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Series Preface

Experimental life sciences have two basic foundations: concepts and tools. The Neuro-
methods series focuses on the tools and techniques unique to the investigation of the nervous
system and excitable cells. It will not, however, shortchange the concept side of things as
care has been taken to integrate these tools within the context of the concepts and questions
under investigation. In this way, the series is unique in that it not only collects protocols but
also includes theoretical background information and critiques which led to the methods
and their development. Thus it gives the reader a better understanding of the origin of the
techniques and their potential future development. The Neuromethods publishing program
strikes a balance between recent and exciting developments like those concerning new
animal models of disease, imaging, in vivo methods, and more established techniques,
including, for example, immunocytochemistry and electrophysiological technologies. New
trainees in neurosciences still need a sound footing in these older methods in order to apply
a critical approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Neuromethods
series has been a success since its first volume published throughHumana Press in 1985. The
series continues to flourish through many changes over the years. It is now published under
the umbrella of Springer Protocols. While methods involving brain research have changed a
lot since the series started, the publishing environment and technology have changed even
more radically. Neuromethods has the distinct layout and style of the Springer Protocols
program, designed specifically for readability and ease of reference in a laboratory setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new dis-
ciplines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research
areas. New developments in electronic publishing make it possible for scientists that
encounter new methods to quickly find sources of information electronically. The design
of individual volumes and chapters in this series takes this new access technology into
account. Springer Protocols makes it possible to download single protocols separately. In
addition, Springer makes its print-on-demand technology available globally. A print copy
can therefore be acquired quickly and for a competitive price anywhere in the world.

Saskatoon, Saskatchewan, Canada Wolfgang Walz
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Preface

The epidemiological and experimental evidence that stress, illness, or nutritional deprivation
during pregnancy will impact on the structural and functional development of the brain is
now compelling. This may cause not only catastrophic damage to the brain at birth, as
shown by brain damage that leads to cerebral palsy, but also more subtle and long-term
effects that manifest as behavioral disorders in the child and adult such as autism, schizo-
phrenia, and compulsive/addictive behaviors. In addition to these extrinsic (environmental)
influences, epigenetic, sex, and parental genomic effects have roles in determining the
outcomes of pregnancy for the infant and child.

The purpose of this book is to provide the reader with an introduction to all the
methods and major approaches now being used to study the structural and functional
development of the brain. This area of research has gained greater prominence in recent
years because so many more preterm babies survive, and their birth can occur at times when
major cell migration and phenotypic transitions in the brain are still underway. Because of
this we needed to cover topics such as early anatomical development, the emergence of
function, and the processes that lead to damage and repair of the growing and immature
brain; we have covered a broader area of research than would customarily be expected.

The book is divided into three parts—Development, Programming and Stress, and
Brain Damage—Causes and Consequences.

In Part 1 (Development), Peter Kozulin, Gonzalo Almarza, Ilan Gobius, and Linda J.
Richards introduce the concept of “in utero” electroporation (IUE) that provides a means
of labeling neural progenitor cells and tracking their progeny in vivo. Using promoter-
specific reporter constructs, and with precise transfection of progenitor subpopulations,
they show how it is possible to induce or repress gene expression of neurons in a spatially and
temporally specific manner at very early embryonic stages. Isabel Martı́nez-Garay, Fernando
Garcı́a-Moreno,Navneet Vasistha, Andre Marques-Smith, and Zoltán Molnár also report on
the use of in utero electroporation to study key aspects of neural development, such as
progenitor proliferation, neurogenesis, clonal and lineage analysis, neuronal migration, and
circuit formation in various species from the chick to higher mammals with gyrencephalic
brain development. This method can be also used to monitor andmodulate the formation of
cortical circuits in a controlled manner. Then, Hui Xuan Ng and Joanne M. Britto discuss
how to study the placement of interneurons and pyramidal neurons during corticogenesis.
Using transgenic technology to fluorescently label and isolate interneuron progenitor cells,
they discuss how the cells isolated from the medial germinal epithelium can be transplanted
in utero into the embryonic lateral ventricle; they further discuss how this might eventually
become a cell-based therapy to rectify GABAergic dysfunction in the neocortex.

Techniques for studying the functional development of the infant human brain are
introduced in the chapter by Sampsa Vanhatalo and Peter Fransson. The function of
developing sensory systems can be readily studied using EEG even at a developmental
stage when the sensory connections are only incompletely formed, and they develop the
idea of deriving large-scale maps of functional connectivity from continuous records of the
EEG and blood deoxygenation (fMRI) of the infant brain, despite the immaturity of
neurovascular coupling making such functional tests a challenge. Flora Wong develops this
theme by discussing the constraints in measuring cerebral blood flow in infants due to the
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necessity to use noninvasive techniques. There is no general agreement on the best approach
to measure cerebral blood flow, but despite the methodological differences, all of the
commonly used techniques yield reasonably comparable results in terms of absolute values
and of indicators of cerebrovascular reactivity.

Functional development of the brain during fetal life is discussed at length by Dan
Rurak, including the changes of body movements, breathing activity, and cardiovascular
function which together denote the development of fetal sleep-like states. Understanding
these phenomena is important because fetal monitoring in human pregnancy is based on
changes in fetal behavior that is used diagnostically to distinguish abnormal from normal
fetal development, with implications for clinicians that may determine how the final stages of
pregnancy are managed. Finally, for this part, the biophysical and hormonal cues related to
photoperiod, how they affect fetal brain development, and why maternal chronodisruption
disrupts the fetal circadian system are discussed byMaria Serón-Ferré, Hans G. Richter, and
Claudia Torres-Farfan. The difficulties of finding an experimental animal model that
resembles the human setting of chronodisruption during pregnancy (e.g., shift-work) and
the need to identify changes at the level of the transcriptome, microRNA regulome (miR-
Nome), and proteome are discussed.

In Part 2 (Programming and Stress), different experimental approaches to evaluating
the postnatal outcomes of pregnancy where maternal stress has occurred transiently or is
present chronically are covered in five chapters. This area of research is receiving increasingly
greater prominence due to the recognition that many forms of pathophysiology and ill-
health in adolescent and adult life may have origins in early development, including fetal and
early postnatal life (viz., Developmental Origins of Health & Adult Disease). Beverley S.
Muhlhausler and Jessica Gugusheff discuss studies in rodent models that demonstrate how
preference for particular foods can be programmed before birth and elucidate the biological
mechanisms that drive these determinant (programming) effects in the mesolimbic reward
pathway in the offspring. Sarah J. Spencer and Trish A. Jenkins provide a detailed description
of several simple but elegant prenatal/postnatal animal models used to mimic the effects of
early life overfeeding, and to study the impact of this on brain and metabolic development.
Helena C. Parkington and Harold A. Coleman present methods for the effects of maternal
obesity on offspring brain development, and for delineating effects on specific brain regions
and outcomes reflected in behaviours appropriately assessed for gender and the animal
species under study. The placenta is likely to be the crucial interface between the maternal
and fetal “environments,” and Hannha K. Palliser, Greer A. Bennett, Meredith A. Kelleher,
Angela L. Cumberland, David W . Walker, and Jonathan J. Hirst discuss metabolic and
endocrine responses within the placenta, particularly in relation to precursor substances that
enable synthesis of neuroactive neurosteroids in the fetal and newborn brain. A host of
neurodevelopmental processes are modulated by serotonin (5-HT), which for some period
of fetal life is largely of maternal and placental origin. Juan C. Velasquez and Alexandre
Bonnin provide details of recently developed methods that can be applied to the study of
how maternal-fetal transfer of therapeutic drugs such as selective serotonin reuptake inhi-
bitors (SSRIs) cross the placenta and impact on the development of fetal brain circuits. They
have shown that dysregulation of placental 5-HT transfer impacts a variety of critical
signaling pathways that can lead to long-term effects on postnatal brain function.

Human epidemiological studies have indicated an association between infection during
pregnancy and an increased risk of neurodevelopmental disorders such as schizophrenia in
offspring. As infections arising from various causes have a similar debilitating effect in later
life, it is thought that activation of the maternal immune response may be the critical factor
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altering fetal brain development. Udani Ratnayake and Rachel Hill discuss various animal
models of prenatal exposure to infection that result in behavioral abnormalities in the
offspring that are comparable to those seen in schizophrenic patients and argue that such
approaches, particularly viral illness modeled using polyriboinosinic-polyribocytidilic acid
(Poly I:C), provide a useful tool for understanding the neurodevelopmental basis of schizo-
phrenia and for testing treatment strategies.

In Part 3 (Brain Damage: Causes and Consequences), four teams of researchers
address issues that arise from the continued and pressing need to predict, prevent, and
treat perinatal brain injury—imperatives that have increased with the greater survival rates of
premature infants. Mary Tolcos, David H. Rowitch, and Justin Dean discuss approaches to
identifying causes of white matter injury, which they argue is due in part to impaired
oligodendrocyte maturation, and which is not always replicated in experimental animal
models of perinatal white matter injury. They propose that adopting a more standard
approach to defining white matter injury is important for validating experimental findings
against the bona fide human condition. Stephen A. Back and A. Roger Hohimer present
evidence obtained from their extensive use of the preterm sheep fetus, chosen because
cerebral development at this time shares many anatomical and physiological similarities
with the preterm human infant. The experimental access to the fetus, made possible with
such studies in pregnant sheep, has allowed them to define some of the cellular and vascular
factors that contribute to preterm white and gray matter injury and to use clinically relevant
technologies of neuroimaging and cerebral blood flow measurements that are not feasible in
smaller laboratory animals. Likewise, Lotte G. van den Heuij, Guido Wassink, Alistair Jan
Gunn, and Laura Bennet describe their work with chronically instrumented preterm fetal
sheep that is delineating the key factors that determine the pattern and severity of brain
injury, and discuss how this might determine when and how injury to the immature brain
should be treated.

Finally, neonatal seizure remains a major clinical problem worldwide and current anti-
seizure drugs have limited efficacy and are potentially harmful to the developing brain,
highlighting the need for new experimental approaches in this important area of neonatal
medicine. S. Tracey Bjorkman describes a clinically relevant model of hypoxia/ischemia-
induced seizures in the neonatal pig and again shows how such an approach may lead to new
studies of seizure suppression in the newborn infant.

Melbourne, Australia David W. Walker
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Chapter 1

Investigating Early Formation of the Cerebral Cortex by
In Utero Electroporation: Methods and Protocols

Peter Kozulin, Gonzalo Almarza, Ilan Gobius, and Linda J. Richards

Abstract

Cortical development requires a strict balance between neuronal proliferation, differentiation, and cellular
migration within restricted developmental stages. The precise spatiotemporal gene manipulation used in
developmental studies can be achieved by in vitro or ex vivo experiments or by the generation of transgenic
animals. However, these approaches have significant limitations when trying to investigate the origin and
molecular regulation of early cortical neurons. In utero electroporation (IUE) is an informative cell labeling
technique that provides the ability to label neural progenitor cells and their progeny in vivo with promoter-
specific reporter constructs as well as to induce or repress gene expression in a spatially and temporally
specific manner. Technical improvements of this method have allowed the targeting of multiple neural cell
types, as well as the precise transfection of subpopulations of neurons at increasingly earlier embryonic
stages. Furthermore, neuronal projection studies and the use of multiple electroporations in the same
embryo have made it possible to examine processes occurring at different developmental stages and/or
cortical areas and link their anatomy to their function. In this chapter, we present the latest advances of the
in utero electroporation technique for the study of early formation of the cerebral cortex, together with a
description of the necessary tools.

Key words In utero, Electroporation, Brain, Cortical development, Transfection, Embryo, Mice

1 Introduction

During brain development, the neocortex arises from a homoge-
neous sheet of neuroepithelial cells in the telencephalon. Morpho-
gen molecules such as Fgf8, Wnt, Bmps, and Shh secreted by
patterning centers within the telencephalon induce the expression
of transcription factors in gradients across the cortex, which serve
to pattern the neuroepithelium into functional cortical areas [1–4].
Concomitantly, progenitor cells within the neuroepithelium
undergo proliferation, differentiation, and migration to generate
the six neuronal layers that characterize the mammalian neocortex.
Furthermore, each cortical area is distinguished by its functional
specificity for the processing of sensory input, motor activity, or
cognitive function, as well as its distribution of input and output

David W. Walker (ed.), Prenatal and Postnatal Determinants of Development, Neuromethods, vol. 109,
DOI 10.1007/978-1-4939-3014-2_1, © Springer Science+Business Media New York 2016
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projections which are guided toward their correct targets by specific
guidance cues [5]. Although the influence of different morphogens
in cortical patterning and subsequent neuronal wiring is not
completely understood, sophisticated electroporation techniques
have identified some of the mechanisms involved (for example see
[6, 7]).

Electroporation is a method of transfection of plasmid DNA
into cells that allows for exogenous gene expression via the use of
cell-specific promoters, and gene loss-of-function studies via the
transfection of small interfering RNAs (siRNAs). Since electropo-
ration was first used in utero [8, 9], this technique has been an
important tool for the study of neuronal origin and migration
during early mammalian cortical development. By modifying the
expression of transcription factors within the cortex in vivo, primar-
ily using mouse and rat models, our knowledge of the migration,
differentiation, and growth of multiple subpopulations of neurons
originating from the ventricular and sub-ventricular zone zones has
expanded [10–13]. Early-born interneurons that populate the cor-
tex originate in the ganglionic eminences (reviewed in [14]), and
can be labeled by IUE and then studied separately by their electro-
physiological properties [15]. IUE has also been instrumental in
the discovery of early-born cortical neurons from the edges of the
neocortex which give rise to Cajal-Retzius cells [16, 17], and of
new migratory streams of neurons such as those that contribute to
the accessory olfactory bulb [18] and the amygdala [19].

The electroporation technique can be modified for the trans-
fection of multiple expression constructs either together or with
temporal and/or spatial variation for individual plasmids. The use
of IUE at early stages allows the possibility of a second electropora-
tion later in gestation, for example, to differentially label cortical
layers generated at different developmental stages (Fig. 1). Alterna-
tively, multiple plasmids can be co-electroporated simultaneously at
a single age, and has been recently used to study activity-dependent
axon targeting in the primary somatosensory cortex (S1) [20].

In this chapter we describe the methodology required to per-
form embryonic electroporation in mice at E10 for early cortical
development studies. We also describe how to perform an addi-
tional electroporation at later developmental stages in order to
differentially transfect other cortical layers.

2 Materials

For all equipment and reagents listed, the manufacturers and cata-
logue numbers are given as a guide only and can be substituted.

2.1 Mice The IUE procedure in this chapter is described for use in CD1mice
given their relatively large litter size and their ability to cope with
the anesthetic and surgical procedure. Other mouse strains such as

4 Peter Kozulin et al.



Fig. 1 Cortical layer targeting using in utero electroporation. (a) In this schematic of postnatal cortex, cells are
represented with different colors according to the developmental stage at which they are electroporated as
indicated on the right. The cortex develops in an inside-outside manner and electroporation at an early stage
of E10 will target cells that eventually occupy the preplate and its derivatives (green cells), as indicated
previously in cell birth-dating studies [16]. Electroporation at a later stage of E11–12.5 will target cells
throughout the cortical plate (greater in layers V/VI) and the subplate, as indicated by the purple cells and the
arrowheads in (b). E15.5 electroporation will predominantly target neurons within the superficial cortical
layers (II/III), but some electroporated neurons are also present in the underlying layer IV, as indicated by the
blue cells and the arrowheads in (c). The colored gradients on the right indicate the approximate profile of cell
locations in postnatal cortex according to the stage of electroporation. Note that this schematic diagram is
representative of IUE in the dorsal telencephalon but includes Cajal-Retzius (CR) cells in layer I (indicated by *).
CR cells are generated in the cortical hem and can be targeted with an alternative IUE at E10–12.5 prior to
their tangential migration away from this region (see Fig. 5h). (b) Coronal section of postnatal cortex after
electroporation of pCAG-EGFP in E12.5 dorsal telencephalon shows GFP-positive neurons (arrowheads)
throughout the cortex. (c) Electroporation of E15.5 dorsal telencephalon shows GFP-positive neurons (arrow-
heads) predominantly within cortical layers II/III. CR: Cajal-Retzius; I–VI: cortical layers; IUE: in utero
electroporation; SP: subplate; VZ: ventricular zone; WM: white matter. Scale bar in (b) and (c), 100 μm
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C57BL/6 can also be used, but may exhibit a lower success rate.
The day of appearance of the vaginal plug is embryonic day 0 (E0).

2.2 Anesthesia and

Analgesic Solutions

Anesthesia of the pregnant dams is achieved via intraperitoneal
injection of a mixture of 0.075 mg/g body weight ketamine, and
0.006 mg/g body weight xylazine, diluted in sterile PBS. Analgesia
is achieved via subcutaneous injection of buprenorphine at 0.1 mg/
g body weight.

2.3 Plasmid DNA For effective gene expression it is important that the plasmids
transfected via IUE are purified and endotoxin free, which can be
achieved using a commercially available preparation kit, and are
homogeneous once resuspended in water. If the plasmid solution
contains precipitates and is not fully suspended, which can occur in
higher concentration preparations, it can be further dissolved by
heating the plasmid solution to 45 �C for 30 min.

Purified plasmid can be stored for a long term at �20 �C, and
upon thawing can be stored at 4 �C for up to a month. In this
protocol, plasmids were prepared using an endotoxin-freeMaxi-
prep kit (cat. 12362, Qiagen, Valencia, CA).

2.4 Electroporation

and Microinjection

Equipment

– ECM 830 Electroporator (BTX Harvard Apparatus, Holliston,
MA) with electroporator foot pedal.

