenge and fetal oxygenation has recently become possible to 

study using the blood oxygen-level dependent (BOLD) MRI sequence; a non-invasive technique 

for evaluating organ tissue oxygenation that requires no contrast exposure (Figure 3D). Studies 

in sheep fetuses have shown that changes in cotyledon and fetal BOLD MRI signals are closely 
related to changes in fetal oxygenation estimated by fetal arterial hemoglobin saturation [73]. MRI 

Figure 3. Placental blood flow mapping with discrimination of fetal and maternal circulation using ultrafast ultrasound 
Doppler in the rabbit model. With this technique, the pulsatility of each placental vessel is analyzed. Discrimination 
between maternal and fetal blood flows is performed using advanced analysis (A). Evaluation of placental blood flow 
with magnetic resonance imaging (MRI) in the rabbit model before (B) and after (C) injection of contrast product. Blood 
oxygen level-dependent MRI showing an axial view of the fetus with the fetal liver selected as the region of interest (D). 
(A–C are reprinted from ref. [66]; D is reprinted from ref. [71]).
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has also shown promises in the fetal heart. As example, Yamamura et al. have demonstrated the 

applicability of MRI for future evaluation of fetuses with complex congenital heart defects [74].

Moreover, more sophisticated MRI sequences, such as diffusion-weighted imaging (DWI), 
MR spectroscopy and diffusion tensor imaging allow for visualization of inherent structural, 
metabolic, cellular and microvascular characteristics. While these techniques have potential 

applications in fetal imaging, the familiarity with fetal MRI is still limited within researchers 

working with animal pregnancies.

9. Animal ethics and handling

From an ethical viewpoint, animal experiments involving pregnant animals do not differ from 
other types of animal experimentation, but the ethical aspects of using fetuses for experiments 

should be considered. The 3Rs should be considered in all other types of animal experimenta-

tion [75], including the options for replacement, which is the first R. One obvious alternative 
option is to use the placenta from women who have just given birth [76]. The maternal and the 

fetal circulations are re-established with a pump system, and this option has been used to study 

the passage of chemical substances from mother to fetus [77]. In addition to the fact that this 

alternative can replace the use of live animals, it also has the advantage of avoiding problems 

related to species differences in the maternal-fetal barrier. However, it can only represent trans-

port in the last part of the third trimester. The second R, reduction, should not only include the 

number of mothers, but also the number of fetuses. The studies should be conducted so that 

no more experimental animals are used than is necessary to obtain statistically safe results [75]. 

The third R, refinement, should importantly include the accommodation, feeding and care of 
the experimental animals based on the specific requirements of the pregnant animals.

9.1. Physiological effects of gestation

The physiology of pregnancy can create stress problems in animals which therefore pose spe-

cial requirements for their handling, care and anesthesia. Most studies on this topic have been 

performed in ewes, but the same changes are expected in other species. When the size of the 
fetus increases, more energy and blood must flow to the uterus, and therefore maternal blood 
volume, cardiac output and contractility approach their maximum [78]. Additionally, the lungs 

should be able to deliver an increased amount of oxygen while the uterus presses on the dia-

phragm so that the thoracic cavity volume is decreased. As a result, respiratory rate increases, 

but at the same time the risk of hypoxia increases even during short-term apnea. The expand-

ing uterus further delays gastric emptying and decreases the esophageal sphincter tone, which 

increases the risk of regurgitation and aspiration pneumonia during anesthesia. Special condi-

tions apply to sheep and other ruminants, as the last part of the gestation period is character-

ized by very little space in the abdominal cavity, which may limit the volume of the fermenting 
compartment so that feed intake is limited. Furthermore, pregnancy may also prolong plasma 

half-lives of anesthetics and other drugs, and the high level of progesterone will have a sedative 

effect, and therefore anesthesia doses must be reduced to prevent overdosing [79]. The fasting 

period prior to anesthesia should be minimized to prevent metabolic disturbances.
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9.2. Feeding pregnant animals

Many females will have a temporary loss of appetite in the first part of the pregnancy, and 
an increased appetite later. In general, the nutrition requirements are the same as for non-

pregnant females. However, in the last part of the gestation period, the fetus growth will 

increase dramatically, and so will the nutrition requirements for the mother [80]. For the spe-

cies with largest litters and heaviest fetuses, the need for energy will increase most. Pregnant 
rodents should typically be fed with a special breeding mix, which has a slightly higher con-

tent of proteins, vitamins and minerals. They are typical feed ad libitum, so the increased 

amount of feed is not observed, but for restricted fed animals, like pigs, the amount should be 

adjusted. Pregnant sows should be fed individually so that they maintain a normal weight 
and body mass, and their energy needs will specially increase during the last 4 weeks [81]. 

The composition of the sow feed does not need to be changed once it has been ensured that 

it contains sufficient amino acids; this is particularly important in young sows. Sheep are fed 
normal maintenance diet during the first 2/3 of the gestation period, and it should be ensured 
that they maintain a normal weight and body mass. In the last 1/3 of the pregnancy, the feed 
requirement increases, and as the space in the abdominal cavity is limited, it is important to 

feed them with a high quality feed that does not overload the rumen.

9.3. Handling and care of pregnant animals

Pregnancy poses special requirements for the handling of experimental animals. Generally, 
pregnant animals tolerate less stress than non-pregnant animals, and should be transported as 

little as possible during the first and last part of the pregnancy. At the beginning of pregnancy, 
the implantation process of ovarian eggs is sensitive to stress, and ultimately in pregnancy, the 

mothers are physiologically stressed and therefore have a low threshold of stress tolerance. 

Mice and rats are bred in monogamous (one male and one female) or polygamous mating sys-

tems (one male and two to six females). In guinea pigs, the polygamous mating system can be 
practiced with 1 male to 10 females. In polygamous systems, the females are removed from the 

male before they give birth. For pigs, the gilts will go into estrus after contact with a boar, and 

after mating, the pregnant sows are group housed. The sheep differs by being seasonally poly-

estrous. Ewes are typically paired in autumn so that they lamb in the spring. If the animals 
should give birth, they must have access to pre-birth material during the last days of gestation.

9.4. Anesthesia of pregnant animals

The anesthesia risk is higher in the pregnant than in non-pregnant animals due to physiological 

alterations described above [79]. In general, anesthetics can cross the blood-brain barrier and 

will usually cross placenta. Therefore, in some species, local anesthesia, such as epidural anes-

thesia, is preferred due to their minimal systemic effects; this applies especially to cows, sheep 
and other ruminants where general anesthesia furthermore can lead to tympanitis. In most other 

species, it is necessary to use general anesthesia. The choice of anesthetics depends on the animal  

species, but drugs generally have to be selected for their minimum effects on cardiac output, 
renal blood flow and fetus physiology [79]. Drugs with major depression effects on the fetus 
should be avoided. Inhalation drugs can be used, but as the degree of neonatal depression 

depends on the maternal anesthesia depth, higher doses should be avoided. Furthermore, they 
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can induce decreased uterine blood flow and fetal acidosis. Both sevoflurane, isoflurane and 
nitrous oxide are safe to use. Caution should be taken when using opioids as these are only 
slowly eliminated in the fetus. Xylazine and other alpha-2-agonists are also problematic as 
they have major depression effects on the fetus. During cesarean section, anticholinergic drugs 
should be given for inhibition of vagal tone during uterus traction, and ketamine can be used 

in combination with other drugs, such as thiopental, as long as ketamine is administrated in 

low doses. Propofol induces a rapid anesthetic phase and is rapidly cleared from the neonates 

blood circulation [79].

10. Conclusion

Because there is no animal model equal to the human situation, caution should be taken to 
extrapolate the results to human diseases. As one animal model may have advantages in one 

study, it may have disadvantages in others. The careful choice of model is therefore crucial. 

Mice and rats are currently the most used animal models to study pregnancy, including preg-

nancy-related diseases like IUGR, preeclampsia and diabetic pregnancy. However, larger ani-
mal models, like the guinea pig or sheep, have advantages making them more translational 

to human pregnancy. Introduction of new diagnostic techniques has facilitated (non-invasive) 
imaging of physiological, hemodynamic and metabolic measures, even in the smallest animal 

models. In parallel, the increasingly better management of feeding, handling, care and anesthe-

sia of the pregnant animals reduce physiologically stress. These factors contribute to an increas-

ingly translatability to the human pregnancy. The use of animal models provides a way to 

gain insight into the improved understanding of the human pregnancy, and there are today 

available pregnancy-related animal models that facilitate experimental studies that cannot be 

made in humans.

Author details

Maria Dahl Andersen1*, Aage Kristian Olsen Alstrup2, Christina Søndergaard Duvald1, 

Emmeli Fredsgaard Ravnkilde Mikkelsen1, Mikkel Holm Vendelbo2,3, Per Glud Ovesen4 and 

Michael Pedersen1

*Address all correspondence to: mariadahla@clin.au.dk

1 Comparative Medicine Lab, Department of Clinical Medicine, Aarhus University Hospital, 
Aarhus, Denmark

2 Department of Nuclear Physiology, Department of Nuclear Medicine and PET-Centre, 
Aarhus University Hospital, Aarhus, Denmark

3 Department of Biomedicine, Aarhus University, Aarhus, Denmark

4 Department of Obstetrics and Gynecology, Aarhus University Hospital, Aarhus, Denmark

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy362



References

[1] Bonney EA. Demystifying Animal Models of Adverse Pregnancy Outcomes: Touching 

Bench and Bedside. American Journal of Reproductive Immunology [Internet]. 2013 
[cited 2017 Sep 26];69(6):567-584. Available from: https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC4301576/pdf/nihms587422.pdf

[2] Clancy B, Finlay BL, Darlington RB, Anand KJS. Extrapolating brain development from 
experimental species to humans. Neurotoxicology. 2007;28(5):931-937 Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/17368774

[3] Clancy B, Darlington RB, Finlay BL. Translating developmental time across mammalian 
species. Neuroscience. 2001;105(1):7-17. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/11483296

[4] Grigsby P. Animal models to study placental development and function through-

out normal and dysfunctional human pregnancy. Seminars in Reproductive Medicine. 

2016;34(1):011-016. Available from: http://www.thieme-connect.de/DOI/DOI?10.1055/s- 
0035-1570031

[5] Enders AC, Blankenship TN. Comparative placental structure. Advanced Drug Delivery 
Reviews. 1999;38(1):3-15. Available from: http://www.ncbi.nlm.nih.gov/pubmed/10837743

[6] Romero A, Villamayor F, Grau MT, Sacristán A, Ortiz JA. Relationship between fetal  
weight and litter size in rats: Application to reproductive toxicology studies. Re pro ductive 
Toxicology. 1992;6(5):453-456. Available from: http://www.ncbi.nlm.nih.gov/pubmed/ 
1463926

[7] Syme MR, Paxton JW, Keelan JA. Drug transfer and metabolism by the human placenta. 
Clinical Pharmacokinetics. 2004;43(8):487-514. Available from: http://link.springer.com/ 
10.2165/00003088-200443080-00001