– Electrodes, forceps-style, 0.5 mm diameter (cat. CUY650P0.5,
NepaGene, Chiba, Japan).

– Borosilicate glass capillaries, 1.2 mm O.D. � 0.9 mm I.D. (cat.
TW120F-4, World Precision Instruments, Sarasota, FL).

– Picospritzer II microinjection system (Parker Hannifin, Hollis,
NH) with microinjector foot pedal.

– Microcapillary holder (cat. MPH6S12, World Precision
Instruments).

– Microloading pipette tips (cat. 0030 001.222, Eppendorf,
Hamburg, Germany).

– Micropipette puller (cat. P-97, Sutter Instruments Co., Novato,
CA) with square box filament.

2.5 General

Equipment and

Surgical Instruments

– Light source (cat. LG-PS2, Olympus, Shinjuku, Japan), with a
fiber-optic arm for the illumination of E10 embryos through the
uterine wall. The fiber-optic arm should be flexible to allow for
easy manipulation and positioning against the uterus. Fiber-
optic light is ideal since it emits minimal heat and will not
damage the uterus or embryos.

– A secondary fiber-optic light (cat. LG-PS2, Olympus) source
can also be positioned over the animal to help visualize the
uterus and the surgery area.

– Silicone rubber heating pad, set to 37 �C.
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– Water bath, set to 37 �C (cat. WB7, Ratek, Melbourne,
Australia).

– Germinator 500 glass bead sterilizer, for sterilization of surgical
instruments (cat. GRM5-1450, CellPoint Scientific, Gaithers-
burg, MD).

– Animal recovery chamber (ventilated), set at 37 �C.

– 2� Ring forceps, 6 mm diameter ring tip, 9 cm length (cat.
11106-09, Fine Science Tools, Vancouver, Canada).

– Micro-dissecting forceps with serrated edge, half-curved 1 mm
tip, 4 in. length (cat. 160-18, George Tiemann & Co., Haup-
pauge, NY).

– Suture clamps, Gillies, 6.5 in. length (cat. 222-8-59, George
Tiemann & Co.).

– Straight surgical scissors, 12 cm length (cat. 14002-12, Fine
Science Tools).

– Syringe 1 ml (cat. SY1SC-TH-ET) and 27 G hypodermic needle
(cat. HN-2713-ET) (Nipro, Osaka, Japan).

– Gauze swabs, sterile, 7.5 cm � 7.5 cm, 8 ply (cat. 72502-03,
BSN Medical, Hamburg, Germany).

– Cotton tips, 15 cm (cat. 10102121, Surgical & Medical Pro-
ducts, Sydney, Australia).

– Silk sutures (Perma-Hand3-0, Ethicon).

– Pasteur pipettes, polyethylene, sterile, 3 ml (ThermoFisher Sci-
entific, Loughborough, UK).

– Personal protective equipment/surgical attire: gown, face mask,
hair net, gloves.

– Adhesive paper tape, 25 mm wide.

2.6 Reagents – Ketamine-1000 (100 g/ml, Ceva, Lenexa, KS).

– Xylazil-20 (Xylazine, 20 mg/ml, Troy Laboratories, Glenden-
ning, Australia).

– Chlorhexidine (0.5 mg/ml, 0.05 %) and cetrimide (5 mg/ml,
0.5 %) topical antiseptic solution (cat. 16061505, Pfizer, New
York, NY).

– Ringer’s solution (NaCl 135 mM, KCl 5.4 mM, MgCl2 1 mM,
CaCl2 1.8 mM, HEPES 5 mM) warmed to 37 �C.

– 1� phosphate-buffered saline (PBS), diluted from a 10� stock
of Dulbecco’s PBS (cat. 17-515Q, Lonza, Basel, Switzerland) in
Milli-Q water, warmed to 37 �C.

– Hair removal cream (Nair, Church & Dwight Co., Sydney,
Australia).
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– Petroleum Jelly (Vaseline, Unilever, Leatherhead, UK).

– Fast Green (cat. F7258, Sigma, St. Louis, MO).

– Ethanol 70 %.

3 Methods

3.1 Preparation

Before Surgery

3.1.1 Animals Timed-pregnant females are used and the appearance of a vaginal
plug is considered E0. For early-stage IUE, the embryos used are
E10–10.5.

3.1.2 Surgery Area

Preparation

Ensure that a sterile surgical environment is achieved by wearing
surgical attire (gown, gloves, face mask, hair net) and wiping down
surfaces, the fiber-optic light source, and all equipment with 70 %
ethanol. Arrange the surgery area and equipment as shown in
Fig. 2a. Turn on the heating pad, animal recovery chamber, glass
bead sterilizer, and water bath, and place paper towel on the heat
pad to soak up any excess PBS during the surgery. Place Ringer’s
and PBS solution into the water bath and warm to 37 �C.

Immerse the surgical instruments (forceps, scissors, and the
suture clamp) in 70 % ethanol, allow to air-dry, and then further
sterilize them by placing each of them into a glass bead sterilizer for
several minutes.

Fig. 2 Setup of surgery area and microcapillaries. (a) The surgery area is set up with the heating pad set at
37 �C, the paper towel in the center of the heating pad, the sterilized surgical tools (ring forceps, micro-
dissecting forceps, scissors, suture clamps), and the flexible fiber-optic arm and overhanging light sources in
position. (b) A fine, closed tip with a long taper is formed after the glass microcapillary is pulled. (c) The
microcapillary tip must be cut at an oblique angle to produce a sharp tip that can penetrate the mouse uterine
wall. At least two microcapillaries are cut and filled with plasmid DNA/Fast Green solution before surgery is
commenced. Scale bar in (b) and (c), 2 mm
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3.1.3 Plasmid DNA Prepare the desired concentration of plasmid DNA, typically
between 0.5 and 2.0 μg/μl, into 0.025 % Fast Green solution
(final concentration) made in sterile PBS. At this concentration,
Fast Green is nontoxic to the embryo and allows the plasmid
solution to be visualized during injection into the ventricle. The
DNA/Fast Green preparation can be stored at 4 �C until needed.

3.1.4 Anesthetic and

Analgesic Solutions

Prepare working solutions of a mixture of 15 mg/ml ketamine and
1.5 mg/ml xylazine, and 30 mg/ml buprenorphine, both in sterile
PBS.

3.1.5 Microinjector Connect the Picospritzer II microinjection system to a nitrogen gas
line regulated at approximately 100 psi. Regulate the nitrogen
pressure from the Picospritzer to the capillary holder at
10–15 psi, and the injection pulse time to 100 ms. Connect the
foot pedal for hands-free initiation of microinjection pulse.

3.1.6 Microcapillaries Using a micropipette puller, pull the ends of several borosilicate
glass capillaries to form fine tips with a long (11–14 mm) taper
(Fig. 2b). The precise settings to produce these tips depend on the
size and age of the box filament, and the size of the glass capillaries,
but generally require settings with a high level of heat, pull force,
and pull velocity, but minimal (or no) use of air cooling. Using
scissors or forceps cut approximately 6 mm off each microcapillary
tip at an oblique angle, which will allow them to effectively pene-
trate through the uterine wall (Fig. 2c).

Load the desired volume of plasmid/Fast Green solution in the
back of at least two capillaries using microloading pipette tips. If the
capillary is longer than the pipette tip, the plasmid solution can be
pushed to the injection end of the capillary by firmly holding the
back end and forcefully flicking the capillary. Place one filled capil-
lary in the holder connected to the Picospritzer II, and leave the
other filled capillaries aside to allow for a rapid replacement in the
event that the existing capillary is broken or more plasmid is
required. Test the capillary injection onto a sterile surface to deter-
mine if the desired volume of plasmid (0.5–1.0 μl) can be delivered
within a few seconds. If the injection capacity is insufficient, cut off
an additional millimeter of the capillary tip to increase the tip
diameter and its outflow. If different plasmids will be injected into
each hemisphere, pull and load separate capillaries for each plasmid
prior to beginning the surgery.

3.1.7 Electroporator Connect the 0.5 mm diameter microelectrodes to the ECM 830
electroporator. Connect the electroporator foot pedal for hands-
free activation of square wave pulses.
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3.2 Procedure for

Surgery and IUE

1. Weigh the animal and anesthetize with approximately 4.5 μl/g
body weight of the ketamine/xylazine working solution via
intraperitoneal injection; for example for a 30 g pregnant
dam, inject approximately 0.14 ml ketamine/xylazine.

Once the animal is sedated, inject 0.1 ml of the buprenor-
phine working solution subcutaneously. Place the mouse on the
heat pad and, without compromising the animal’s respiration,
tape down the four limbs to stabilize the animal during surgery
(Fig. 3a).

2. Place a liberal amount of Vaseline over the animal’s eyes to
prevent them from drying during surgery. Apply hair removal
cream to the abdomen and wipe this area to remove the hair.
Wash the abdomen thoroughly with PBS followed by chlorhex-
idine antiseptic solution to sterilize the area before incision.

Cut out a crescent-shaped hole, approximately 30 mm in
length, from the center of a sterile gauze swab and place onto
the hair-free area of the abdomen (Fig. 3a).

3. Perform a caesarian section via midline laparotomy to reveal the
embryos. Grasp the abdominal skin or muscle with the serrated
micro-dissecting forceps and use the surgical scissors to make

Fig. 3 Midline laparotomy and exposure of right uterine horn at E10. The dam is placed in a supine position on
the paper towel and adhesive tape is used to secure the forelimbs and hindlimbs (a). A midline laparotomy is
performed using serrated micro-dissecting forceps and surgical scissors on the abdominal skin (b) and muscle
(c), and 3–4 embryos from one uterine horn are extracted from the abdominal cavity at a time for
electroporation (d). The rostral-caudal length of one embryo within the uterus is indicated in (d)
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two identical midline incisions, each approximately 12–14 mm,
through the muscle and skin (Fig. 3b, c). During the muscle
incision, take care to avoid piercing major blood vessels and
organs such as the intestines or bladder.

4. Gently extract the uterine horns from the abdominal cavity with
ring forceps and lay them on the gauze (Fig. 3d). Liberally
administer warm PBS over the uterus and vasculature through-
out the entire surgery to prevent the tissue from drying out and
to maintain the mother at a stable warm temperature. To ensure
that the embryos remain within the warm environment of the
abdominal cavity for as much as possible during surgery, extract
only 3–4 embryos at a time and reposition embryos back inside
the abdominal cavity once they are electroporated before extract-
ing the next embryos. Later stage embryos are larger and require
extraction of the entire uterine horn to prevent contortion of the
uterus and damage or occlusion of the uterine arteries.

The embryos can be rotated within the amniotic sac by using
cotton tips and ring forceps; however, avoid applying too much
pressure to each embryo since this could break the amniotic sac
and potentially cause the embryo to reabsorb. For further
information on handling the embryos during surgery and
achieving a high survival rate, see Note 5.1.

5. At E11 the major cranial dural sinus vessels can be identified
and used as a reference for determining the position of the
telencephalic hemispheres. However, at E10 these major ves-
sels are not apparent and visualization of the telencephalon at
E10 is not possible through conventional overhead light
sources. Instead, the telencephalon must be identified by plac-
ing the fiber-optic light source directly against the uterus in
order to illuminate the embryos through the thick uterine wall
and orienting the embryo with the dorsal side of the brain
facing up (Fig. 4a, b). Once the position of the hemispheres
has been identified (Fig. 4b, c), it is important to stabilize the
embryos to avoid damaging the telencephalon during microin-
jection of the plasmid DNA. A convenient approach is to use
the fingers and thumb of one hand to gently hold the light
source against the uterus, and place a cotton tip under the
uterus for further stabilization and positioning as shown in
Fig. 4a. Once the cotton tip is positioned, hold the microcapil-
lary or electrodes with the other hand (Fig. 5a, d).

6. Target the capillary tip to penetrate into the middle of one
telencephalic hemisphere (Fig. 5b, c) and microinject
0.5–1.0 μl of plasmid DNA (mixed with 0.025 % Fast Green
dye in sterile PBS) into the lateral ventricular space. This injec-
tion volume typically requires 3–5 � 100 ms pulses at
10–15 psi. It is important to inject the embryos carefully to
avoid causing excess cortical damage and that the injection site
is outside the intended region of electroporation (seeNote 5.2).
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Note that the ventricles are more openly connected at early
embryonic stages and it is important not to inject excess plas-
mid; otherwise it may diffuse throughout the ventricular space
and into the opposing hemisphere, resulting in undesired label-
ing. A small plasmid volume (no more than 1.0 μl) will ensure a
more restricted area of electroporation and reduce the chance
of transfecting cells in unwanted areas.

7. Position the positive electrode above the targeted cortical area
and position the negative electrode on the uterus in such a way
as to achieve the desired angle of electroporation. Figure 5e, f
shows the position of the electrodes for the electroporation of
the dorsal lateral telencephalon, and Fig. 5g shows a schematic
(in coronal view) of the orientation of the electrodes relative to
the embryo.

Electroporate the plasmid DNA into the target neuroepithe-
lial tissue using five square wave pulses of 20–25 V, each at
50 ms, with 1-s interval. It is important that the electrodes have
the correct orientation and are kept steady to ensure that the
correct region is electroporated, and that some pressure is
applied to the electrodes to ensure that their terminals are in
complete contact with the uterine wall (Fig. 5e).

Medially positioned cortical areas such as the cingulate cortex
or hippocampus are more difficult to electroporate because of
their position within the developing brain, but can be accessed
by an indirect method of electrode placement. For example, the

Fig. 4 E10 embryo illumination and stabilization immediately prior to plasmid DNA injection. The flexible fiber-
optic light source is positioned directly against the uterus to illuminate each embryo, and a cotton tip is used to
stabilize the position of the uterus (a). Once the embryo is oriented with the ventral side facing up, the
telencephalic hemispheres can be identified (b). The orientation of the illuminated embryo and position of the
telencephalic hemispheres shown in (b) are depicted in the schematic in (c). Scale bar in (b), 2 mm
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cortical hem is located within the medial aspect of the dorsal
telencephalon, but can be specifically targeted within one hemi-
sphere using the electrode orientation shown in Fig. 5h.

Fig. 5 Plasmid injection and electrode placement on an E10 embryo for the electroporation of dorsal lateral
telencephalon. (a–c) Injection of plasmid DNA. Once the embryo is illuminated and secured in position (a), the
plasmid DNA is injected into one hemisphere and is visualized with the use of Fast Green (b). The position of
the injecting microcapillary with respect to the embryo is highlighted in white outline in (b), and the schematic
in (c) depicts this microcapillary injection. (d–f) Electroporation. In order to achieve the desired angle of
electrode orientation, the dam can be rotated on the heating pad (d). Once the embryo is stabilized, the
electrodes are applied with a small degree of pressure to ensure that they are in complete contact with the
surface of the uterus (e) and the electrical pulses are applied. The position of the electrodes with respect to the
embryo is highlighted in white outline in (e), and the schematic in (f) depicts this electrode placement. (g)
Dorsal lateral telencephalon electroporation. To target this region the positive electrode must be placed above
the lateral portion of the same telencephalic hemisphere to where the plasmid DNA is injected. (h) Cortical
hem electroporation. To target this region the positive electrode must be placed above the telencephalic
hemisphere contralateral to where the plasmid DNA is injected. Scale bar in (b) and (e), 2 mm
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8. Repeat steps 6 and 7 for each embryo, remembering to stabilize
the embryo position prior to plasmid injection.

9. Once all embryos are electroporated, position the uterine horns
back inside the abdominal cavity in their original positions and
apply some warm PBS within the cavity. Apply a running suture
to close the abdominal muscle incision (Fig. 6a), followed by a
running suture to close the abdominal skin incision (Fig. 6b).
Wipe the sutured skin with chlorhexidine solution.

10. Administer 1–2 ml of Ringer’s solution subcutaneously to
dilute the anesthetic and prevent dehydration of the animal.

11. Transfer the animal to the recovery chamber heated to 37 �C,
monitor its recovery until it is able to walk and easily access its
food and water supply, and then transfer back to its animal cage
at room temperature.

12. Inspect the dam on the next day and administer analgesic
solution subcutaneously if there are signs of pain or suffering.
For further information on ensuring survival of the dam after
surgery, seeNote 5.3.

13. To prepare embryonic electroporated brains for histology,
euthanize the dam at the desired stage of embryonic develop-
ment, and dissect the embryos from the uterus. Dissect the
brain from each electroporated embryo and drop-fix in 4 %
paraformaldehyde (PFA) overnight at 4 �C. The next day, rinse
brains in PBS and prepare fixed tissue for sectioning.
To prepare postnatal electroporated brains for histology,

euthanize pups with an intraperitoneal injection of pentobarbital
sodium solution (100 μg/g body weight). Perform transcardial
perfusion of 0.9 % sodium chloride solution, and a perfusion of
4 % PFA. Dissect the brain from each electroporated pup and

Fig. 6 Suturing of the abdominal muscle and skin. Once the embryos are electroporated, the uterine horns are
positioned back inside the abdominal cavity in their original positions and warm PBS is applied into the cavity.
The abdominal muscle is then closed using a running suture along the line of incision tied off with a knot at the
rostral and caudal ends (a). This running suture method is repeated to close the abdominal skin incision (b).
Scale bar, 10 mm
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post-fix in 4 % PFA overnight at 4 �C. The next day, rinse brains
in PBS and prepare fixed tissue for sectioning.