[8] Ahmadimoghaddam D, Zemankova L, Nachtigal P, Dolezelova E, Neumanova Z, 
Cerveny L, et al. Organic Cation transporter 3 (OCT3/SLC22A3) and multidrug and toxin 
extrusion 1 (MATE1/SLC47A1) transporter in the placenta and Fetal tissues: Expression 
profile and Fetus protective role at different stages of Gestation1. Biology of Reproduction. 
2013;88(3):1085-1093. Available from: https://academic.oup.com/biolreprod/article-lookup/
doi/10.1095/biolreprod.112.105064

[9] Suckow M, Weisbroth S, Franklin C. The Laboratory Rat. 2nd ed. London: Academic 
Press. p. 2005

[10] Kawamata M, Ochiya T. Generation of genetically modified rats from embryonic stem 
cells. Proceedings of the National Academy of Sciences of the United States of America. 
2010;107(32):14223-14228 Available from: http://www.ncbi.nlm.nih.gov/pubmed/20660726

[11] Martin L. Chapter 43 – Chinchillas as experimental models. In: The Laboratory Rabbit, 
Guinea Pig, Hamster, and Other Rodents. Boston: Academic Press. 2012. pp. 1009-1028

Animal Models of Fetal Medicine and Obstetrics
http://dx.doi.org/10.5772/intechopen.74038

363



[12] Mikkelsen E, Lauridsen H, Nielsen PM, Qi H, Nørlinger T, Andersen MD, et al. The chin-

chilla as a novel animal model of pregnancy. Royal Society Open Science. 2017;4(4):161098 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/28484627

[13] Shimoyama M, Smith JR, De Pons J, Tutaj M, Khampang P, Hong W, et al. The Chinchilla 
research resource database: Resource for an otolaryngology disease model. Database. 
2016;2016:baw073. Available from: https://academic.oup.com/database/article-lookup/
doi/10.1093/database/baw073

[14] Puschel B, Daniel N, Bitzer E, Blum M, Renard J-P, Viebahn C. The rabbit (Oryctolagus 
cuniculus): A model for mammalian reproduction and early embryology. Cold Spring 
Harbor Protocols. 2010;2010(1):pdb.emo139-emo139. Available from: http://www.csh-

protocols.org/cgi/doi/10.1101/pdb.emo139

[15] Chavatte-Palmer P, Laigre P, Simonoff E, Chesné P, Challah-Jacques M, Renard J-P. In utero charac-

terisation of fetal growth by ultrasound scanning in the rabbit. Theriogenology. 2008;69(7):859-
869. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0093691X08000101

[16] Polisca A, Scotti L, Orlandi R, Brecchia G, Boiti C. Doppler evaluation of maternal and 
fetal vessels during normal gestation in rabbits. Theriogenology. 2010;73(3):358-366.  
Available from: http://linkinghub.elsevier.com/retrieve/pii/S0093691X09004336

[17] Carter AM. Animal models of human placentation – A review. Placenta. 2007;28:S41-S47.  
Available from: http://www.ncbi.nlm.nih.gov/pubmed/17196252

[18] Swindle M. Swine in the Laboratory. Surgery, Anaesthesia, Imaging, and Experimental 
Techniques. CRC Press/Taylor & Francis; Boca Raton, FL 2007. p. 494

[19] Walters EM, Wolf E, Whyte JJ, Mao J, Renner S, Nagashima H, et al. Completion of 
the swine genome will simplify the production of swine as a large animal biomedical 

model. BMC Medical Genomics. 2012;5:55. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/23151353

[20] Bollen PJA, Hansen AK, Alstrup AKO. The Laboratory Swine. CRC Press/Taylor & 
Francis; Boca Raton, FL 2010. p. 124

[21] Book SA, Bustad LK. The fetal and neonatal pig in biomedical research. Journal of Animal 
Science. 1974;38(5):997-1002. Available from: http://www.ncbi.nlm.nih.gov/pubmed/4596894

[22] Cao M, Andersen AD, Van Ginneken C, Shen RL, Petersen SO, Thymann T, et al. Physical 
activity level is impaired and diet dependent in preterm newborn pigs. Pediatric 

Research. 2015;78(2):137-144. Available from: http://www.nature.com/doifinder/10.1038/
pr.2015.73

[23] Vuguin PM. Animal models for small for gestational age and fetal programming of adult 

disease. Hormone Research. 2007;68(3):113-123. Available from: http://www.karger.com/ 
?doi=10.1159/000100545

[24] López-Tello J, Barbero A, González-Bulnes A, Astiz S, Rodríguez M, Formoso-
Rafferty N, et al. Characterization of early changes in fetoplacental hemodynamics in 

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy364



a diet-induced rabbit model of IUGR. Journal of Developmental Origins of Health and 
Disease. 2015;6(5):454-461 Available from: http://www.journals.cambridge.org/abstract_ 

S2040174415001385

[25] Hawkins P, Steyn C, Ozaki T, Saito T, Noakes DE, Hanson MA. Effect of maternal under-

nutrition in early gestation on ovine fetal blood pressure and cardiovascular reflexes. 
American Journal of Physiology. Regulatory, Integrative and Comparative Physiology. 2000 
Jul;279(1):R340-R348. Available from: http://www.ncbi.nlm.nih.gov/pubmed/10896898

[26] Armitage JA, Khan IY, Taylor PD, Nathanielsz PW, Poston L. Developmental programming 
of the metabolic syndrome by maternal nutritional imbalance: How strong is the evidence 
from experimental models in mammals? The Journal of Physiology. 2004;561(Pt 2):355-377. 
Available from: http://doi.wiley.com/10.1113/jphysiol.2004.072009

[27] Janot M, Cortes-Dubly M-L, Rodriguez S, Huynh-Do U. Bilateral uterine vessel ligation as 
a model of intrauterine growth restriction in mice. Reproductive Biology and Endocrinology. 
2014;12(1):62 Available from: http://rbej.biomedcentral.com/articles/10.1186/1477-7827-12-62

[28] Herrera EA, Alegría R, Farias M, Díaz-López F, Hernández C, Uauy R, et al. Assessment 
of in vivo fetal growth and placental vascular function in a novel intrauterine growth 

restriction model of progressive uterine artery occlusion in Guinea pigs. The Journal of 
Physiology. 2016;594(6):1553-1561. Available from: http://doi.wiley.com/10.1113/JP271467

[29] Parraguez VH, Mamani S, Cofré E, Castellaro G, Urquieta B, De Los Reyes M, et al. 
Disturbances in maternal Steroidogenesis and appearance of intrauterine growth retarda-

tion at high-altitude environments are established from early pregnancy. Effects of treat-
ment with antioxidant vitamins. Torrens C. PLoS One. 2015;10(11):e0140902 Available  
from: http://dx.plos.org/10.1371/journal.pone.0140902

[30] Rueda-Clausen CF, Stanley JL, Thambiraj DF, Poudel R, Davidge ST, Baker PN. Effect of 
prenatal hypoxia in transgenic mouse models of preeclampsia and fetal growth restric-

tion. Reproductive Sciences. 2014;21(4):492-502. Available from: http://journals.sagepub.
com/doi/10.1177/1933719113503401

[31] Tapanainen PJ, Bang P, Wilson K, Unterman TG, Vreman HJ, Rosenfeld RG. Maternal 
hypoxia as a model for intrauterine growth retardation: Effects on insulin-like growth 
factors and their binding proteins. Pediatric Research. 1994;36(2):152-158. Available 
from: http://www.nature.com/doifinder/10.1203/00006450-199408000-00004

[32] Galan HL, Anthony RV, Rigano S, Parker TA, de Vrijer B, Ferrazzi E, et al. Fetal hyper-

tension and abnormal Doppler velocimetry in an ovine model of intrauterine growth 
restriction. American Journal of Obstetrics and Gynecology. 2005 Jan;192(1):272-279. 
Available from: http://linkinghub.elsevier.com/retrieve/pii/S0002937804005769

[33] Duncan JR, Cock ML, Loeliger M, Louey S, Harding R, Rees SM. Effects of exposure 
to chronic placental insufficiency on the postnatal brain and retina in sheep. Journal 
of Neuropathology and Experimental Neurology. 2004 Nov;63(11):1131-1143. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/15581181

Animal Models of Fetal Medicine and Obstetrics
http://dx.doi.org/10.5772/intechopen.74038

365



[34] Mol BWJ, Roberts CT, Thangaratinam S, Magee LA, de Groot CJM, Hofmeyr GJ. Pre-
eclampsia. Lancet (London, England). 2016;387(10022):999-1011. Available from: http://
linkinghub.elsevier.com/retrieve/pii/S0140673615000707

[35] Jebbink J, Wolters A, Fernando F, Afink G, van der Post J, Ris-Stalpers C. Molecular 
genetics of preeclampsia and HELLP syndrome - a review. Biochimica et Biophysica 
Acta. 2012;1822(12):1960-1969. Available from: http://linkinghub.elsevier.com/retrieve/
pii/S0925443912001901

[36] Ogden E, Hildebrand GJ, Page EW. Rise of blood pressure during ischemia of the gravid 
uterus. Experimental Biology and Medicine. 1940;43(1):49-51. Available from: http://
ebm.sagepub.com/lookup/doi/10.3181/00379727-43-11091P

[37] Li J, LaMarca B, Reckelhoff JFA. Model of preeclampsia in rats: The reduced uter-

ine perfusion pressure (RUPP) model. American Journal of Physiology-Heart and 
Circulatory Physiology. 2012;303(1):H1-H8. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/22523250

[38] Makris A, Yeung KR, Lim SM, Sunderland N, Heffernan S, Thompson JF, et al. Placental 
growth factor reduces blood pressure in a Uteroplacental ischemia model of preeclamp-

sia in nonhuman Primates. Hypertens (Dallas, Tex 1979). 2016;67(6):1263-1272. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/27091894

[39] Choi JW, Im MW, Pai SH. Nitric oxide production increases during normal pregnancy 
and decreases in preeclampsia. Annals of Clinical and Laboratory Science. 2002;32(3):257-
263. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12175088

[40] Molnár M, Sütö T, Tóth T, Hertelendy F. Prolonged blockade of nitric oxide 
synthesis in gravid rats produces sustained hypertension, proteinuria, thrombocy-

topenia, and intrauterine growth retardation. American Journal of Obstetrics and 

Gynecology. 1994;170(5 Pt 1):1458-1466. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/7909994

[41] Yallampalli C, Garfield RE. Inhibition of nitric oxide synthesis in rats during pregnancy 
produces signs similar to those of preeclampsia. American Journal of Obstetrics and 

Gynecology. 1993 Nov;169(5):1316-1320. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/8238200

[42] Shesely EG, Gilbert C, Granderson G, Carretero CD, Carretero OA, Beierwaltes WH.  
Nitric oxide synthase gene knockout mice do not become hypertensive during preg-

nancy. American Journal of Obstetrics and Gynecology. 2001 Nov;185(5):1198-1203. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/11717657

[43] Zhou CC, Zhang Y, Irani RA, Zhang H, Mi T, Popek EJ, et al. Angiotensin receptor 
agonistic autoantibodies induce pre-eclampsia in pregnant mice. Nature Medicine. 