3.2.1 Multiple

Electroporations

The procedure described above can be used for the electroporation
of a cortical area at a single developmental stage; however, an
additional electroporation on the same embryos can be performed
at a later stage. Multiple electroporations performed over time can
be used for the differential transfection of cortical layers generated
at different stages. For example, performing electroporations 5 days
apart, at E10 and E15, will differentiate cortical layers II/III from
the subplate (see Fig. 1). For the second surgery, it is recommended
to re-weigh the dam to ensure that an appropriately higher volume
of anesthetic solution is injected given the relatively larger size of
the embryos. In addition, remove the previous suture silk and
perform the midline laparotomy along the previous incision to
minimize the wound area. The voltage settings must also be
increased to ensure efficient electroporation (for example,
30–35 V at E15).

For later stage embryos, it is also possible to perform two
electroporations within the same embryo at a single developmental
stage, and this technique has been commonly used to transfect
different fluorescent protein expression plasmids to investigate or
manipulate the development of different areas. For example, Zhou
et al. [21] used this technique to electroporate different fluoro-
phores between S1 and the primary motor cortex in E15.5 mice in
order to distinguish the axon bundles from these two areas and
their relative position within the corpus callosum. In addition,
Suárez et al. [20] electroporated the inward-rectifying potassium
channel, Kir2.1, into the right and left S1 at E15.5 to disrupt
neuronal activity in both hemispheres. To perform multiple spatial
electroporations, it is recommended to wait for 30 min between the
two electroporations, during which time an additional small vol-
ume of anesthetic solution is applied to the dam to prolong the
sedation and a PBS-soaked sterile gauze swab is placed over the
caesarian section.

4 Outcome of In Utero Electroporation

By 2.5–3.0 days after electroporation of the dorsal telencephalon at
E10 using the configuration shown in Fig. 5g, fluorescence is
observed in a patch 400–500 μm wide in a lateral portion of the
cortex. Transfected progenitor cells in the ventricular zone are
observed radially migrating to the preplate layer (Fig. 7a0) and
also beginning to extend corticofugal axonal projections to subcer-
ebral targets (Fig. 7a). By 5.5–6.0 days after electroporation, trans-
fected progenitor cells are present in the subplate and cortical plate,
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Fig. 7 Outcomes of electroporation of the developing cortex with pCAG-EGFP at E10. (a) Coronal view of E13
cortex after electroporation of pCAG-EGFP in E10 dorsal telencephalon shows 400–500 μm wide region of
electroporation, and the initial extension of corticofugal projections from these EGFP-positive transfected
cells. (a0) At higher magnification, the site of electroporation is indicated by the region of radial migration of
fluorescent progenitor cells to the PP layer from the VZ. (b) A horizontal section of E13 cortex after
electroporation of pCAG-EGFP at E10 in the cortical hem shows tangential migration of transfected Cajal-
Retzius cells from medial to lateral portions of the cortex. (c) A coronal view of E16 cortex after electroporation
at E10 in the dorsal telencephalon. The density of fluorescent cells appears to increase at the caudal edge of
the electroporation site since this coincides with the change in laminar structure at the edge of the neocortex.
(c0) Within the region of electroporation, transfected cells are present in the cortical plate and subplate. CP
cortical plate, IZ intermediate zone,MZmarginal zone, PP preplate, SP subplate, VZ ventricular zone. Scale bar
200 μm in (a)–(c), and 50 μm in (a0) and (b0)
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and are observed migrating radially with leading processes extend-
ing toward the pial surface (Fig. 7c, c0).

2.5–3.0 days after electroporation of the cortical hem at E10
using the configuration shown in Fig. 5h, tangential migration of
transfected Cajal-Retzius cells is observed throughout the cortex.
In the horizontal section shown in Fig. 7b, fluorescent cells are
observed migrating from the medially located cortical hem to
lateral regions of the cortex.

A low or lack of fluorescent signal in the cortical tissue may
indicate a problem with the plasmid, microcapillary, injection, or
electrodes. See Note 5.4 for troubleshooting these problems.

5 Notes

5.1. Embryo Handling and Survival
Often an initial difficulty with the electroporation of embryos
at E10 is the low survival rate of the embryos given their
greater vulnerability to external manipulation compared with
later stages of gestation. Ensure that the uterus is handled
gently using the ring forceps and cotton tips. In particular
avoid contact with the placenta of each embryo and the
dorsal, vascularized surface of the uterus, and do not place
the electrodes on these structures to prevent cauterization of
the vasculature. In addition, avoid excessive pulling or twist-
ing of the uterine horn, particularly of the terminal embryos
adjacent to the ovaries and fundus/cervix, as this could cause
reabsorption of all the embryos in the horn at early stages of
gestation. It is also recommended to avoid electroporation of
these terminal embryos.
Furthermore, a high embryo survival rate can be achieved

by not using an electroporation voltage greater than 25 V,
and after surgery, ensuring that the uterine horns are not
twisted or contorted when placed back inside the abdominal
cavity to prevent occlusion of the uterine blood supply.

5.2. Reducing Cortical Damage During Microinjection
A localized region (approximately 50 μm radius) of cortical
damage is normally caused by microcapillary injection. To
avoid causing excess cortical damage, ensure that the embryo
is stabilized and that the microcapillary tip is not blunt and
has an oblique angle cut before each injection. Furthermore,
do not inject an excessive volume of plasmid solution into the
telencephalon. The injection volume can be monitored by
marking the volume increments along the outside of the
microcapillary.
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5.3. Dam Survival
Monitoring the dam’s breathing is required during surgery
to ensure that the animal is responding normally to the
anesthesia, and should continue to be monitored closely
after surgery while in the heated recovery chamber. To ensure
that the dam recovers quickly from sedation, it is important
that the appropriate dosage of ketamine and xylazine relative
to the weight of the dam was given prior to surgery. The
dosage recommended here should produce a maximum
sedation time of 1 h. It is also important that there is no
excessive bleeding during surgery, by ensuring that the lapa-
rotomy is performed carefully along the midline of the
abdominal skin and muscle and avoiding damage to major
blood vessels.

5.4. Troubleshooting a Low or Lack of Fluorescent Signal

– Check the plasmid by verifying the fluorescent protein
sequence, and ensuring an appropriate promoter is used.
The cytomegalovirus (CMV) early enhancer/chicken
beta-actin (CAG) promoter drives high levels of expres-
sion in cortical neurons [22] and has been shown to be
more efficient than the CMV promoter alone [23]. Plas-
mid expression can be tested in vitro first by transfection
into an appropriate cell culture line.

– Microcapillary blockage: Check that the microcapillary tip
is open and that there is outflow of plasmid DNA solution
before injection. It should be possible to visualize the Fast
Green solution entering the telencephalon during
injection.

– Mis-targeting of the intended region of electroporation:
Ensure that the embryo is illuminated to assist with the
identification of the telencephalic hemispheres and that
the microcapillary penetrates the embryonic tissue at the
correct depth.

– Check the electrodes: Ensure that these are functional by
testing an electric pulse in PBS solution and observing the
appearance of bubbles during each pulse. Also avoid
cleaning electrodes with ethanol as this may damage the
platinum surface and reduce their conductivity.

6 Final Remarks

IUE is a valuable technique for the transfection of cortical cells and
can be used to manipulate the expression of many different genes in
vivo. While electroporation is often used in later stages of gestation
to target the later born cortical plate neurons, this technique can be
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performed at early stages of development to transfect cells in the
early cortical plate. The protocol described in this chapter involves
features optimized for early-stage IUE, such as techniques and
equipment for improved visualization, injection, and electropora-
tion of the embryos. Furthermore, the technique can be used for
the transfection of multiple plasmids with temporal variation,
allowing for the possibility of differential labeling between the
subplate and cortical plate layers.

A further modification to the technique to enable cell lineage
tracing within a target region is the integration of exogenous genes
within the genome of electroporated cells via the incorporation of
Tol2 or Piggybac transposition sequences in the expression vector
[24, 25]. Genome integration via IUE has previously been used for
the expression of advanced reporters such as Brainbow transgenes,
which contain multiple fluorophores co-expressed in random com-
binations upon Cre-mediated recombination. This technique pro-
vides a method for the detection of individual neuronal progenitor
cells and their lineages, including those of cortical neurons by the
differential expression of reporter genes [26].

Overall IUE provides significant advantages over conventional
transgenic approaches by providing specific spatial and temporal
precision. It provides a means for assaying neurons in vivo and can
be used to generate chimeric tissue to investigate gene function.
Combining this delivery technique with the sophisticated DNA
construct technologies described above greatly extends the capabil-
ities for investigating important questions in cortical development.
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Chapter 2

In Utero Electroporation Methods in the Study of Cerebral
Cortical Development

Isabel Martı́nez-Garay, Fernando Garcı́a-Moreno, Navneet Vasistha,
Andre Marques-Smith, and Zoltán Molnár

Abstract

Research in the field of cortical development has benefited from technical advances in recent years, and tools
are now available to label, monitor, and modulate cohorts of cerebral cortical neurons using in vivo
approaches. Substantial populations of cerebral cortical neurons are generated in a specific sequence by
the radial glia progenitors that line the ventricular surface during development. These radial progenitors
self-renew and generate intermediate progenitors or neurons in a precisely choreographed fashion. Elec-
troporation or electropermeabilization is a method that uses electric pulses to deliver molecules into cells
and tissues. The in utero electroporation method has enabled the field to administer plasmids to these
neural progenitors, allowing temporal and cell type-specific control for the manipulation of gene expres-
sion. For this reason, in utero electroporation has become a central technique in the study of key aspects of
neural development, such as progenitor proliferation, neurogenesis, neuronal migration, and circuit for-
mation. This method has also facilitated the exploitation of cell lineage and optogenetic techniques in
various species from chick to gyrencephalic higher mammals. This chapter provides a description of the
method and gives some examples for its utility in the study of cerebral cortical development and evolution.

Key words Electroporation, Cerebral cortical neurogenesis, Neuronal migration, Radial glia, Inter-
mediate progenitors, CLoNe, Cell lineage, Optogenetics

The neocortex develops from the telencephalic vesicles over the
course of a few days in mice [1]. The initial cell divisions primarily
take place in the germinal zone surrounding the lateral ventricle—
the ventricular zone (VZ)—from which cells migrate to the cortical
plate. There are spatial and temporal distinctions in the generation
of the neurons that will populate the cerebral cortex. Pyramidal
neurons and interneurons are generated in different sections of the
ventricular zone [2]. The glutamatergic pyramidal neurons arise
from the VZ directly underneath the cortical wall and migrate
radially towards the pial surface. On the other hand, interneurons
arise from the lateral and medial ganglionic eminences (future
striatum or basal ganglia) and migrate tangentially into the cortex
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[3]. But irrespective of their site of origin, cortical neurons eventu-
ally settle in the cortex in an inside-out manner, such that late-born
neurons settle in progressively more outward layers [4]. For pyra-
midal neurons this means that the later born cells must migrate past
their older cousins to reach their final position in cortex. The
processes of interneuron and pyramidal cell migration occur simul-
taneously and are likely to influence each other.

Because of the spatial and temporal characteristics of the devel-
oping cortex, in utero labeling methods can target specific cortical
cell populations or cohorts at specific locations at specific stages of
development. During the period of embryonic neurogenesis the
radial glia progenitors are exposed to the ventricular surface
through their end feet [5, 6]. This anatomical arrangement gives
access to these progenitors to label them through different meth-
odologies, including retrovirus-mediated gene transfer [7] or lipid-
soluble carbocyanine dyes [8].

Current knowledge about the cellular mechanisms of prolifera-
tion and cell migration as well as the molecular cues that direct
these processes was initially derived from cell culture and mutant
mouse studies [9]. The routes of migration were analyzed by dye
tracing techniques and retroviral labeling of clonally related cells
both in wild-type and mutant mouse lines [10–12]. In recent years,
further characterization of proliferation, fate specification, and
migration mechanisms has been conducted using in utero electro-
poration as the main technique.

1 General Principles of In Utero Electroporation

In utero electroporation uses electric pulses to deliver DNA (plas-
mid constructs) to the progenitor cells lining the ventricles of the
brain and it is performed on living embryos that are then allowed to
further develop in utero until the desired embryonic or postnatal
age [13–17]. The timing and location of the electroporation can be
exploited in targeting specific cohorts of cortical neurons to study
progenitor proliferation, neurogenesis, neuronal migration, axon
pathfinding, and spine or circuit formation. This method also
allows the combination of cell labeling with gain-of-function or
loss-of-function experiments where specific mouse lines are not
available. In addition, it has aided the exploitation of whole-cell
lineage and optogenetic techniques [18–20].

The basic pattern of electroporation involves the injection of
the plasmid DNA next to the cell group of choice. This injection is
usually performed into the ventricular system for several reasons.
First, the progenitors’ endfeet line the ventricles, so that the DNA
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can be delivered to them. Second, the ventricles are easy to target,
enhancing reproducibility between experiments. And third, the
potential damage to the tissue architecture caused by the injected
volume is minimized when injecting into an already fluid-filled
cavity instead of within the tissue. Following injection of the con-
struct or constructs, electrodes are used to deliver electric pulses to
the area of interest. These pulses induce the transient disruption of
the plasma membrane lipids and promote the generation of pores.
As a result, the cell permeability increases, allowing the introduc-
tion of the plasmids into the progenitor cells, which will then pass
on the plasmids to their cellular offspring as they divide. Because
DNA is negatively charged at normal pH, the polarity of the
electrodes should be considered to direct the DNA into the tissue.
The specific parameters for the electroporation have to be opti-
mized for different areas of the nervous system, taking into account
the specific region of interest and the age of the embryo. Transfec-
tion efficiency depends on the duration of the pulse, the number of
electric pulses, and the pulse voltage [15]. Depending on where the
plasmid DNA solution was injected and how the electrodes were
oriented, different cell populations will be transfected. The
achieved transfection is transient and it is specific for the time and
area.

The use of different electrodes (paddle or needle) can refine the
in utero electroporation technique because their position and size
determine the size of the region transfected. This can vary from a
few localized cells to the entire ventricular surface with a large
cohort of labeled cells. The localized transfection is desired when
the aim is to trace the migratory routes of cells. A more robust and
general pattern of electroporation is required if the aim is to char-
acterize gene function in a larger cell population.

There are several detailed descriptions and examples for
applications in various systems in mouse: telencephalic inhibitory
neurons [21, 22]; hippocampal primordium [23, 24]; precere-
bellar neurons [25]; adult hippocampal pyramidal neurons [26];
hippocampal dentate gyrus [27]; retinal ganglion cells [28];
developing cerebral cortex [29]; hypothalamic neurons [30];
and analysis of gene regulatory elements in the murine telen-
cephalon [31]. More detailed description of in vivo electropora-
tion in the embryonic mouse central nervous system is presented
by Saito [32]. In publications of Walantus et al. [33], and Dixit
et al. [34], the authors also present some very informative videos
of the method. In the case of early neurogenic embryos (E10.5)
an ultrasound-guided injection system such as VeVo 770 (Visual-
Sonics) is recommended for visualization of the ventricles and
the needle tip [30].
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2 Specific Description of the Cerebral Cortical Electroporation in Mouse Modified
from Shimogori [15] and Chen et al. [40]

2.1 Mouse

Preparation

To induce general anesthesia, place the timed-pregnant mice in the
induction chamber with 3.5 % isoflurane. When the dam is asleep
and the breathing slows down, connect the anesthesia machine to
the face mask with 3.5 % isoflurane. Put some artificial tears on the
eyes before placing the animal on the heat blanket with the head in
the face mask.

Shave the abdomen of the dam and rub it with antiseptic. A
subcutaneous injection of buprenorphine (0.08 mg/kg) is given at
the beginning of the surgery to allow action by the end of the
surgery (usually within 20–30 min). Place a sterile drape over the
animal. At this stage, isoflurane can be decreased to 2–1.5 %.

2.2 Surgery Make a small incision on the skin following the vertical midline
(2–3 cm or less, depending on the stage of the pregnancy). Use the
ring forceps to separate the skin from the abdominal wall and then
cut the midline abdominal wall (linea alba), making a shorter
incision than before (2 cm or less).

Hold the skin and abdominal wall with the forceps and use the
ring forceps to gently pull the mobile part of the uterine horns out.
Pull gently in between embryos to avoid any damage and be very
careful with the blood vessels. Once the uterine horns with the
embryos are exposed, keep them always wet with warm (37 �C),
sterile saline solution using a plastic Pasteur pipette. Place moist-
ened cotton gauze draped around the incision.

2.3 Injection Embryos are visualized through the uterus with a fiber-optic light
source. Inject the plasmid DNA (usually 1 μg/μl) mixed with fast
green (0.5 %) into the ventricle using a glass capillary. The glass
capillaries are pulled beforehand to create very thin needles using a
micropipette puller. To minimize damage to the uterine wall and to
the skull and brain of the embryo, the size of the needles must be
precisely controlled (the needle should be pulled to produce a thin
tip along the last part of the electrode, no more than 50 μm). The
Fast Green dye allows visualizing the filling of the ventricles.

2.4 Electroporation Once the ventricles are filled with DNA and the indicator dye, the
electrodes are dipped into the saline solution to wet them and
placed on both sides of the embryo’s head. The structure of the
brain that needs to be electroporated dictates the placement of the
electrodes, with the positive electrode next to the area to be elec-
troporated, generally. The placenta and the heart should not receive
the electrical shock. For more localized electroporation needle
electrodes can be used. These electrodes are homemade [15] or
commercially available. These have to be positioned (inserted into
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the skull) according to the region of interest. Their size should be
kept to the minimum to avoid damage to the uterine wall.

2.5 Closure of

Incision

Once all desired embryos have been electroporated, they are rinsed
again with warm sterile saline solution, and carefully placed back
inside the dam. When the uterus is back in place, warm sterile saline
solution is put into the abdominal cavity for further rinsing and for
rehydration. The abdominal wall is sutured first, and then the skin is
sutured or stapled. It is important to keep the surgery time to
minimum and do not exceed 30 min. An injection of NSAID
(e.g., Metacam, at 1–2 mg/kg) is given subcutaneously to the
dam, which is then placed in a recovery chamber to keep her
warm before being returned to the cage.

3 In Utero Electroporation and the 3 Rs

The use of animals as experimental subjects should always be done
within the ethical framework provided by the three Rs: replace-
ment, reduction, and refinement. Wherever possible cortical devel-
opment should be studied in vitro. However the cortex is a very
complex structure and some processes, like tridimensional neuronal
migration, cannot be easily studied in vitro because they involve
different cells types and defined tissue architecture. These aspects
are more difficult to replicate in a dish. The in utero electroporation
technique can reduce the overall number of animals used for loss-
of-function (LOF) or gain-of-function (GOF) experiments. Some
of these LOF and GOF experiments involve otherwise conditional
KO lines, which can require larger colonies. Using electroporation
decreases the need for transgenic mouse colonies, as genes can be
knocked down using shRNA. Because in utero electroporation
involves surgery with recovery, refinement of the whole process is
especially critical. There are several considerations in anesthesia,
surgical procedures, and postoperative care that can refine this
method (see Box 1.).

Box 1 Refinement Strategies for in Utero Electroporation

– A combination of isoflurane and buprenorphine is used for
anesthesia, and absence of pedal reflex is used to assess surgi-
cal depth.

– NSAIDs are used for postoperative pain relief and can be
administered as jelly for continuous dosage after surgery.

– Aseptic surgical techniques are used in designated area within
the procedure room.

– The mouse is kept on a heated pad during and after surgery.

(continued)
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– Artificial tears are used to prevent the eyes from drying.

– During surgery the exposed uterus is kept wet with sterile,
warm 1� PBS while exposed.

– Embryos are handled as gentle as possible. The two embryos
nearest the cervix should not be injected.

– The mouse is kept hydrated during and after surgery.

– Recovery is closely monitored and the animal is checked
several times a day after surgery.

– If there are any signs of discomfort after 14 h, another injec-
tion of buprenorphine is administered.

– Pulse parameters are determined in in vitro experiments and
then adjusted for the age of the embryos.

Age Volts (mV) Pulse length (ms) Interval (ms) No. of pulses

E12.5 30–35 50 950 4–5

E13.5 35 75 950 5

E14.5 40–45 75–100 950 5

E15.5 50 100 950 5

4 Applications

4.1 Parameters In utero electroporation is a very versatile technique that allows
analysis of a variety of aspects of cortical development. There are
four main parameters that can be adjusted according to the process
that is being studied.

4.1.1 Time of

Electroporation

Depending on the embryonic day that is chosen for the surgery,
neurons predominantly located in different layers can be targeted.
This allows analysis of specific populations and their intrinsic proper-
ties. Note the difference between the cortical neuronal population
electroporated at E12.5 and E14.5, both examined at lateral cortex
at E18.5. The electroporation at E12.5 primarily targets layer 6
and 5 neurons, whereas at E14.5 labels layer 2–4 neurons (Fig. 1).

4.1.2 Interval Between

Electroporation and

Harvesting of the Brains

By keeping the interval short (1–2 days), proliferation of neuronal
precursors and neurogenesis can be studied. Longer intervals
(3–4 days) allow the analysis of different migration modes (glia-
guided migration and terminal translocation). To study laminar
fate, neuronal differentiation, and dendritogenesis, the post-
electroporation time can be extended until the embryos are born
to harvest the brains postnatally. All panels in Fig. 2 have been

Box 1 (continued)
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Fig. 1 Electroporation at different developmental stages targets different neuronal layers. Control plasmid
expressing EGFP as a reporter was electroporated into the lateral ventricle of C57Bl6/J embryos at two
different embryonic stages. One litter was electroporated at E12.5 and another at E14.5. Brains were
dissected for analysis at E18.5. Electroporation at E12.5 targets mainly deep-layer neurons (layers VI and
V, left panel), whereas upper layer neurons (layers IV and II/III, right panel) are labeled if the electroporation is
performed at E14.5. Labeling in blue shows counterstaining of nuclei with ToPro for the observation of gross
morphology. VZ ventricular zone, SVZ subventricular zone, IZ intermediate zone, CP cortical plate,MZmarginal
zone

Fig. 2 In utero electroporation can be used to study different processes during corticogenesis. Control plasmid
expressing EGFP as a reporter was electroporated into the lateral ventricle of C57Bl6/J embryos at either
E14.5 or E15.5. Brains were harvested 2, 3, 4, or 15 days later. Two days after electroporation many
progenitors are still labeled in the ventricular and subventricular zones (VZ and SVZ, respectively). One day
later, labeling is almost restricted to migrating neurons, which span the majority of the cortical wall, from the
SVZ to the top of the cortical plate (CP). Four days after electroporation most of the neurons have reached the
top of the CP, although some of them are still migrating. After 15 days, electroporated neurons are
differentiating in their layers, and their dendritic arbor and axonal projections can be analyzed. Labeling in
blue shows counterstaining of nuclei with ToPro for the observation of gross morphology. VZ ventricular zone,
SVZ subventricular zone, IZ intermediate zone, CP cortical plate, MZ marginal zone

In Utero Electroporation Methods in the Study of Cerebral Cortical Development 27



electroporated at E14.5, but studied at different stages (2, 3, 4, or
15 days after electroporation).

4.1.3 Various Types of

DNA Injected

There is a wide choice of DNA constructs that can be used for in
utero electroporation depending on the experimental aims. The
following list is not meant to be comprehensive, but it provides
an overview of the possibilities:

– The simplest scenario involves using a eukaryotic expression
plasmid with a reporter to label a specific cell population. The
reporter gene expression can also be targeted to the nucleus, the
cytoplasm, the cell membrane [18], or many other organelles.

– More than one plasmid can be electroporated. It is known that
two vectors co-transfected at the same high concentration can
virtually reach a global co-transfection [35]. Additionally, by
artificially increasing the concentration of a construct A over
other plasmid B we can make sure that all B-expressing cells
will possess a copy of the construct A [18].

– For LOF experiments, plasmids encoding shRNAs against genes
of interest can be used [36] or dominant negative forms of
proteins or enzymes can be electroporated. In addition, if no
appropriate Cre-expressing transgenic mouse line is available for
LOF experiments in a cortical cohort, then electroporation of a
plasmid encoding Cre-recombinase into floxed animals could be
considered. Figure 3 shows an example of the effect of two
different mutant proteins on the migration of cortical neurons.
Electroporation was performed at E14.5 and the distribution of
the neurons 4 days later varies depending on the construct
electroporated. In Mutant 2 the cohort of migrating neurons
is less advanced than in Mutant 1 or the Control.

– For GOF experiments, constitutively active forms of proteins or
enzymes can be used, as well as overexpression of full-length
proteins to analyze the effects of overexpression.

– Longer term lineage studies require a stable transfection of the
progenitors, something that can be achieved with the inclusion
of transposase [37–39] (see example and variations of the tech-
nique below).

4.1.4 Promoter to Drive

Expression of the DNA

The use of a general promoter will direct expression of the plasmid
from the moment it is internalized by the progenitors, being active
both in progenitors and neurons. By using a neuronal specific
promoter, expression can be restricted to the neuronal progeny,
and cell type-specific promoters can further restrict expression to
particular neuronal types. If a promoter of our choice drives the
expression of Cre, STOP-floxed fluoroprotein cassettes can be
selectively activated in the population that uniquely expresses our
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favorite gene. As an example, Emx2 or Dlx1/2 enhancer sequences
can trigger the expression of the reporter gene in either dorsal
pallial or subpallial progenitors, respectively [18].

4.2 Examples

4.2.1 Electroporating

STOP-Floxed Fluoroprotein

Expressing Plasmids into

Cre-Expressing Lines

In mouse models where a specific cortical progenitor population
expresses Cre, one can reveal the lineage by electroporating stop-
floxed fluoroproteins. Such an approach has been used to label the
lineage from Tbr2 intermediate progenitor neurons in Tbr2Cre

pregnant mice at 12.5 dpc (E12.5) [19].

4.2.2 CLoNe Method to

Label Cortical Cell

Lineages

More recently a binary piggyBac transposon system to induce geno-
mic integration of a unique and permanent combination of fluores-
cent fluoroproteins has been developed to label cortical cell lineages
[18]. These transgenes do not appear to inactivate after cell divi-
sion, and this results in stable somatic cellular transgenesis of neu-
rons and glia. This method uses a cocktail of transposase-expressing
plasmid and STOP-floxed fluoroprotein-expressing plasmids that
target the expression to nucleus, cell membrane, or cytoplasm [18].

Fig. 3 Functional analysis of neuronal migration using in utero electroporation. C57Bl6/J embryos were
electroporated at E14.5 with either control plasmid expressing EGFP as a reporter or bicistronic plasmids
expressing dominant negative forms of two different proteins and EGFP. Brains were analyzed at E18.5.
Neurons electroporated with control plasmid have reached the top of the CP after 4 days and form a tight band
there. In contrast, neurons expressing the mutant proteins are still in the intermediate zone (IZ) or the lower
half of the CP after the same amount of time, suggesting that the dominant negative forms of the proteins are
interfering with normal migration. Labeling in blue shows counterstaining of nuclei with ToPro for the
observation of gross morphology. VZ ventricular zone, SVZ subventricular zone, IZ intermediate zone, CP
cortical plate, MZ marginal zone
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In the case of the study of intermediate progenitors [19] this
cocktail labels clonal progenies of focally electroporated progeni-
tors that pass through a Tbr2+ lineage with the same combination
of fluorophores, thus enabling their detection [18, 19, 37, 39, 40]
(Fig. 4). The huge combinatorial variability of the fluorescent hue,
inherited by sibling cell, reveals clonal relationship.

4.2.3 Silencing of

Specific Neuronal

Populations

Overexpression of the inwardly rectifying potassium channel Kir2.1
in neurons hyperpolarizes them, resulting in less excitable neurons
and a decrease in neuronal activity [41]. In utero electroporation
can be used to direct the expression of this channel to specific
neuronal populations to silence them. In this way, the effects of
neuronal activity or the lack thereof on cortical development can be
assessed. This approach has been used to study thalamocortical
axonal growth into the cortex [42] and callosal targeting by the
axons of layer II–III neurons [43].

Fig. 4 Clonal lineage analysis of progenitor cells using Cre-activated fluoroproteins. Analysis of clonally
derived cells can be carried out by in utero electroporation of STOP-floxed fluorescent labels. In this example,
a mixture of fluorescent plasmids were electroporated into the lateral ventricle of Tbr2Cre mice to study and
analyze the progenies of Tbr2+ intermediate progenitors in the Tbr2-Cre mouse at E12.5. (a) Schematic
representation of the in utero electroporation site. Fluorescent proteins are expressed only in the cells
expressing Cre (IPCs here) but not in radial glia (in black outline). The labels are stably inherited by the
neurons. Percentages of labeled cells derived from IPCs in each layer can be described in this manner. (b)
Labeling of IPCs and IPC-derived neurons is seen 2 days after electroporation. A variety of hues can be seen in
the SVZ, IZ, and CP but not in the VZ. (c) Analysis at P7 reveals a multitude of neurons labeled in different hues.
Neurons expressing similar set of fluorophores in the same regions can be recognized as clonally derived
cells. DP dorsal pallium, Spt septum, LV lateral ventricle, LGE lateral ganglionic eminence, VZ ventricular zone,
SVZ subventricular zone, dCP deeper cortical plate, uCP upper cortical plate, SP subplate, L layer,MZmarginal
zone
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4.3 Electroporation

of Optogenetic

Actuators and Other

Constructs for

Studying Functional

Circuit Development

In 1979, Francis Crick stated with extraordinary prescience the
need in neurobiology for what would decades later become the
great asset of optogenetic technology: “. . . a method by which all
neurons of just one type could be inactivated leaving the others
more or less unaltered” (Crick, p. 222) [44]. Broadly speaking,
“optogenetics” [45–47] refers to a general methodological frame-
work whereby optical stimulation methods are used to excite or
inhibit restricted populations of neurons engineered to be directly
[48] or indirectly [49–51] electrically responsive to light of a par-
ticular wavelength (Fig. 5). The most widely adopted approaches
involve expression of light-sensitive bacterial opsins: variants of
channelrhodopsin for neuronal activation and halo or archaerho-
dopsin for neuronal inactivation [48, 49, 52]. Other interesting
optogenetic methods involve expression of ligand-gated ion chan-
nels foreign to the mammalian genome, obtained by synthetic
design or mining and engineering the genome of nonmammalian
species. Spatial specificity of activation is conferred in this approach

Fig. 5 Optogenetics in neural circuits. (a) Electrical stimulation can indiscriminately activate target axons
(green), nearby axons from a different cell type (black), and axons of passage arriving from other areas (blue).
In reciprocally connected structures it may also lead to antidromic activation of recorded cells (black, top). (b)
Optogenetic stimulation circumvents these issues by restricting photoactuator expression to genetically
defined cell types. Only neurons expressing the photoactuator (channelrhodopsin, in this example) will be
activated by light (473 nm). These experimental conditions isolate the target pathway (green, thick line) for
detailed study
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by using and providing to the brain ligands which are made inert by
photosensitive chemical “cages” [46, 50]. Upon focal stimulation
with light of a particular wavelength, these ligands are rendered
active within a restricted region of tissue and become free to diffuse
and excite only cells which express the cognate receptor within a
short distance of the stimulated area.

Light lends itself well as a medium for neuronal stimulation. It
can be focused in three dimensions to excite extremely restricted
volumes of brain tissue and it can be scanned quickly using a variety
of technologies to iteratively stimulate neurons across regions of
space. This allows experimenters to record a neuron using electro-
physiology and use light to quickly probe multiple restricted
brain areas containing putatively presynaptic channelrhodopsin-
expressing neurons for synaptic inputs onto the recorded cell.
This combined electrophysiological recording and iterative spatial
stimulation of putative presynaptic clusters of neurons is generally
termed circuit mapping. Recent developments in the application of
optical physics to neuroscience and in genome engineering have
led, amongst other advances, to two-photon optogenetic excitation
for single-cell activation and spatial light modulation for projecting
on brain tissue patterns rather than a single beam of light, enabling,
amongst other applications, simultaneous activation/inactivation
of neurons in spatially distant locations from each other [53–56].
Optogenetic technology has proved invaluable in providing a fur-
ther level of specificity (cell type) to circuit mapping in vitro
[57–60] and been instrumental in in vivo experiments for activation
or inactivation of highly defined populations of neurons during
specific behaviors, thereby clarifying their function for processes
such as visual perception [61–63]. The potential held by cell type-
specific functional manipulation methods for advancing our knowl-
edge of brain function was in no way overstated by Francis Crick
in 1979.

5 Optogenetics, Circuit Development, and In Utero Electroporation

Although key examples can certainly be found in developmental
literature [64–67], circuit mapping has mostly been the province of
the mature circuit physiologist. In spite of perhaps a smaller user
base, optogenetics could be fundamental for addressing important
questions in the field of brain development, examples of which are
explored in this section.

The first advance provided by optogenetics which could be of
use in development is its ability to unambiguously target stimula-
tion to identified neurons and pathways. This is a key feature
because several brain structures form reciprocal connections with
each other, as exemplified by the thalamocortical and corticothala-
mic pathways [68]. The use of electrical stimulation is perilous in
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such pathways, due to antidromic activation and stimulation of
axons of passage (Fig. 5). Moreover, neurons involved in different
networks and circuits, with specific projection patterns and distinct
physiological characteristics, coexist side by side within the same
brain areas. Cell type-specific activation enables the study of very-
well-defined pathways avoiding the nonspecific activation of
electrical stimulation methods (Fig. 5). A second interesting appli-
cation is chronic activation or inactivation of specific neuron popu-
lations. Chronic blockade or enhancement of activity is a classical
paradigm in the study of development [69]. Despite providing
important insights, these experiments have traditionally involved
application of drugs such as tetrodotoxin (sodium channel blocker)
or muscimol (GABA agonist) in localized regions of the brain,
indiscriminately affecting any cell in the targeted area, which can
hamper interpretability. Chronic activation or inactivation experi-
ments in mature mice involve the implantation of fiber optics in the
brain for light delivery to opsin-transfected neurons, which, though
challenging, could be ported into development, allowing inactiva-
tion/activation of specific cell types. Moreover, chronic activation
experiments with channelrhodopsin offer an advantage over phar-
macological or genetic enhancements of activity, as they permit
refinement from simple “overactivation” to programmed stimula-
tion, allowing the study of the role of spatiotemporally patterned
activity in circuit development [70]. A key area of research in the
development of optogenetic methods has been design and produc-
tion of red-shifted optogenetic tools [71, 72]. The red-shifted light
spectrum has longer wavelengths, facilitating tissue penetration by
light, which could conceivably enable transcranial optogenetic
stimulation [72]. This technology would have incredible potential
for chronic manipulation studies in brain development as it circum-
vents fiber-optic implantation into the brain, problematic when
dealing with fragile neonates.