2008;14(8):855-862. Available from: http://www.nature.com/doifinder/10.1038/nm.1856

[44] Maynard SE, Min J-Y, Merchan J, Lim K-H, Li J, Mondal S, et al. Excess placental 
soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, 

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy366



hypertension, and proteinuria in preeclampsia. The Journal of Clinical Investigation. 
2003;111(5):649-658 Available from: http://www.ncbi.nlm.nih.gov/pubmed/12618519

[45] Lu F, Longo M, Tamayo E, Maner W, Al-Hendy A, Anderson GD, et al. The effect of over-
expression of sFlt-1 on blood pressure and the occurrence of other manifestations of 

preeclampsia in unrestrained conscious pregnant mice. American Journal of Obstetrics 

and Gynecology. 2007 Apr;196(4):396.e1-7; discussion 396.e7. Available from: http://link-

inghub.elsevier.com/retrieve/pii/S0002937806024665

[46] Gadonski G, LaMarca BBD, Sullivan E, Bennett W, Chandler D, Granger JP. Hypertension 
produced by reductions in uterine perfusion in the pregnant rat: Role of interleukin 6. 
Hypertens (Dallas, Tex 1979). 2006;48(4):711-716. Available from: http://hyper.ahajour-

nals.org/cgi/doi/10.1161/01.HYP.0000238442.33463.94

[47] LaMarca BBD, Cockrell K, Sullivan E, Bennett W, Granger JP. Role of endothelin in 
mediating tumor necrosis factor-induced hypertension in pregnant rats. Hypertens 

(Dallas, Tex 1979). 2005;46(1):82-86. Available from: http://hyper.ahajournals.org/cgi/
doi/10.1161/01.HYP.0000169152.59854.36

[48] Zenclussen AC, Fest S, Joachim R, Klapp BF, Arck PC. Introducing a mouse model for 
pre-eclampsia: Adoptive transfer of activated Th1 cells leads to pre-eclampsia-like symp-

toms exclusively in pregnant mice. European Journal of Immunology. 2004;34(2):377-
387. Available from: http://doi.wiley.com/10.1002/eji.200324469

[49] Beckerman P, Bi-Karchin J, Park ASD, Qiu C, Dummer PD, Soomro I, et al. Transgenic 
expression of human APOL1 risk variants in podocytes induces kidney disease in 
mice. Nature Medicine. 2017;23(4):429-438. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/28218918

[50] Bruggeman LA, Wu Z, Luo L, Madhavan SM, Konieczkowski M, Drawz PE. et al, 
APOL1-G0 or APOL1-G2 transgenic models develop preeclampsia but not kidney dis-

ease. Journal of the American Society of Nephrology. 2016;27(12):3600-3610. Available 
from: http://www.jasn.org/cgi/doi/10.1681/ASN.2015111220

[51] McCarthy FP, Kingdom JC, Kenny LC, Walsh SK. Animal models of preeclampsia; uses 
and limitations. Placenta. 2011;32(6):413-419. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/21497901

[52] International Diabetes Federation. Diabetes Atlas. 7th ed. [cited 2017 May 23]. Available 
from: http://www.diabetesatlas.org/

[53] Jawerbaum A, White V. Animal models in diabetes and pregnancy. Endocrine Reviews. 
2010;31(5):680-701. Available from: https://academic.oup.com/edrv/article-lookup/doi/ 
10.1210/er.2009-0038

[54] Foglia VG. Fetuses and newborns of 95 per cent pancreatectomized female rats. Advances 
in Metabolic Disorders. 1970;1(Suppl 1):221+. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/5463115

[55] Gluckman PD, Butler JH, Comline R, Fowden A. The effects of pancreatectomy on the 
plasma concentrations of insulin-like growth factors 1 and 2 in the sheep fetus. Journal 

Animal Models of Fetal Medicine and Obstetrics
http://dx.doi.org/10.5772/intechopen.74038

367



of Developmental Physiology. 1987;9(1):79-88. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/3549860

[56] Pasek RC, Gannon M. Advancements and challenges in generating accurate animal 
models of gestational diabetes mellitus. American Journal of Physiology. Endocrinology 
and Metabolism. 2013;305(11):E1327-E1338. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/24085033

[57] Tesone M, Ladenheim RG, Oliveira-Filho RM, Chiauzzi VA, Foglia VG, Charreau EH. Ovarian 
dysfunction in streptozotocin-induced diabetic rats. Proceedings of the Society for 
Experimental Biology and Medicine. 1983;174(1):123-130. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/6314340

[58] Kampmann U, Madsen LR, Skajaa GO, Iversen DS, Moeller N, Ovesen P. Gestational 
diabetes: A clinical update. World Journal of Diabetes. 2015;6(8):1065-1072. Available 
from: http://www.wjgnet.com/1948-9358/full/v6/i8/1065.htm

[59] Holemans K, Caluwaerts S, Poston L, Van Assche FA. Diet-induced obesity in the 
rat: A model for gestational diabetes mellitus. American Journal of Obstetrics and 
Gynecology. 2004;190(3):858-865. Available from: http://linkinghub.elsevier.com/retrieve/
pii/S0002937803011517

[60] Liang C, DeCourcy K, Prater MR. High-saturated-fat diet induces gestational diabetes 
and placental vasculopathy in C57BL/6 mice. Metabolism. 2010;59(7):943-950. Available 
from: http://linkinghub.elsevier.com/retrieve/pii/S0026049509004466