Due to its ability to target neurons very early in development,
in utero electroporation emerges as a choice candidate technique
for delivery of optogenetic constructs for developmental experi-
ments. Early expression is fundamental for the study of developing
circuits as populations like subplate neurons or Cajal-Retzius cells
form early circuits and perform important developmental func-
tions, but are largely transient [73]. Moreover, the developing
brain contains transient circuits that are fundamental conduits and
generators of early network activity [73–75]. Understanding their
developmental function requires the capability for early and cell
type-selective targeting, which the combination of in utero electro-
poration and optogenetic technology can offer. Besides early
targeting, an important advantage afforded by in utero electropo-
ration is the large genetic payload provided by plasmids, compared
to viral vector cassettes. Under the appropriate genetic conditions,
this feature allows one-shot labeling/interference plus optogenetic
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construct transfection of the same cell population. Besides reliably
targeting the same neurons, this characteristic obviates an addi-
tional postnatal surgery, minimizing animal pain and distress. One
interesting application would be co-electroporation of separate
knockdown/overexpression and optogenetic constructs, allowing
genetic interference with a cell population followed by postnatal
functional verification of how its synaptic outputs are altered.

Combining in utero electroporation and optogenetics appears
to be a profitable strategy for answering questions related to the
organization of early neural circuits and the activity-dependent side
of neural development. It may be however that optogenetic tech-
nology poses specific challenges to the developmental neurobiolo-
gist. Channelrhodopsins are known to have minute unitary
conductances [46] and delays of over 10 days between transfection
and optogenetic experimentation are commonly required for
enough expression to be achieved [57, 58]. To the extent of our
knowledge, the only study published using channelrhodopsin-
based optogenetics in the brain prior to P10 targeted retinal gan-
glion cells to examine the retinogeniculate and retinocollicular
pathways [70]. We have successfully used a heterologous channel
(P2X2) and caged ligand approach [46, 50] to map cell type-
selective circuits in neonates (unpublished observations). Waiting
time is a luxury developmental neuroscientists can rarely afford and
it may be that current optogenetic constructs need to be optimized
for earlier use and faster expression in development, in an
application-dependent manner. Only experimentation will answer
which neural systems, cell types, and constructs are most amenable
to early optogenetic investigation. Nonetheless, the pace of prog-
ress in design and optimization of optogenetic constructs since
their inception is encouraging [45–47] and will doubtlessly lead
to exciting breakthroughs in developmental neurobiology.

6 Variations on the Technique

Different variations on the in utero electroporation technique have
been developed that make it even more versatile:

l Sequential electroporation: More than one in utero electropora-
tion is performed on the same animal, allowing the targeting of
different neuronal populations [76].

l Use of a triple electrode: Improves reliability of the targeted area
and allows access to previously difficult-to-reach areas, especially
in the dorsal and rear brain sectors of the brain [24].

l Use of transposase-encoding vectors: Combined with plasmids
containing the transposase recognition sequences, transfection
becomes stable and the DNA of choice is incorporated into the
recipient’s cell genome and all its progeny [18, 19].
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7 Electroporation in Different Species

l Ferret has been a very popular model for the understanding of
the formation of cortical circuits and their plasticity, but genetic
manipulations were limited. Recently in vivo electroporation
methods have been developed in prenatal fetuses and postnatal
ferret kits to deliver genetic constructs to cohorts of neurons of
the cerebral cortex [77–80].

l Chick (Gallus gallus): Electroporation has been a widely used
technique for the study of the development of the spinal cord
and the peripheral nervous system (method reviewed in
[81–83]). Additionally, in ovo electroporation in comparative
studies on the development of homologous areas has revealed
significant findings on the evolution of the neocortex [84–86].

l Reptile species: To a lower extent than avian species (such as
chick and quail), in ovo electroporation of living reptile embryos
has also been employed to unravel comparative features of the
developing brain. Recently, Madagascar ground gecko (Paroe-
dura pictus) and Chinese softshell turtle (Pelodiscus sinensis)
have been proposed as good animal models to study this process
through a reliable and feasible in ovo electroporation system
[87, 88].

8 Limitations

In utero electroporation methods require considerable surgical
skills to achieve constantly high success rates. While in utero elec-
troporation can be used throughout the intrauterine period, youn-
ger ages (before E10 in mouse) can be more challenging because of
the size of the brain and the less clear visibility through the uterine
wall at these earlier stages of pregnancy.

Postnatal electroporation is also feasible, but the cortical neu-
rons are no longer accessible by this period. Only a limited region of
the subependymal zone (SVZ) can be electroporated to study the
generation, migration, and integration of the neurons destined for
the olfactory bulb [89, 90].

The scale of trauma caused to the integrity of the ventricular
zone progenitors and subsequent lineage by electroporation is
currently not known. It is known that electroporation can act on
the destabilization of the cellular actin network and this effect is
linked to the electric field rather than the entry of the delivered
DNA [91]. These effects have not been studied systematically in
cortical neurons, but should be further analyzed to exclude the
possibility that electroporation itself can have an effect on neuro-
genesis or migration, since both mechanisms require intact actin
network.
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Although it has not been reported yet, the reporter genes
(encoding various fluorescent proteins) could have their own unde-
sired effects on the migrating neurons (e.g., Ca buffering, toxicity)
in extreme conditions. The expressed Cre-recombinase itself can
have an effect on the proliferation, migration, or differentiation of
cortical neurons (Garcia-Moreno unpublished observations).

9 Conclusions

The difficulty to reproduce the complex architecture of the devel-
oping cortex in vitro prompted researchers to develop new ways to
study corticogenesis. The in utero electroporation technique has
allowed temporal and cell type-specific control in the manipulation
of gene expression in progenitors and neurons, and has therefore
become a very frequently used technique in the field. It is well
suited to study several aspects of cerebral cortical development
in vivo, such as progenitor proliferation, neurogenesis, neuronal
migration, and circuit formation. We have provided here some
examples for its versatility, but this chapter only gives a flavor of
its utility in the study of cerebral cortical development. The list
of references provides more detailed description of specific
modifications.
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Chapter 3

Isolation of GABAergic Cortical Neurons and Implications
for Cell Transplantation Strategies in the Nervous System

Hui Xuan Ng and Joanne M. Britto

Abstract

The correct layer placement of interneurons and pyramidal neurons during corticogenesis is required for
precise neuronal activity and subsequent functions of the neocortex. Interneurons are generated in the
medial ganglionic eminence (MGE) and migrate from the ventral to dorsal telencephalon to reside within
the developing cortical plate. Transplantation strategies are valuable in understanding the cellular and
molecular basis of interneuron development, and more recently in the potential for cell-based therapies of
neurological disorders. With the advancement of transgenic technologies, interneurons can be fluorescently
labelled to aid separation from other cell types in brain tissue and visualization in host tissues post-
transplantation. This chapter presents a method to generate a dissociated cell preparation from embryonic
MGE and utilizes fluorescence-activated cell sorting (FACS) to isolate migrating interneurons from
progenitors and non-interneuron cell types. The FACS protocol is optimized to increase the purity and
quantity of sorted interneurons that can be recovered and used for further analysis. This chapter also details
how to perform in utero transplantation of dissociated MGE cells into the lateral ventricle of an embryonic
brain and methods for analysis of the host brain tissue post-transplantation. These experimental approaches
can be applied to understanding interneuron circuit formation and cell-based therapies to rectify GABAer-
gic dysfunction in the neocortex.

Key words In utero lateral injections, Cortex, Fluorescence-activated cell sorting

1 Introduction

The high-level cognitive processing of the neocortex depends upon
the intricate balance and layer arrangement of excitatory glutama-
tergic neurons (pyramidal neurons) and inhibitory GABAergic neu-
rons (interneurons). The layer-specific placement of interneurons is
vital to shape the spatiotemporal pattern of neuronal activity and
network oscillations implicated in cognitive processes [1, 2]. We are
only starting to appreciate how loss of interneurons in a layer-
specific manner is associated with the clinical symptoms of epilepsy,
schizophrenia, autism spectrum, and bipolar disorders [3–5].

The assembly of functional circuits depends upon the migra-
tion of neurons from a site of origin to a final placement.

David W. Walker (ed.), Prenatal and Postnatal Determinants of Development, Neuromethods, vol. 109,
DOI 10.1007/978-1-4939-3014-2_3, © Springer Science+Business Media New York 2016
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The two classes of neurons in the neocortex have different devel-
opmental origins and yet converge into the same layers following an
equivalent “inside-out” layering sequence [6]. Current research
aims at understanding how interneurons traverse vast distances to
a finite layer placement and transplantation strategies have been an
effective tool. The ability to match and mismatch donor/host
tissue has aided fate mapping [7], migratory studies [8], and under-
standing the role of interneuron birth date and pyramidal neurons
on layer placement [9, 10]. In recent years, the clinical relevance of
cell-based therapies has been revealed in rodent models of neuro-
logical disorders. The transplanted interneurons increase the overall
inhibitory tone of the brain and can reduce the frequency and
severity of seizures in inherited or induced forms of epilepsy
[11–13], reduce motor symptoms in Parkinson’s disease [14],
and restore cognitive function in Alzheimer’s disease [15].

Genomic engineering to label discrete populations of cells has
made it possible to visualize transplanted interneurons. For exam-
ple, knock-in strategies, Cre/loxP recombination, and bacterial
artificial chromosome transgenic technologies have created power-
ful tools to fluorescently label interneurons with synapse resolution.
The Glutamic Acid Decarboxylase 1 and 2 (GAD67 and GAD65)
knock-in Green Fluorescent Protein (GFP) lines and Dlx5/6-Cre-
IRES-GFP are pan-interneuron markers [16–18]. Cre driver lines
open further the ability to label specific interneuron subtypes such
as parvalbumin, somatostatin, and calretinin [19–21]. In combina-
tion with differing Cre reporter lines, interneurons can be gener-
ated to express YFP, CFP [22], GFP [23], or tdTomato [24].

We demonstrate an approach to isolate interneurons from the
medial ganglionic eminence (MGE) of the GAD67-knock-in-GFP
line. The expression of GFP appears when interneurons migrate
from the ventricular zone and we describe how to use fluorescence-
activated cell sorting (FACS) to separate the GFP-positive (GFP+)
migrating interneurons from the GFP-negative (GFP�) progenitors
and non-interneuron cell types. To conclude, we outline a protocol
to transplant MGE cells into the lateral ventricle of an embryonic
brain and approaches for post-transplantation analysis of host tissue.

2 Materials

1. GAD67-knock-in-GFP (GAD67+/gfp) pregnant dams [17].

2. BDF1 wild-type strain generated by crossing C57BL/6 and
DBA.

3. #5 or #55 fine forceps (Dumont).

2.1 Dissection and

Dissociation of MGE

Cells

1. Silicon-coated 6 or 10 cm petri dish (Sylgard, Dow Corning).

2. Hanks’ balanced salt solution (HBSS) with Ca2+, Mg2+, glu-
cose, and phenol red (Gibco 24020-117).
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3. Earle’s balanced salt solution (EBSS; Worthington
LK003188).

4. 20 U/ml Papain in EBSS, frozen in sterile 25 μl aliquots
(Worthington LK003176).

5. 2000 U/ml DNase in EBSS, frozen in sterile 500 μl aliquots
(Worthington LK003170).

6. Fetal bovine serum (FBS; Sigma-Aldrich 12003C).

7. Phosphate-buffered saline (PBS; Gibco 14190-136).

8. 5 ml round-bottom tube with cell strainer cap (BD Falcon
352235).

2.2 FACS 1. BD Biosciences FACS Aria™ III cell sorter.

2. 5 ml round-bottom tube (BD Falcon 352063).

2.3 Transplantation

and Analysis of Host

Brain Tissue

1. Sterile surgical supplies and bench space for two people to
operate.

2. Warming tray (Thermoline).

3. Recovery box of suitable size with tissue soft bedding.

4. Pentobarbitone for general anesthesia and meloxicam adminis-
tered preoperatively for analgesia (according to the Code of
Practice for the Care and Use of Animals for Scientific
Purposes).

5. Sterile PBS.

6. Micropipette with stainless steel plunger (Drummond 5-000-
1001-X).

7. Sofsilk™ wax coated braided silk suture, 3/8 circle, 13 mm
taper (Covidien VS-890).

8. AUTOCLIP® wound clip system (Becton Dickinson 427631).

3 Methods

This protocol is presented in three sections: preparation of MGE
cells from the GAD67+/gfp forebrain, FACS analysis to separate the
GFP+ and GFP� cell populations, and transplantation of disso-
ciated MGE cells. Overall schematic is shown in Fig. 1.

3.1 Dissection and

Dissociation of MGE

Cells

1. Sterilize fine forceps for dissection with 80 % ethanol and air-
dry before use.

2. Kill pregnant dam by using an animal ethics-approved method
and clean abdomen with 80 % ethanol.

3. Make a 2–3 cm long midline incision through the skin and
abdominal wall with scissors, remove uterine horns, and place
in ice-cold HBSS in a 6 cm sterile dish.
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4. All dissections are performed using the stereomicroscope to
prevent damage to individual embryos. Using the fine forceps,
remove embryos from uterine horn and place in a separate 6 cm
dishes with ice-cold HBSS. Using the 488 nm filter, identify
and separate GAD67+/gfp embryos using a fluorescent stereo-
microscope and place in a separate 6 cm dish containing ice-
cold HBSS.

5. Dissect brains and place in a clean 6 cm dish containing ice-cold
HBSS.

6. The MGE can be accessed from the medial side of each hemi-
sphere. To do this, remove the midbrain from forebrain and
discard. Separate the two hemispheres by cutting through the
midline using the forceps as scissors and position each hemi-
sphere to gain access to the medial surface. Remove thalamus
from each hemisphere taking care not to dissect into the medial
ganglionic eminence.

7. Orient the hemisphere along the anterior and posterior axis and
cut open the anterior neocortex to expose the ventral gangli-
onic eminences.

8. Using the forceps, pinch and remove the MGE from surround-
ing tissue and place into 1.7 ml tube containing 1 ml PBS on ice.

9. Centrifuge pooled MGE samples at 760 � g � 1 min at room
temperature.

101 102 103

GFP intensity
104 105

FACS

GFP- GFP+

Fig. 1 Overview of approaches to utilize MGE-derived interneurons. The GFP fluorescence is present
throughout the ventral neural tube at embryonic day 12.5 of a GAD67+/GFP embryo. The MGE is dissected
from the brain and used to make a dissociated cell suspension for (a) FACS isolation of GFP+ interneurons and
(b) in utero transplantation
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10. Combine Papain and DNase aliquots and gas mixture with
CO2 gas until the pH indicator is between 7.2 and 7.4 (pH
guide included in Worthington Papain Dissociation System).

11. Carefully remove PBS from cell pellet using a 1 ml pipette and
resuspend cell pellet with Papain/DNase solution (pH
7.2–7.4).

12. Tap flick tube to separate tissue clumps and incubate at 37 �C,
5 % CO2, for 30 min. Flick tube every 10 min to aid
dissociation.

13. At the end of the incubation period, create a homogenous cell
suspension by triturating sample 10� with a fire-polished glass
pipette.

14. Neutralize Papain/DNase solution with an equal volume of
FBS (500 μl), mix sample using a fire-polished glass pipette,
and layer cell suspension onto 1 ml FBS in a 15 ml tube.

15. Pellet cells through FBS at 100 � g � 6 min at room temper-
ature, aspirate supernatant, and resuspend cells in 2 % FBS/
PBS (approximately 100 μl per brain).

16. To ensure that the single-cell suspension is suitable for FACS
processing, pipette 300 μl of the cell suspension into the cell
strainer caps attached to FACS tubes (BD Falcon 352235).
Pulse spin to 100 � g to filter cells through the 35 mm nylon
mesh. If more than one strainer is used, pool single-cell sus-
pension into a single tube.

17. Calculate cell density using a hemocytometer and trypan blue
exclusion to distinguish viable cells.

3.2 FACS Separation

of GFP+ and GFP� Cell

Populations

The protocol described below is specific for the BD Biosciences
FACS Aria™ III cell sorter and parameters may vary if other brands
are used.

1. Set up and optimize the cell sorter. Using a 100 μm nozzle,
start the fluidics and run 80 % ethanol through the sorter to
sterilize the tubing through which experimental sample will
flow. Perform automated setup, quality control, drop delay,
and side stream optimization and install collection device.

2. Select the 488 nm laser for excitation and 530/30 emission
filter for GFP signal detection.

3. Start the run and use approximately 5 � 104 cells to gate
defined cell populations. Each dot represents an individual
cell and is now referred to as “events.” A numerical value of
the number of events within each gate, the percentage of events
from the previous gate, and percentage of events from the
initial sample will be generated concurrently. An example of
the FACS data from an embryonic day 15.5 MGE cell suspen-
sion is shown in Table 1 and Fig. 2.
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Table 1
Example of numerical record generated from a FACS experiment of dissociated MGE
from GAD67+/GFP at E15.5

Population Gate
Number of
events

Percentage—
previous gate

Percentage—
all events

Dissociated cell preparation All events 58,157 – 100.0

Population excluding cell debris P1 52,492 90.3 90.3

Population excluding doublets
and cell aggregates (granularity)

P2 51,639 98.4 88.8

Population excluding doublets
and cell aggregates (size)

P3 51,224 99.2 88.1

GFP+ cell population P4 30,455 59.5 52.4

GFP� cell population P5 12,694 24.8 21.8

The GFP+ cells comprise 52 % after gating for cell debris, doublets, and aggregates as reflected from a sample collection of
approximately 5.8 � 104 cells (events). Refer to Fig. 2 for corresponding FACS plots and gate outlines of P1–P5
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Fig. 2 FACS plots generated from sorting dissociated MGE from GAD67+/GFP at E15.5. Each stage of the gating
process is required to produce a pure population of viable single cells. (a) FSC-A vs. SSC-A to exclude
debris—outline of P1. (b) SSC-H vs. SSC-W to exclude doublets and cell aggregates—outline of P2. (c) FSC-H
vs. FCS-W to exclude doublets and cell aggregates—outline of P3. (d) GFP intensity vs. SSC-A to separate
GFP+ and GFP� cell populations—outline of P4 and P5, respectively. (e) Corresponding contour plot GFP
intensity vs. SSC-A to show cell density. (f) Frequency histogram of the gated GFP intensity showing clear
separation of the GFP+ and GFP� populations
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4. Construct the following plots to define cell populations
through gating. Each gate for the FACS Aria™ III is labelled
as “P,” an arbitrary letter designation.

(a) FSC-A vs. SSC-A to exclude debris (P1).

(b) SSC-H vs. SSC-W and FSC-H vs. FCS-W to exclude
doublets and cell aggregates (P2, P3).

(c) GFP intensity vs. SSC-A with corresponding contour plot
of cell density. Use the contour plot to gate GFP+ and
GFP� populations (P4, P5).

(d) Frequency histogram of GFP intensity to show clear sep-
aration of the GFP+- and GFP�-gated populations.

5. Once the gating parameters are set, run the sample at a flow
rate of less than 10,000 event/s, sheath pressure of 20 psi, and
drop precision mode of 1.5.

6. Collect sorted populations into 5 ml FACS tubes and maintain
cell sample and collection tubes at 4 �C.

7. Conduct a post-sort analysis on each of the sorted populations
to ensure a purity reading of greater than 99 %.

8. Recover sorted cells by centrifugation at 400 � g � 5 min.

3.3 Transplantation

of Dissociated MGE

Cells

Prepare MGE cells as described in “Dissection and dissociation of
MGE cells” from steps 1–13.

1. Neutralize Papain/DNase solution with equal volume of FBS
(500 μl) and mix sample using a fire-polished glass pipette.

2. Take aliquot of cell suspension and calculate cell density using
trypan blue exclusion to distinguish viable cells. Layer remain-
ing cells on 1 ml FBS in a 15 ml tube.

3. Pellet cells through FBS at 100 � g � 6 min at room tempera-
ture, aspirate supernatant, and resuspend cells in 0.1 % DNase/
HBSS to obtain a cell density between 8 � 104 and 2 � 105

cells/μl.
4. Anesthetize pregnant dam with an intraperitoneal injection of

pentobarbitone.

5. Place anesthetized dam on the warming tray to expose the
abdomen and wipe with 80 % ethanol. Make a 2 cm long
midline incision through the skin and abdominal wall with
scissors and place gauze on either side of incision.

6. Carefully remove one uterine horn out of the abdomen and
place onto gauze without attaching the forceps to the placenta
or embryo. Use the space between embryos to manoeuvre the
uterine horns to avoid damage to blood vessels (Fig. 1).

7. Keep the uterus wet at all times with PBS when exposed to air.
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8. One person positions the embryos to the surface of the uterine
wall by placing forceps on either side of the embryo at the
crown and rump (Fig. 1). The embryo can be rotated gently
for correct positioning of the cortical hemispheres to be
upright.

9. The second person injects 1 μl of cell suspension into the lateral
ventricle using a pulled micropipette. Inject all embryos except
those directly adjacent to the cervix, a technique previously
shown to increase survival and reduce delivery complications.

10. Reposition the uterine horn into the abdominal cavity and
repeat steps 6–9 for the second uterine horn.

11. Suture the abdominal wall and clip the skin to close the wound.
Record the number and position of embryos injected.

12. Wipe excess fluid from the pregnant dam, gently wrap in tissue
paper, and place in recovery box on the warming tray. Check
every hour for movement, and when animal stirs, place in home
cage with food and water in easy reach. Place home cage on
warming tray.

13. Replace cage into the animal-holding facility once the animal is
walking around the cage and check after 24 h for normal
movement and grooming.

14. Injected embryos can be collected at embryonic or postnatal
stages to examine integration of GFP+ interneurons.

15. Post-transplantation host brain tissue is fixed by myocardial
perfusion or drop-fixed in 4 % paraformaldehyde. The tissue
can be prepared for cryosections and the position of GFP+ cells
assessed by the location of the soma in the cortical plate.

16. To examine the arborization of integrated interneurons, pre-
pare 150–200 μm thick vibratome sections and mount slices for
microscopy. This can be viewed under a fluorescent stereomi-
croscope or confocal microscope (Fig. 3).

17. To intensify GFP signal, conduct slice immunohistochemistry
using an anti-GFP primary antibody (1:1000; Abcam
ab13970) and Alexa Fluor 488 secondary (1:500; Life Tech-
nologies A-11039).

4 Notes

1. The stereomicroscope is used for all dissections due to the size
of the brain at embryonic days (E) 12–15. This allows for
precision in the dissection and avoidance of non-ganglionic
eminence tissue in the cell preparation. The minuscule size of
the ganglionic eminence warrants at least nine E12.5–E15.5
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GAD67+/GFP embryos to generate enough cells for FACS or
transplantation.

2. Tack-free silicon is used to coat the petri dishes to prevent
damage to the brain tissue and fine forceps tips. Silicon is
made by mixing the elastomer and curing agent (as per the
manufacturer’s instructions) and poured into the petri dish to a
height of approximately 2–3 mm. Keep enough space in the
dish for dissection media.

3. This protocol describes the dissociation of tissue by Papain/
DNase enzymatic digestion rather than trypsin or collagenase/
dispase. These other enzymes are valid; however, our experi-
ence showed low MGE cell viability and subsequent cell loss
during FACS. If trypsin or collagenase/dispase is the choice of
enzyme, optimize timing of incubation and concentration to
maintain cell viability.

Fig. 3 Transplantation of dissociated MGE from GAD67+/GFP at E14.5 transplanted into an E15.5 wild-type
host. (a) Stereomicroscope image showing a coronal vibratome brain slice at postnatal day 23. GFP+ cells
have integrated throughout the cortical depth. (b) Stereomicroscope image at higher magnification. (c)
Projection of confocal images using Z-stacks to capture interneuron arborization at 40� and (d) 63�
magnification. (e) Double immunohistochemistry with anti-GFP and anti-parvalbumin to label endogenous
and transplanted interneurons
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4. Do not vortex the samples or shake vigorously during the
Papain/DNase digestion as this induces cell death. The glass
pipette used is fire-polished to smooth the edges and narrow
the aperture. If the dissections are performed with clear cuts
and minimal tissue shearing, cells do not stick to the glass
pipette. If this becomes a problem, use Sigmacote® (SL2-
25 ml) to siliconize the glass pipettes and follow the manufac-
turer’s instructions for removal. Sterilize after coating with
80 % ethanol and air-dry.

5. Avoid using a nozzle smaller than 100 μm on the FACS cell
sorter as this increases the flow pressure and impacts on cell
viability. The flow rate is kept below 10,000 event/s to ensure
higher sorting efficiency and a maximal collection of cells.
Increasing the flow rate elevates the number of cells that are
excluded from the sorting process.

6. Avoid placing the GFP+ and GFP� gates too close during
FACS. It is preferable to be conservative in the gating to ensure
a high purity of the sorted GFP+ and GFP� populations. It is
recommended to conduct a post-sorting analysis to verify the
purity of each sorted sample. Gating and FACS settings should
be revised if the purity levels are less than 99 %.

7. Try not to use polystyrene tubes to collect sorted cells, as this
material is prone to cracking during centrifugation especially
when sorted cells are pooled from multiple collection tubes.
Polypropylene tubes are more durable and show less cell
adhesion.

8. The number of embryos per litter varies with the background
strain of mice. We use BDF1 (generated by crossing C57BL/6
and DBA strains) for the wild-type plugs as the litter sizes range
from 8 to 10 with increased viability of embryos. C57BL/6 can
be used successfully; however, more rounds of surgery are
required.

9. Different anesthetics can be used to prepare the pregnant dams
for surgery. We routinely use pentobarbitone; however, isoflur-
ane can be used to reduce the recovery and monitoring time
frame post-surgery.

10. The protocol outlines collection of entireMGE tissue for FACS
and transplantation. If more discrete regions of the MGE are
required, dissections can be collected from vibratome slices of
fresh embryonic brain tissue.

11. Vibratome sections can be generated at varying thickness for
immunohistochemistry; however, be aware of the objective
working distance for microscopy. If problems arise with slice
width consistency, embed fixed brains in 1 % low-melting-point
agarose to provide additional tissue support.
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Chapter 4

Advanced EEG and MRI Measurements to Study
the Functional Development of the Newborn Brain

Sampsa Vanhatalo and Peter Fransson

Abstract

In this chapter we review the methodological progress that has recently been made for studying brain
development in infants using noninvasive techniques. In particular, we focus on methodological platforms
based on electroencephalography (EEG) and functional magnetic resonance imaging (fMRI). Key aspects
of experimental setup, data acquisition, data preprocessing, and analysis are described and discussed with
emphasis on recordings performed on the infant brain. The measurement and estimation of large-scale
brain network connectivity using fMRI and EEG has become an important tool to study brain develop-
ment. To this end, we describe central findings regarding the large-scale brain network architecture of the
infant brain. Further, data analysis strategies pertaining to the investigation brain connectivity are described
together with a discussion of their advantages and pitfalls.

Key words Functional connectivity, fMRI, Neonatal EEG, Phase synchrony, Resting-state network

1 Introduction

Functional development of the infant brain may be viewed from the
standpoint of interactions across brain networks [1] or by studying
individual neuronal systems, such as visual or somatosensory path-
ways. Function of developing sensory systems can be readily stud-
ied using EEG even at the phase when the sensory connections are
only growing to their destinations [2–4]; however immaturity of
neurovascular coupling makes comparison of such functional tests
challenging between EEG and fMRI. Hence, this chapter focuses
on conceptually easier comparison of how large-scale connectivity
can be studied from the electric activity (EEG) and blood deox-
ygenation (fMRI) of the infant brain.

The electric (EEG) network studies in the neonatal brain
have recently experienced a paradigm shift as a result of concerted
development at all levels of methodology, ranging from the theo-
retical aspects to recording methods and improvements in signal
analysis paradigms. Theoretical and basic neuroscience work has
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convincingly shown that the neonatal EEG consists of transient
events that are important for the early wiring process [5–7]. The
neonatal EEG is also shown to have both a very high spatial
complexity [8, 9] and a very wide spectral content [10], which
together call for a significant increase in the density of electrodes,
as well as better reliability in recording low- and high-frequency
contents. Progress in recording methodology has opened possibi-
lities to greatly improve the information content of neonatal EEG
recording: Increase in spatial resolution has resulted from the
development of neonatal compatible, high-density EEG caps/
nets [11, 12], as well as from the introduction of higher (up to
256) channel numbers in the modern EEG amplifiers. Spectral
content of the EEG signal has been greatly improved by combina-
tion of better amplifier design [13] and mechanically more stable
EEG caps [12]. Finally, many signal analysis methods originally
developed for studying connectivity in the adult EEG activity
have recently been modified and adopted into neonatal EEG
studies.

The possibility to examine functional connectivity in the infant
brain using functional magnetic resonance imaging has been made
feasible due to the recent development of resting-state blood oxy-
genation level-dependent (BOLD) fMRI (see ref. [14] for a review).
In contrast to task-evoked fMRI in which local changes in brain
blood oxygenation in response to external stimuli are detected,
studies using resting-state fMRI connectivity exploit the fact that
spontaneous, low-frequency (0.01–0.1 Hz) BOLD signal changes
are synchronized in time across multiple functional networks that
span long-range anatomical structures [15, 16].

Studies of brain connectivity using EEG and fMRI methods are
both based on analyzing temporal dependencies between time
series collected from the brain. Hence, several aspects of data
analysis and interpretation of results are comparable technically,
but also physiologically. In this chapter, this comparability is made
easier by describing the common strategies of data analysis together
for both research modalities, followed by comparison of the physi-
ological underpinnings of EEG and fMRI in the neonatal context.

2 Signal Acquisition and Preprocessing

2.1 EEG Acquisition A major practical challenge in studies of EEG connectivity is to
obtain high enough signal-to-noise ratio. The most common arte-
facts (e.g., eye blinks, 50/60 Hz noise, muscle activity) may readily
confound connectivity estimates, especially those based on signal
amplitudes. Therefore, the single most important step is the reduc-
tion of potential sources of noise in the recording room as well as
during the recording session. Baby-related artefacts are usually best
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avoided by few obvious practices: Have the sensors firmly attached
(see also below), assure a comfortable sleep by feeding just before
EEG recording, and make sure that the environment is dark and
quiet. External artefacts are usually best avoided by removing other
electric devices from the vicinity of the baby and bed. For practical
examples of neonatal EEG recording, the reader is referred to
multimedia presentations in ref. [4], and the educational website
of NEMO consortium [17].

The EEG recording setup, including measurement devices,
channel counts, as well as the length of recording sessions, is
defined by the research question. For instance, analysis of conven-
tional interhemispheric synchrony can be readily done from few
minutes’ recordings and four recording electrodes to yield one
bipolar signal for each hemisphere [18]; however a detailed,
event-related connectivity map may need very high numbers of
electrodes and hours of recording time. These recording require-
ments relative to logistic constraints in all neonatal studies are
important to assess realistically before commencing actual record-
ings. Many advanced studies done with adult subjects are not
practically achievable with neonatal subjects [19–21].

Commercial amplifiers have significant differences with respect
to their use in neonatal studies: They are differently approved for
use in clinical patient populations, which is the case in many study
recruits. Amplifiers do also have very different artefact sensitivity
that is usually dependent on amplifier’s input impedance (translates
to sensitivity to skin impedance and 50/60 Hz noise) as well as
common mode rejection ratio (a.k.a. CMRR).

Another major factor is the design of EEG caps. Many com-
mercial caps may have comparable numbers of electrodes, but they
vary greatly with respect to their real-life performance in moving
babies with different head shapes and sizes. Studies of connectivity
mostly require longer recordings with continuous EEG signal from
sleeping babies; the signal cannot be segmented as is commonly
done in studies on evoked responses; hence the EEG cap/net needs
high mechanical stability [12].

Electrodes can be positioned individually or by using electrode
caps. Individual placement allows better fixation on the scalp with
less movement artefacts. The time allowed for EEG placement
between feeding and sleeping is usually so short that the higher
electrode numbers needed for an adequate connectivity study can
only be applied by using EEG caps. Another advantage of the EEG
cap is that the relative positions of electrodes are automatically
adjusted, and the user only needs to position the cap symmetrically
with respect to anatomical landmarks. However, the high spatial
complexity of scalp EEG signal [8] together with the known indi-
vidual anatomical variability in the scalp-cortex relationships [22]
implies that the EEG locations are always relatively rough approx-
imates. An optimal source-level knowledge of cortical activity in the
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neonate would require up to hundreds of electrodes, as well as head
models based on individual MRI images. Both of them are, how-
ever, unachievable in the healthy newborns due to technical and
ethical constraints. Hence, there is a need to find balance between
optimal and practical aspects, and, as in any good science, the
awareness of this compromise is a key to proper interpretation of
the results.

2.2 EEG

Preprocessing

Preprocessing of EEG data includes epoch selection, montage selec-
tion, artefact removal (or correction), as well as filtering. Some
analysis software may perform preprocessing as an integrated pro-
cedure in the analysis workflow. It may be practical to save a copy of
preprocessed datasets separately so that multiple connectivity esti-
mates can be computed and directly compared from the same data.

The length of epoch(s) needed for connectivity analysis is
typically from few minutes to tens of minutes; hence only sleep
epochs with less movements are useful in the neonates. Longer
EEG epochs yield more reliable connectivity estimates. Many para-
digms are so sensitive to epoch length that it is advisable to have the
same length from all subjects in the study group. Sleep state should
also be comparable (either quiet or active sleep) in all subjects,
because brain network function changes markedly between sleep
states [23].

The data needs to be re-montaged, and the choice of montage
affects the results. All analyses of connectivity attempt to quantify
interaction between two or more brain areas/signals, while electric
signals are always acquired as a potential difference between two
brain areas. A meaningful connectivity analysis necessitates off-line
generation of new montages whereby the spatial identity of the
EEG signals is made relatively independent. The common choices
for montage are grand average or Laplacian montage. They are
both good when the numbers of recorded signals are high. Arte-
facts in single channels may readily confound all signals in average
reference montage, while the choice of smoothing parameters and
an even coverage of scalp by electrodes pose challenges to Laplacian
montage. Recent studies on adults have increasingly examined
computed source (brain cortex) signals instead of the recorded
EEG (or magnetoencephalography, MEG) signals [19, 24]. This
approach will give theoretically better spatial resolution; however
its use in neonates has been recently challenged by the lack of
reliable infant head models as well as by the already very high spatial
specificity of the neonatal EEG signal [8, 25].

Most importantly, the clinically popular bipolar derivations will
be unhelpful and misleading in connectivity studies (apart from the
analysis of conventional interhemispheric synchrony), and the use
of referential recordings (e.g., Cz or mastoid reference) is inher-
ently introducing very strong common mode that seriously affects
the connectivity estimates.
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Artefacts can be removed manually or automatically. Automatic
artefact removal by using independent component analysis (ICA)
[26] can be useful for stereotypic artefacts, such as eye blinks or
heart (ECG) from a multichannel EEG signal. Most artefacts in the
infant sleep EEG are, however, not suited for automated correc-
tion. They can be sometimes removed by filtering (50/60 Hz
noise, some EMG, or respiration) if the connectivity measure
does not depend on the frequency band covered by the artefact.
Most often the method of choice is to visually scan the EEG epochs
and prune the segments with visually obvious artefacts. This is
intuitively clear; however it requires expertise with neonatal EEG
reading.