[61] Ford SP, Zhang L, Zhu M, Miller MM, Smith DT, Hess BW, et al. Maternal obesity accel-
erates fetal pancreatic beta-cell but not alpha-cell development in sheep: Prenatal con-

sequences. American Journal of Physiology. Regulatory, Integrative and Comparative 
Physiology. 2009;297(3):R835-R843. Available from: http://ajpregu.physiology.org/cgi/
doi/10.1152/ajpregu.00072.2009

[62] Gauguier D, Bihoreau MT, Ktorza A, Berthault MF, Picon L. Inheritance of diabetes mel-
litus as consequence of gestational hyperglycemia in rats. Diabetes. 1990;39(6):734-739. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/2189765

[63] Hummel KP, Dickie MM, Coleman DL. Diabetes, a new mutation in the mouse. Science. 
1966;153(3740):1127-1128. Available from: http://www.ncbi.nlm.nih.gov/pubmed/5918576

[64] Kaufmann RC, Amankwah KS, Dunaway G, Maroun L, Arbuthnot J, Roddick JW. An 
animal model of gestational diabetes. American Journal of Obstetrics and Gynecology. 
1981;41(5):479-482. Available from: http://www.ncbi.nlm.nih.gov/pubmed/7294072

[65] Gill-Randall R, Adams D, Ollerton RL, Lewis M, Alcolado JC. Type-2 diabetes mellitus ? 
genes or intrauterine environment? An embryo transfer paradigm in rats. Diabetologia. 
2004;47(8):1354-1359. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15258738

[66] Jensh RP, Brent RL. Intrauterine effects of ultrasound: Animal studies. Teratology.  
1999;59(4):240-251. Available from: http://doi.wiley.com/10.1002/%28SICI%291096- 
9926%28199904%2959%3A4%3C240%3A%3AAID-TERA10%3E3.0.CO%3B2-V

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy368



[67] Roberts VHJ, Lo JO, Salati JA, Lewandowski KS, Lindner JR, Morgan TK, et al. Quantitative 
assessment of placental perfusion by contrast-enhanced ultrasound in macaques and 

human subjects. American Journal of Obstetrics and Gynecology. 2016;214(3):369.e1-369.
e8. Available from: http://linkinghub.elsevier.com/retrieve/pii/S000293781600003X

[68] Mourier E, Tarrade A, Duan J, Richard C, Bertholdt C, Beaumont M, et al. Non-
invasive evaluation of placental blood flow: Lessons from animal models. Reproduction. 
2017;153(3):R85-R96. Available from: http://www.reproduction-online.org/lookup/
doi/10.1530/REP-16-0428

[69] Buhk J-H, Frisch M, Yamamura J, Graessner J, Adam G, Wedegärtner U. High-resolution 
in utero 3D MR imaging of inner ear microstructures in fetal sheep. AJNR. American 
Journal of Neuroradiology. 2011;32(11):2043-2046. Available from: http://www.ajnr.org/
cgi/doi/10.3174/ajnr.A2736

[70] Novak Z, Thurmond AS, Ross PL, Jones MK, Thornburg KL, Katzberg RW. Gadolinium-
DTPA transplacental transfer and distribution in fetal tissue in rabbits. Investigative 
Radiology. 1993;28(9):828-830. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8225889

[71] Okazaki O, Murayama N, Masubuchi N, Nomura H, Hakusui H. Placental transfer and 
milk secretion of gadodiamide injection in rats. Arzneimittel-Forschung. 1996;46(1):83-
86. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8821524

[72] Friesen-Waldner LJ, Sinclair KJ, Wade TP, Michael B, Chen AP, de Vrijer B, et al. 
Hyperpolarized [1-13C]pyruvate MRI for noninvasive examination of placental metab-

olism and nutrient transport: A feasibility study in pregnant Guinea pigs. Journal of 
Magnetic Resonance Imaging. 2016;43(3):750-755. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/26227963

[73] Sørensen A, Pedersen M, Tietze A, Ottosen L, Duus L, Uldbjerg N. BOLD MRI in 
sheep fetuses: A non-invasive method for measuring changes in tissue oxygenation. 
Ultrasound in Obstetrics & Gynecology. 2009;34(6):687-692. Available from: http://doi.
wiley.com/10.1002/uog.7322

[74] Yamamura J, Schnackenburg B, Kooijmann H, Frisch M, Hecher K, Adam G, et al. High 
resolution MR imaging of the fetal heart with cardiac triggering: A feasibility study in 
the sheep fetus. European Radiology. 2009;19(10):2383-2390. Available from: http://link.
springer.com/10.1007/s00330-009-1420-8

[75] Russell WMS, Burch RL. The Principles of Humane Experimental Technique. Methuen; 
1959

[76] Myren M, Mose T, Mathiesen L, Knudsen LE. The human placenta--an alternative for 
studying foetal exposure. Toxicology In Vitro. 2007;21(7):1332-1340. Available from: 
http://linkinghub.elsevier.com/retrieve/pii/S0887233307001701

[77] Mathiesen L, Mørck TA, Zuri G, Andersen MH, Pehrson C, Frederiksen M, et al. 
Modelling of human transplacental transport as performed in Copenhagen, Denmark. 
Basic & Clinical Pharmacology & Toxicology. 2014;115(1):93-100. Available from: http://
doi.wiley.com/10.1111/bcpt.12228

Animal Models of Fetal Medicine and Obstetrics
http://dx.doi.org/10.5772/intechopen.74038

369



[78] Ueland K, Parer JT. Effects of estrogens on the cardiovascular system of the ewe. American 
Journal of Obstetrics and Gynecology. 1966;96(3):400-406. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/5950678

[79] Raffe MR, Carpenter RE. Anesthetic management of cesarean section patients. In: 
Grimm KA, Lamont LA, Tranquilli WJ, Greene SA, Robertson SA, editors. Veterinary 
Anesthesia and Analgesia. 4th ed. Ames, IA: Blackwell Publishing Ltd; 2007. pp. 955-967

[80] Ritskes-Hoitinga M, Chwalibog A. Nutrition requirements, experimental design, and 
feeding schedules in animal experimentation. In: Hau J, Van Hoosier GL, editors. 
Handbook of Laboratory Animal Science. 2nd. Boca Raton, FL: CRC Press/Taylor & 
Francis; 2003. p. 281-310

[81] McDonald P, Edwards RA, Greenhalgh JFD, Morgan CA. Animal Nutrition. 5th ed. 
Harlow, England: Longman Scientific Technical; 1995. p. 607

[82] Jones KE, Bielby J, Cardillo M, Fritz SA, O’Dell J, Orme CDL, et al. PanTHERIA: A spe-

cies-level database of life history, ecology, and geography of extant and recently extinct 

mammals. Michener WK, editor. Ecology. 2009;90(9):2648-2648. Available from: http://
doi.wiley.com/10.1890/08-1494.1

[83] Ozaki T, Nishina H, Hanson MA, Poston L. Dietary restriction in pregnant rats causes gen-

der-related hypertension and vascular dysfunction in offspring. The Journal of Physiology. 
2001;530(Pt 1):141-152. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11136866

[84] Simões RV, Muñoz-Moreno E, Carbajo RJ, González-Tendero A, Illa M, Sanz-Cortés M, 
et al. In vivo detection of perinatal brain metabolite changes in a rabbit model of intrauter-

ine growth restriction (IUGR). Chavatte-palmer P, editor. PLoS One. 2015;10(7):e0131310. 
Available from: http://dx.plos.org/10.1371/journal.pone.0131310

[85] Gokulakrishnan G, Estrada IJ, Sosa HA, Fiorotto ML. In utero glucocorticoid exposure 
reduces fetal skeletal muscle mass in rats independent of effects on maternal nutrition. 
AJP Regulatory Integrative and Comparative Physiology. 2012;302(10):R1143-R1152. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/22422665

[86] Bhasin KKS, van Nas A, Martin LJ, Davis RC, Devaskar SU, Lusis AJ. Maternal low-
protein diet or hypercholesterolemia reduces circulating essential amino acids and leads 

to intrauterine growth restriction. Diabetes. 2009;58(3):559-566. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/19073773

[87] Kind KL, Clifton PM, Grant PA, Owens PC, Sohlstrom A, Roberts CT, et al. Effect of 
maternal feed restriction during pregnancy on glucose tolerance in the adult Guinea pig. 
American Journal of Physiology. Regulatory, Integrative and Comparative Physiology. 
2003;284(1):R140-R152. Available from: http://ajpregu.physiology.org/lookup/doi/10.1152/
ajpregu.00587.2001

[88] Hodges R, Endo M, La Gerche A, Eixarch E, DeKoninck P, Ferferieva V, et al. 
Fetal echocardiography and pulsed-wave Doppler ultrasound in a rabbit model of 
intrauterine growth restriction. Journal of Visualized Experiments. 2013;(76). Available 

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy370



from: http://www.jove.com/video/50392/fetal-echocardiography-pulsed-wave-doppler- 
ultrasound-rabbit-model

[89] Herrera EA, Rojas RT, Krause BJ, Ebensperger G, Reyes RV, Giussani DA, et al. 
Cardiovascular function in term fetal sheep conceived, gestated and studied in the hypo-

baric hypoxia of the Andean altiplano. The Journal of Physiology. 2016;594(5):1231-1245. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/26339865

[90] Manikkam M, Crespi EJ, Doop DD, Herkimer C, Lee JS, Yu S, et al. Fetal programming: 
Prenatal testosterone excess leads to fetal growth retardation and postnatal catch-up 

growth in sheep. Endocrinology. 2004;145(2):790-798. Available from: https://academic.
oup.com/endo/article-lookup/doi/10.1210/en.2003-0478

[91] Barbero A, Astiz S, Lopez-Bote CJ, Perez-Solana ML, Ayuso M, Garcia-Real I, et al. 
Maternal malnutrition and offspring sex determine juvenile obesity and metabolic disor-

ders in a swine model of leptin resistance. Müller M, editor. PLoS One. 2013;8(10):e78424. 
Available from: http://dx.plos.org/10.1371/journal.pone.0078424

[92] LaMarca B, Parrish M, Ray LF, Murphy SR, Roberts L, Glover P, et al. Hypertension 
in response to autoantibodies to the angiotensin II type I receptor (AT1-AA) in preg-

nant rats: Role of Endothelin-1. Hypertension. 2009;54(4):905-909. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/19704104

[93] Golden JG, Hughes HC, Lang CM. Experimental toxemia in the pregnant Guinea pig 
(Cavia porcellus). Laboratory Animal Science. 1980;30(2 Pt 1):174-179. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/7052372

[94] Valdés G, Schneider D, Corthorn J, Ortíz R, Acuña S, Padilla O. Administration of angio-

tensin II and a bradykinin B2 receptor blocker in midpregnancy impairs gestational out-
come in Guinea pigs. Reproductive Biology and Endocrinology. 2014;12(1):49. Available 
from: http://rbej.biomedcentral.com/articles/10.1186/1477-7827-12-49