2.3 fMRI Acquisition Researchers who wish to conduct functional MRI studies of the
infant brain should pay particular attention to reduce the level of
noise as much as possible during image acquisition. A substantial
reduction of the amount of MR scanner noise that reaches the inner
ear of the infant is of essence since all MRI studies of infants are
done during sleep to avoid head movement. Typical strategies to
reduce MR scanner noise inside the scanner include individually
molded earplugs together with neonatal and pediatric ear muffs.
Additionally, we have successfully used a custom-madesound-
dampening hood inside the scanner that is tightly attached to the
upper half of semicircle of the magnet bore which reduced the noise
level with up to 24 dB [27].

A typical infant MR scanning session lasts between 45 and
60 min and might include structural, diffusion, and resting-state
fMRI data acquisitions, depending on the objectives of the study.
For resting-state fMRI of the infant brain, BOLD images are
acquired using echo-planar imaging (EPI) MR sequence parameter
settings that are similar to those used for adult fMRI imaging,
which entails a TR (repetition time) of 2–3 s to cover the whole
brain, an image slice thickness of 3–4 mm, and echo time (TE) that
is sufficiently long enough to be sensitive to the effects of deoxy-
genated haemoglobin through T2* relaxation (typically, TE is set
to 40–50 ms at 1.5 T magnet strength, while a shorter TE of
25–30 ms is used at 3 T). The length of the resting-state EPI
fMRI scan has varied between 3 and 14 min in different studies,
but it has been reported that an improvement in test-retest reliabil-
ity and similarity of resting-state connectivity measures have been
achieved by increasing the scan length from 5 up to 13 min [28].
Given the proneness of infant scanning to susceptibility to head
movement artefacts (see also troubleshooting section below) it is
recommended that the total scan length is set towards the higher
end of the 5–13-min scan range.

Whereas most studies on resting-state fMRI connectivity have
been conducted in awake subjects, all studies in infants to date have
been carried out during light sedation [29, 30] or natural sleep
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[31–33]. The fact that resting-state fMRI studies in infants by
necessity have been conducted during sleep is a factor that should
be considered when the results are to be compared to resting-state
data acquired during wakefulness. Previous research has shown that
light sleep increases the connectivity patterns and it affects the
temporal and spatial properties of resting-state connectivity com-
pared to the awake state [34, 35].

2.4 fMRI

Preprocessing

After data acquisition, image data is commonly preprocessed in
several steps before the analysis of functional connectivity is con-
ducted. First, functional MR image data is realigned and resampled
with respect to head movement during scanning using a rigid-body
model that in total includes six parameters (translation (x,y,z),
rotation (phi,psi,theta)). These six parameters related to head
movement across time are often subsequently used in the connec-
tivity analysis to regress out residual signal variance related to head
movement. Second, functional image volumes are co-registered
and normalized, i.e., resampled to a suitable brain template that
often is an anatomical MR brain image that is composed as an
average of MR scans from an ensemble of individuals. The spatial
normalization step is mandatory if one wishes to assess brain con-
nectivity at a group level since the image normalization assures that
the fMRI data from all subjects are in the same anatomical space of
reference. For the case of infant fMRI, several brain templates have
been made freely available (e.g., ref. [36]). Subsequent to spatial
normalization to a group atlas template, the functional EPI
volumes are spatially filtered to improve sensitivity by low-pass
filtering of image data which, for example, suppresses high-
frequency spatial noise (matched filter theorem [37]). As a last
step, resting-state fMRI image data are temporally band-pass fil-
tered since the frequency range of interest for the spontaneous
BOLD signal fluctuations resides in the 0.01–0.1 Hz range [38].

The influence from head movement on resting-state fMRI
connectivity has recently gained attention. It has been shown that
even small head movements during fMRI scanning might cause an
underestimation of long-range connectivity and an overestimation
of short-range connectivity [39]. Generally, it is therefore recom-
mended that head movements are carefully monitored during scan-
ning and that image post-processing strategies that aim to minimize
the influence from movement are included in the image data pre-
processing pipeline. In addition to the usual custom of including
regressors of no interest in the model of resting-state connectivity
that are related to residual motion, it is advisable to apply censoring
(“scrubbing”) of the raw fMRI data to discard data volumes that
show large motion-induced signal variability. An example of such a
measure is the frame-wise displacement (FD) that indexes the
amount of movement of the head from one image volume to the
next [40]. It should be noted that the issue of subject head
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movement is of particular concern when comparing functional
connectivity in different cohorts of subjects, e.g., healthy controls
versus patients.

3 Measures of Connectivity

In above, we have described the pathway to obtaining individual
time series signals from each brain area of interest. The next step is
to estimate interactions between these signals. Some analytic stra-
tegies have been used for both EEG and fMRI despite the funda-
mental differences in the signal characteristics and the underlying
mechanisms. There is a large body of theoretical and application
literature on various mathematical measures to analyze interaction
between two time series (for a review, see, e.g., refs. [41, 42]). Most
importantly, there are no universal, omnipotent, and/or unchal-
lengeable measures for brain connectivity. The methods employed
in the literature are mutually different, both theoretically and con-
ceptually. They also have different mathematical and physiological
basis; some are supported by basic physiology while others may be
purely developed from mathematical grounds without empiric
physiological foundation. Most common overall strategies are to
look at amplitude fluctuations, synchrony in the phase of oscilla-
tions, and causal relationships between two signals. It is preferable
to avoid measures with ambiguous analytic interpretation, such as
coherence that mixes variations in amplitude co-variability and
phase synchrony. Recent methodological development has opened
promising pathways for genuinely data-driven analyses with mini-
mal pre-assumptions (e.g., ref. [43]). Since the need of accuracy in
neuronal interactions increases dramatically (from seconds to milli-
seconds) from amplitude fluctuations to causal relationships,
almost all neonatal studies have focused on estimating amplitude-
based measures only.

It may be common to implicitly assume that brain networks are
stable over time, especially because such networks are far easier to
visualize intuitively. This idea has been proven wrong recently. The
electric signals with their inherent high-frequency content have
been shown to change its connectivity patterns at subsecond time
scales [44, 45]. However, even slowly varying resting-state fMRI
signals acquired at rest are not stationary in time and their connec-
tivity profile may change over time [46].

The most straightforward and simplest way to analyze resting-
state fMRI connectivity is by extracting the signal intensity time
series at a small seed region of interest (ROI) that is a priori selected
by the researcher. Next, the extracted BOLD signal time series is
correlated with all other image voxels in the brain [38]. The seed-
based correlation method is advantageous if the hypotheses regard-
ing brain connectivity that are to be tested are a priori well defined
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and localized to brain structures that are anatomically well circum-
scribed. The obvious drawback with seed-basedresting-state corre-
lation analysis is its inherent user selection bias in terms of spatial
specificity which might imply that connectivity patterns of interest
are neglected by the analysis. On the other hand, the user selection
bias problemmay at least partly be overcome by defining a manifold
of ROIs, e.g., on points that are equidistantly positioned along a
grid pattern that covers the entire cortex. However, the grid
approach to seed-based correlation analysis comes with the meth-
odological burden of multiple comparisons, which means that the
statistical inference must take into account the fact that many tests
of connectivity are made on the same data.

A complementary approach to hypothesis-driven methods to
investigate the network structure of brain connectivity is to use
data-driven, exploratory data analysis methods. For resting-state
fMRI analysis, the independent component analysis (ICA)
approach (or blind source separation) has become the method of
choice [47]. Generally speaking, ICA will decompose the four-
dimensional functional EPI MR data set into separate spatiotem-
poral components under the assumption that the BOLD signal
intensity time course and their accompanying spatial maps are
statistically independent. It should be noted that while it can be
expected that each independent component will likely be the result
of a single signal source that has a unique temporal characteristic, it
is by no means that only resting-state networks contribute to the
BOLD signal variability during resting-state conditions. Several
non-neuronal sources for BOLD signal intensity variability exist:
residual signal variability from head movements, blood flow-related
signals residing in macroscopic vessels, interactions between mac-
roscopic magnetic susceptibility, and subject head movement, just
to mention a few. The fact that the BOLD resting-state fMRI data
contains elements from neuronal as well as various non-neuronal
sources implies that the researcher is required to assess the plausi-
bility that any given component produced by an ICA represents a
resting-state network or if it is likely to be caused by non-neuronal
signal sources. This assessment can for example be guided by
inspecting their anatomical localization: That is, is the component
mainly situated in gray matter or not? Similarly, one can take
advantage of the fact that the main part of the BOLD fMRI signal
variance related to resting-state networks is within the low fre-
quency interval (0.01–0.1 Hz). Consequently, if the majority
of the signal variance for a given component resides in the low-
frequency range and is anatomically confined to gray matter,
chances are higher that it represents a resting-state network. Fur-
ther confirmation can be obtained by checking the reproducibility
of networks across individuals and separate cohorts. An example of
an ICA analysis of resting-state fMRI data obtained from 12 infants
is shown in Fig. 2 (see also results section below and ref. [29]).
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Several software packages for doing ICA analysis of resting-state
fMRI data are publically available (Gift toolbox; melodic toolbox).

Analysis of EEG signal is commonly based on analyzing each
electrode pair (bivariate analysis) along one of the four main alter-
natives that are explained in more mathematical detail in the respec-
tive references: (1) temporal fluctuations in amplitude [48, 49], (2)
synchrony of the phase in two oscillations [19, 50], (3) combina-
tion of amplitude in one signal and phase in the other (“nested
oscillation” [10]), or (4) nonlinear dependency of other kind
between two signals (e.g., synchronization likelihood [51]).
These methods estimate relationships in the temporal behavior
between neuronal signals; however more stringent methods have
later been developed to allow estimation of directed interactions
(e.g., ref. [52]). Such causal dependencies between brain areas are
yet to be disclosed in spontaneous brain activity in the infant.
Moreover, work in adults [54] and experimental models [53]
have also developed methods that allow analysis of spatial ensem-
bles, such as avalanches [54] that are known to characterize the
large-scale cortical activity.

A fundamental step in all connectivity analysis is estimation of
significance of the findings. All connectivity analyses will return
some value from any two time series, even if the signals have
virtually no relationship (e.g., ECG from one subject correlated
to EEG of another subject). For instance, two biosignals, such as
the EEGs from any two babies, may share features (e.g., temporal
autocorrelations) that may give rise to spurious relationships. Also
recording artefacts, such as movements or blinks, may readily result
in elevated connectivity estimates, and their effect should be ruled
out before or by the time of result interpretation. It is hence
advisable to perform significance testing at individual level to
avoid systematic confounders in the datasets. The most common
method is to use surrogate statistics where real connectivity value is
compared to a set of connectivity values obtained from surrogate
signals. The surrogate signals can be generated from the original
signal in several ways (e.g., time shifting, epoch shuffling, phase
shuffling, reversing), and the rule of thumb is to preserve as much
as possible of the original signal after destroying the signal feature
of interest. Use of surrogates allows expressing the connectivity
values as normalized measures or simply to declare the finding
significant at individual level [49]. Importantly, statistical testing
in hundreds (EEG) or thousands (fMRI) of signal pairs does also
need to consider corrections for multiple comparison that is usually
done by controlling the false detection rate (FDR [55]).

It is sometimes possible in group comparisons to use plain
connectivity estimates without individual-level significant testing;
however one will then run the risk that findings are confounded by
different spurious effects in the study groups.
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4 Analysis of Networks

The above-described analyses will return adjacency matrices, which
summarizes strengths of given connectivity estimates between all
possible pairs of signals. While this is an effective technical sum-
mary, it will rarely be helpful for the neuroscientist, because it does
not visualize or quantify the kind of network that underlies the
matrix.

A simple way to visualize the matrix is to plot topographic
images where individual connections are either thresholded or
their strengths are coded (Fig. 1), or one may focus on only
analyzing selected combinations of signals (e.g., look at occipito-
occipital interactions).

Recent work in systems neuroscience has demonstrated both
spatially and temporally dynamic nature of brain networks, which
has set the request to find more global network quantifiers and
descriptors. The most promising framework here is developed
within graph theory to create complete maps of the large-scale
structural as well as a functional architecture of the brain, i.e., the
structural and functional brain connectome [56]. This approach is
based on graph theoretical concepts such as node strength, network
efficiency, small worldness, and betweenness centrality [57]. The
basic constituents of brain network graphs are nodes and edges,
where nodes represent individual brain regions, while edges
between two nodes reflect connection strengths, i.e., the connec-
tivity estimates. The core idea behind applying graph theory to
neuronal connectivity data is to let patterns of resting-state fMRI
functional connectivity and/or EEG data to be represented as a
connectivity matrix or equivalently, a graph, in which the entries of

Fig. 1 Analysis of EEG connectivity using spatial amplitude correlations in the neonatal data. (a) Adjacency
matrix that shows strengths of amplitude correlations between all channel pairs. The black cells are
statistically insignificant as defined by using surrogate data. (b) Topographic visualization of the adjacency
matrix shows the distribution and strengths (coded by the colors of the lines) of connections. (c) Graph
theoretical approach, here using modularity index, quantifies the presence of modules irrespective of their
anatomical locations. This plot shows a significant difference in modularity between amplitude correlations at
different frequency bands (figure modified from ref. [49])
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the matrix signify the strength of connectivity between all nodes
in the network. The size of the connectivity matrix is governed
by the number of nodes in the network, where each node is
represented by, e.g., a single MR image voxel (or a voxel cluster),
or an EEG signal. More detailed information regarding graph
theoretical properties of brain network connectivity graphs as
well as more advanced analysis pathways are presented in recent
reviews [57, 58].

5 Example Results

5.1 EEG Figure 1a shows an example of an adjacency matrix where strengths
of long-range amplitude correlations are summarized between all
electrode pairs. Statistical thresholding is employed at the individ-
ual and group levels, and the signal pairs below FDR-corrected
threshold are blacked out. Thereafter, a topographical (3D) visuali-
zation is used to plot the significant connections on the baby
scalp to illustrate their spatial distribution. While such maps are
purely qualitative, they will help in intuitive understanding of the
findings. In this particular case, the topographic visualization does
also demonstrate the presence of apparent clusters in the frontal
and occipital connections, which idea was supported by subsequent
graph analysis (for full details of the analytic procedure, please
see ref. [49]).

5.2 fMRI Figure 2 shows the resting-state networks in the infant brain as
given by an ICA analysis of resting-state fMRI data acquired in 12
infants scanned full term. Each infant was scanned for 10 min (TR
¼ 2 s, 300 EPI volumes). At the age of birth, resting-state fMRI
networks are present that resemble the network architecture seen in
adults but with important differences. Whereas strong bilateral
pattern of connectivity in the sensorimotor, visual, and auditory
cortices (Fig. 3a–c) is clearly implemented at birth, networks that
span higher order associative cortices are incomplete and/or frag-
mented. For example, the default mode network that in adults
encompasses the posterior medioparietal cortex, medial prefrontal
cortex, and the bilateral parietal cortex [59] is at the age of
birth fragmented into a posterior and an anterior subnetwork
(Fig. 3d, e). Subsequent research has shown that the connectivity
pattern within the default network is fully developed at the age of
2 [32]. It has also been shown that most of the resting-state net-
works observed during the time of birth are present already during
the third trimester [30, 33]. Taken together, recent research sug-
gests that different resting-state networks in the human brain have
different developmental trajectories [60].
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6 Comparison of the EEG and fMRI in the Neonatal Studies

There is abundant literature on the combination of EEG and
resting-state fMRI in the adults, including several fundamental
studies on the mechanisms of neurovascular coupling in adults.

Fig. 2 Resting-state networks in the infant brain (adapted from Fransson et al., PNAS 2007)
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However, methodological constraints have precluded co-
registration of EEG and fMRI in the human infants, and only
correlational work exists with parallel analysis of distinctly recorded
datasets [49, 61]. These works have suggested that the power law—
like frequency scaling—is found in both modalities [61]; however it
can only be inspected at orders of magnitude different range of
frequencies (fMRI: 0.01–0.15 Hz vs. EEG 0.2–30 Hz). A more
recent study showed that the cortical electric activity in the infants is
amplitude-wise correlated at relatively rapid temporal scales (via
spontaneous activity transients [10]) only, and such correlations
are too rapid to be detected from the fMRI in human infants [49].

Studies on the neurovascular coupling after natural cortical
activity in human infants have shown both highly variable and
very delayed hemodynamic responses [62, 63], which together
with recent experimental works [64] challenge the idea of direct
relationships between EEG and fMRI in infants. The implication of
this is that the networks disclosed by fMRI and EEG are by default
different. One might observe spatially comparable networks by
using analytical manipulations as such by regressing EEG data
with fMRI data; however it is always advisable to be cautious with
analytic pathways that may introduce strong bias or are based on
physiologically unreasoned a priori assumptions.

Apart from the elusive neurovascular coupling in infants, spatial
correlation between fMRI and EEG does also result in challenges.
The EEG recordings are always sparse relative to fMRI voxels, and no
unique solution exists for their spatial coordination. In addition, a
reasonable bivariate connectivity analysis of the cortical space requires
cortical parcellation, which is inherently ill posed, because no a priori
knowledge exists about physiologically coherent activity patches.