[95] Losonczy G, Brown G, Venuto RC. Increased peripheral resistance during reduced uter-

ine perfusion pressure hypertension in pregnant rabbits. The American Journal of the 

Medical Sciences. 1992;303(4):233-240. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/1562040

[96] Leffler CW, Hessler JR, Green RS, Fletcher AM. Effects of sodium chloride on pregnant 
sheep with reduced uteroplacental perfusion pressure. Hypertens (Dallas, Tex 1979). 
1986;8(1):62-65. Available from: http://www.ncbi.nlm.nih.gov/pubmed/3943887

[97] Maltaris T, Scalera F, Schlembach D, Hoffmann I, Mueller A, Binder H, et al. Increased 
uterine arterial pressure and contractility of perfused swine uterus after treatment 

with serum from pre-eclamptic women and endothelin-1. Clinical Science (London, 
England). 2005;109(2):209-215. Available from: http://clinsci.org/lookup/doi/10.1042/
CS20040340

[98] Herrera E, Palacin M, Martin A, Lasuncion MA. Relationship between maternal and fetal 
fuels and placental glucose transfer in rats with maternal diabetes of varying severity. 

Diabetes. 1985;34(Suppl 2):42-46. Available from: http://www.ncbi.nlm.nih.gov/pubmed/ 
3888741

Animal Models of Fetal Medicine and Obstetrics
http://dx.doi.org/10.5772/intechopen.74038

371



[99] Giachini FRC, Carriel V, Capelo LP, Tostes RC, Carvalho MH, Fortes ZB, et al. 
Maternal diabetes affects specific extracellular matrix components during placentation. 
Journal of Anatomy. 2008;212(1):31-41. Available from: http://doi.wiley.com/10.1111/j. 
1469-7580.2007.00839.x

[100] Eriksson UJ, Bone AJ, Turnbull DM, Baird JD. Timed interruption of insulin therapy in 
diabetic BB/E rat pregnancy: Effect on maternal metabolism and fetal outcome. Acta 
Endocrinologica. 1989;120(6):800-810. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/2658457

[101] Sugimura Y, Murase T, Oyama K, Uchida A, Sato N, Hayasaka S, et al. Prevention of 
neural tube defects by loss of function of inducible nitric oxide synthase in fetuses of 

a mouse model of streptozotocin-induced diabetes. Diabetologia. 2009;52(5):962-971. 
Available from: http://link.springer.com/10.1007/s00125-009-1312-0

[102] Diamond MP, Moley KH, Pellicer A, Vaughn WK, DeCherney AH. Effects of strepto-

zotocin- and alloxan-induced diabetes mellitus on mouse follicular and early embryo 
development. Journal of Reproduction and Fertility. 1989;86(1):1-10. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/2526873

[103] Saintonge J, Cote R. Fetal brain development in diabetic Guinea pigs. Pediatric Research. 
1984;18(7). Available from: http://www.nature.com.ez.statsbiblioteket.dk:2048/pr/jour-

nal/v18/n7/pdf/pr19842041a.pdf

[104] Bois AM. L’intoxication alloxanique chez la femelle gravide de cobaye. Zeitschrift 
für Zellforschung und Mikroskopische Anatomie. 1957;47(2):214-225. Available from: 
http://link.springer.com/10.1007/BF00340149

[105] Merritt TA, Curbelo V, Gluck L, Clements RS. Alterations in fetal lung phosphatidylino-

sitol metabolism associated with maternal glucose intolerance. Biology of the Neonate. 
1981;39(5-6):217-224. Available from: http://www.ncbi.nlm.nih.gov/pubmed/7260206

[106] Ramin N, Thieme R, Fischer S, Schindler M, Schmidt T, Fischer B, et al. Maternal diabe-

tes impairs gastrulation and insulin and IGF-I receptor expression in rabbit blastocysts. 
Endocrinology. 2010;151(9):4158-4167. Available from: https://academic.oup.com/endo/
article-lookup/doi/10.1210/en.2010-0187

[107] Fowden AL, Hay WW. The effects of pancreatectomy on the rates of glucose utiliza-

tion, oxidation and production in the sheep fetus. Quarterly Journal of Experimental 
Physiology. 1988;73(6):973-984. Available from: http://doi.wiley.com/10.1113/expphysiol. 
1988.sp003231

[108] Dickinson JE, Meyer BA, Chmielowiec S, Palmer SM. Streptozocin-induced diabetes mel-
litus in the pregnant ewe. American Journal of Obstetrics and Gynecology. 1991;165(6 
Pt 1):1673-1677. Available from: http://www.ncbi.nlm.nih.gov/pubmed/1836305

[109] Miodovnik M, Mimouni F, Berk M, Clark KE. Alloxan-induced diabetes mellitus in 
the pregnant ewe: Metabolic and cardiovascular effects on the mother and her fetus. 
American Journal of Obstetrics and Gynecology. 1989;160(5 Pt 1):1239-1244. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/2658613

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy372



[110] Ezekwe MO, Ezekwe EI, Sen DK, Ogolla F. Effects of maternal streptozotocin-diabe-

tes on fetal growth, energy reserves and body composition of newborn pigs. Journal 

of Animal Science. 1984;59(4):974-980. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/6239852

[111] Ramsay TG, Wolverton CK, Steele NC. Alteration in IGF-I mRNA content of fetal swine 
tissues in response to maternal diabetes. The American Journal of Physiology. 1994;267(5 
Pt 2):R1391-R1396. Available from: http://www.ncbi.nlm.nih.gov/pubmed/7977870

Animal Models of Fetal Medicine and Obstetrics
http://dx.doi.org/10.5772/intechopen.74038

373