Finally, time scales in the EEG and fMRI activity are different.
Virtually nothing in the electric brain is stationary for tens of
seconds that is the underlying assumption when analyzing networks
in the fMRI signal. The need to do longer recordings with EEG is
purely due to signal-to-noise ratio where more repetitions of the
presumed networks are needed for their statistical capture.
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Chapter 5

Cerebral Blood Flow Measurements in the Neonatal Brain

Flora Wong

Abstract

Cerebrovascular lesions and hypoxic-ischaemic brain injury are important causes of acquired neonatal brain
injury in term and preterm newborn infants, which lead to significant morbidity and long-term mortality.
Improved understanding of the cerebral hemodynamics and metabolism in the immature brain, and blood
flow responses to physiological and external stimuli would aid understanding of the pathogenesis of
neonatal brain injury. There has been increasing research interest and clinical demand to study the neonatal
brain, with the exploration of the bedside and real-time measurement of cerebral hemodynamics in guiding
therapy and predicting outcome. The major techniques which allow the assessment of cerebral blood flow
(CBF) with relative ease at the bedside in the neonatal intensive care unit include near-infrared spectroscopy
(NIRS), and transcranial Doppler ultrasonography. Diffuse optical correlation spectroscopy (DCS) is a new
technique for which portable devices are currently being developed to continuously monitor relative
changes in microvascular CBF at the bedside. DCS can potentially be combined with NIRS to provide
continuous simultaneous measurement of changes in CBF and oxygenation, and enables the quantification
of cerebral metabolic rate of oxygen. Functional studies have also been utilized with NIRS and magnetic
resonance imaging to elucidate the connections between localized cortical activity and cerebral hemody-
namic responses during early human development. To utilize and translate cerebral hemodynamic measure-
ments in clinical management, future research should aim to establish clinically relevant parameters and
references range for cerebral perfusion and oxygenation for the neonatal population.

Key words Neonate, Cerebral blood flow, Cerebral oxygenation, Near-infrared spectroscopy, Neona-
tal brain injury, Diffusion correlation spectroscopy

1 Background

With many infants now born preterm at 24–32-week gestation [1],
a full understanding of the physiological regulation of cerebral
blood flow (CBF) in the immature brain is becoming increasingly
important. Survival of infants born extremely preterm (<28-week
gestation) has increased sharply (50–70 %) over the last two decades
[2, 3], but this has been accompanied by higher rates of neurode-
velopmental disability, which exceed 50 % in most studies [3–5].
The pathological correlates of neurodevelopmental disability with
preterm birth include various acquired cerebral lesions, most
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notably periventricular leukomalacia (PVL) and germinal matrix
hemorrhage–intraventricular hemorrhage (GMH-IVH) [6, 7].
Although the aetiology of cerebral lesions in the preterm infant is
complex, it is generally accepted that hypoxia and poor cerebral
perfusion lead to some regions of the preterm brain and, particu-
larly white matter, falling into a condition best described as
hypoxia-ischemia [8].

Improving our ability to assess changes in cerebral oxygenation
and regulation of CBF will enhance our understanding of how
these changes may contribute towards acquired brain injury. Clini-
cally, investigation of CBF in infants is constrained by the necessity
to use noninvasive techniques. There is no general agreement on
the best approach to measure CBF. Each of the techniques has its
own merits and limitations regarding use in newborn infants. Nev-
ertheless, it is important to note that, despite their methodological
diversity, all these measurement methods yield fairly comparable
results on cerebral circulation, in terms of both absolute values of
CBF and characteristics of cerebrovascular reactivity. In the 1940s,
Kety and Schmidt pioneered the measurement of CBF, using
nitrous oxide and the Fick principle wherein the rate of uptake
and clearance of an inert diffusible gas are proportional to blood
flow [9]. The invasive nature of this measurement technique,
requiring repeated blood sampling from the internal jugular
veins, together with the fact that equilibrium of nitrous oxide
between the circulation and the brain tissue occurs very slowly,
however, largely limited its use even in the experimental setting.

In the past, techniques which require use of a radioactive
substance (e.g., xenon-133) or high radiation exposure (e.g., posi-
tron emission tomography (PET) scans) were also used to measure
cerebral perfusion in neonates. In the past two decades, near-
infrared spectroscopy (NIRS), transcranial Doppler (TCD), and
MRI-based methods are the main modalities used in clinical
research of neonatal cerebral hemodynamics.

2 Techniques and Applications

2.1 Xenon-133

Clearance Technique

Since the 1960s and the advent of radioisotope imaging, the Kety-
Schmidt method was gradually replaced by the tracing and mea-
surement of the strong gamma emitter xenon-133, a freely diffus-
ible inert gas that does not interfere with cerebral metabolism. The
xenon-133 clearance technique utilizes administration of xenon-
133, either by intra-arterial or intravenous injection or by inhala-
tion to diffuse into the brain. As xenon-133 is not metabolized, the
rate of clearance in the brain is proportional to CBF. Detection of
the brain clearance of xenon-133, specifically the gamma radiation
thereof, is made possible by placing external scintillators over the
skull. The measurement represents global CBF. The technique is
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able to provide quantitative data with portable equipment [10], but
involves exposure to radiation and is no longer deemed to be
appropriate for newborn infants. Measurement also requires several
minutes, so that rapid changes in CBF cannot be recorded.

2.2 Positron

Emission Tomography

Regional CBF, together with glucose and oxygen consumption,
can be observed using PET. The positron-emitting isotope
(H2

15O) is injected and positrons then collide with electrons in
tissues, leading to annihilation of the particles and the emission of
two photons at an angle of 180� to each other. Suitable detectors
can determine the location of the annihilation event, and, by com-
paring the clearance of the positron-emitting isotope with the
location of the annihilation event, determine regional CBF with a
resolution of 3–4 mm. The ability to obtain regional hemodynamic
and metabolic information is a great advantage. However, the use
of PET in the newborn [11] is limited by the relatively high
exposure to ionizing radiation, having to transport the infant to
nearby cyclotron facility, and the need to draw a substantial volume
of arterial blood to quantify CBF results.

2.3 Single-Photon

Emission Computed

Tomography

Relative but non-quantitative regional CBF with ~1 cm resolution
has been observed in newborn infants using single-photon emis-
sion computed tomography (SPECT). This requires injection of a
radioactive tracer (99mTc-HMPAO) that fixes in tissue at first pass
and acts as a chemical microsphere. The radioactive ligand becomes
trapped in the brain and can be imaged at some later time during its
decay, offering the potential for observing CBF during clinical
events. The disadvantage is that only the distribution, not the
absolute level of CBF, is obtained [12]. Again, the method cannot
be easily applied at the bedside.

2.4 Arterial Spin-

Labeled Perfusion-

Magnetic Resonance

Imaging

A novel technique, arterial spin-labeled perfusion-magnetic reso-
nance imaging (ASL-pMRI), allows noninvasive measurement of
CBF using electromagnetically labeled arterial blood water as an
endogenous contrast agent [13]. One of the most significant
advantages of ASL-pMRI over previous techniques is the ability
to assess CBF without using intravascular contrast agents or radio-
active labeled tracers.

ASL-pMRI magnetically labels arterial blood by inversion or
saturation proximal to the tissue of interest. After a delay in time,
image acquisition occurs allowing the labeled blood to flow into the
imaging slices. Perfusion is determined by pair-wise comparison
with separate images that are acquired without labeling (control).

Sensitivity of the ASL-pMRI measurement decreases in regions
of very low CBF, which is a challenge in neonatal measurements as
CBF in infants is significantly lower than that of older children and
adults [14, 15]. The measurement only represents a discrete time
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point and cannot be used at the bedside, or for prolonged periods
of assessment. The technique can potentially be combined with the
use of functional MRI to assess cerebral perfusion and oxygenation
changes associated with neural activity. Despite the limitations,
studies in normal neonates using ASL-pMRI have reported normal
range of CBF in preterm and term infants [16] as well as age-related
changes throughout childhood [17].

2.5 Functional

Magnetic Resonance

Imaging

Functional magnetic resonance imaging (fMRI) is based on the
detection of blood oxygenation level-dependent (BOLD) signal
changes, in relation to neural activity, in response to a stimulus or
during spontaneous neural fluctuations. The BOLD effect is due to
the physical phenomenon that deoxyhemoglobin is paramagnetic
and reduces the MR signal [18]. The existence of the BOLD effect
depends on the localized changes of CBF that occur with neural
activity, so that when neural activity increases, CBF increases and
exceeds the cerebral metabolic rate of oxygen (CMRO2); hence
decreasing the local oxygen extraction fraction and the decreased
concentration of deoxyhemoglobin then creates the BOLD
response. Therefore, the BOLD signal depends strongly on the
relative changes in CBF and CMRO2. BOLD signal changes are
usually expressed as a relative percentage signal change or as a
statistical significance level based on a statistical model.

An increase in neuronal activity results in a local increase in
blood oxygenation and a corresponding increase in BOLD signal
(i.e., a positive BOLD response). A positive BOLD contrast
response can be elicited from around postnatal days 13–15 in the
rat brain, which equates to approximately 28–32 weeks in human
gestation [19], and increasing age is associated with an increase in
the peak amplitude of BOLD responses, and co-activation of the
ipsilateral cortex and supplementary areas in addition to the pri-
mary sensory areas [19]. fMRI studies in human newborn, how-
ever, have produced inconsistent results, complicated with
methodological difficulties [20]. Some studies suggest that in con-
trast to the adult response and the postnatal rat studies, sensory
stimulation induces a decrease in BOLD signal (often termed
“negative BOLD”) during early human infancy [21, 22]. Interpre-
tation of results is further complicated by the use of sedative medi-
cation and/or anaesthesia, which is often necessary for neonatal
subjects during MRI examination to reduce distress and motion
artefact [20, 23]. Interpretation and the physiological origin of the
negative BOLD response remain controversial. Several theories
have been proposed [24], including an increase in neuronal activity
and CMRO2 without a compensatory increase in CBF, or a
decrease in CBF due to the “hemodynamic steal” of blood by an
adjacent activated cortical region.
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3 Cotside Measurement

All of the above techniques are not suitable for cotside use, or for
continuous monitoring. Currently, there are two major techniques
that allow the assessment of CBF with relative ease at the bedside in
NICU: NIRS, and transcranial Doppler ultrasonography (TCD).

3.1 Transcranial

Doppler

Ultrasonography

TCD was introduced into clinical practice in 1982 and allows
continuous noninvasive monitoring of CBF velocity at the bedside
[25].

TCD follows the same principles and assumptions of the Dopp-
ler effect to measure blood flow velocity in large vessels [26].
A piezoelectric transducer generates an ultrasound beam, typically
of 2 MHz for adults or higher frequencies for neonates. The
insonating ultrasound pressure wave is reflected by the red blood
cells in a large vessel with a frequency shift that is directly propor-
tional to the velocity of the scattering elements [26]. In the pres-
ence of laminar flow, the reflected Doppler frequency shift will
comprise a distribution of frequencies, rather than a single value.
Spectral analysis can then be used to obtain measures of blood flow
velocity; usually either the maximum frequency (i.e., maximum
velocity) or its intensity-weighted mean is extracted to represent
the mean velocity for the time interval measured. CBF velocity can
be obtained continuously in the anterior, middle, posterior, and
basilar cerebral arteries. An important assumption for TCD mea-
surements is that the diameter of the insonated vessel does not
change during the course of a study and it remains constant in
response to physiologic variables such as blood pressure changes.
In addition, CBF velocity is not quantitative of absolute CBF as the
cross-sectional dimension of the vessel is unknown, and it is not
representative of global CBF as only one cerebral artery is insonated
at any one time. Nonetheless, TCD can be utilized to assess (1)
qualitative changes in flow velocities, (2) cerebrovascular resistance,
and (3) CBF autoregulation [26–28].

The use of TCD is limited only to short periods of assessment
in neonates due to safety concerns over exposure to high-energy
transmission over longer periods. Ultrasound waves, especially
when used for color Doppler imaging, may induce temperature
elevations in human tissue over time that have the potential to
cause damage. The power used should be kept in line with pub-
lished guidelines such as those by the British Medical Ultrasound
Society (www.bmus.org), with the lowest setting compatible with
obtaining diagnostic images. Other technical limitations include
operator dependence and the difficulty in maintaining angle of
insonation for optimal and prolonged measurement.
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3.2 Near-Infrared

Spectroscopy

3.2.1 Principle

NIRS is a noninvasive optical technique to assess microvascular
cerebral oxygenation, where CBF (or cerebral blood volume
(CBV)) is inferred from changes that occur in oxy- and deoxyhe-
moglobin concentrations. NIRS can also provide serial quantitative
measurements of CBF, CBV, and cerebral venous saturation at the
bedside.

Biological tissue is relatively transparent to light in the near-
infrared (NIR) part of the spectrum (in the wavelength range
700–1000 nm) allowing several centimeters of tissue to be illumi-
nated. At shorter wavelengths, in the visible spectrum, hemoglobin
absorbs strongly. At longer wavelengths, water absorbs increas-
ingly. Within this NIR window, the chromophores oxyhemoglobin
(HbO2), deoxyhemoglobin (HHb) and cytochrome c oxidase have
light absorption characteristics which vary with oxygenation status.
This allows spectroscopic measurements of light attenuation to be
used to assess blood and tissue oxygenation. The attenuation (or
loss) of NIR light will be due to both absorption and scattering
effects within these tissues. If scattering is assumed to be constant,
the measured changes in the attenuation of the NIR light can
therefore be used to calculate the changes in blood oxyhemoglobin
(ΔHbO2), deoxyhemoglobin (ΔHHb), and total hemoglobin
(ΔHbT ¼ HbO2 + HHb) in the illuminated tissue. With knowl-
edge of the optical pathlength in tissue [29], the changes in HbO2,
HHb, and HbT can be expressed in μmolar units. The changes in
concentration of these chromophores can be used as surrogate
markers of CBF and CBV [30].

Theoretically, if the source to detector distance is increased,
light penetration would increase and detected light would provide
information about deeper tissue [31]. However, in the NIR spec-
trum, for every centimeter of additional distance between the
source and the sensor, light is attenuated by a factor of 10–100
[32]. For adequate levels of light detection, source-detector dis-
tances should not be more than 5 cm. Furthermore, because of the
random propagation of light in tissue, the depth of measurement is
no more than 2–3 cm [33]. This depth is more than enough for
measurements within the newborn brain. Notably, as the intensity
of the light sources can vary across NIRS systems, a source-detector
separation distance that is ideal for one system may not be for
another.

3.2.2 Instruments and

Measurements

Three fundamental NIRS techniques exist to interrogate tissue
oxygenation in vivo (Fig. 1). Continuous wave (CW) spectroscopy
measure changes in attenuation by recording the intensity of light
between a pair of optodes. Frequency-resolved spectroscopy measures
both intensity and phase shift of an intensity-modulated light
source. Time-resolved spectroscopy measures the time of flight of
photons between source and detector and has been applied in
optical tomography of the neonatal brain [34].
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The frequency-resolved technique employs continuous laser light
on which is superimposed very-high-frequency intensity modula-
tions in the MHz range. In addition to measurement of transmitted
intensity, the phase shift and modulation depth relative to the input
signal are also measured. This phase shift is proportional to the
optical pathlength through the tissue sample and is wavelength
specific. In vivo measurement of optical pathlength has been
described in both adults and infants [35]. The strength of this
technique is that phase shift measurements allow absorption and
scattering to be quantified and thereby the calculation of absolute
chromophore concentrations [36, 37]. However, in order to obtain
accurate estimates of absorption and scattering coefficients, mea-
surements over a wider frequency range than other NIR methods
need to be performed, which proves to be difficult in practice [38].

The time-resolved spectroscopy measures the time passage of a
picosecond pulse of light through tissue. The shortest distance
between the light source and detector is known as the ballistic
trajectory, which is a path only a very few photons will traverse;
the majority will be scattered to a greater or lesser degree before
either being absorbed, scattered out of range of the detector, or
eventually reach the detector. A histogram of photon density
against arrival time at the detector can be built up known as the
temporal point spread function (TPSF), from which the scattering
and absorption coefficients can be calculated [39, 40], allowing
absolute quantification of oxygenation and CBV. The need to
generate several wavelengths of this picosecond light source as
well as a fast detector makes this a very expensive technique [41].

The continuous-wave (CW) NIRS measures the attenuation
of constant intensity source light after it has diffused through
the tissue. Changes in optical attenuation can be converted
into changes in chromophore concentration. Data are collected
at multiple wavelengths, equal to or exceeding the number of

Intensity Intensity Intensity

I0 I0 F0 M0 I0(t)
I0(t) I(t)F0(t) M0(t)I

Time Time Time

Continuous Wave Frequency resolved Time resolved

Fig. 1 Three fundamental types of optical spectroscopy and imaging techniques [38]. The continuous wave
instrument measures the transmitted intensity (I) after incident light intensity (Io) through an absorber. The
intensity (I), phase shift (Φ), and modulation depth (M) relative to the input signal are measured in the
frequency-resolved instrument. The time-resolved instrument records individual photons and measures their
flight times to construct a histogram of the distribution of arrival times
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chromophores measured [35]. The most common prototype of
NIRS used in clinical research is the CW NIRS.

CW NIRS can be used to obtain absolute intermittent quanti-
fication of CBF (in ml/100 g/min) and CBV (in ml/100 g), by
employing spontaneous or induced (by hemodynamic or biochem-
ical manipulation) parameter changes in tissue. Measurement of
CBF by NIRS employs a modification of the Fick principle. The
technique uses a purely intravascular and non-diffusible tracer,
such as a bolus of oxygen as an endogenous tracer [42], or the
NIR dye indocyanine green injected as an exogenous tracer [43].
If the tracer (Q) is rapidly introduced into the arterial supply of
the brain, the amount that has accumulated in the brain may be
measured later at a time t. If this time is less than the transit time
through the brain, no tracer will have appeared in the venous
blood. Thus CBF can be determined from the ratio of tracer
accumulated at time t to the quantity of tracer introduced. This
quantity is equal to the integral of the arterial concentration of
tracer at time t (Ca(t)) with respect to time. Therefore,

CBF ¼ Q tð Þ
0

R t

Ca tð Þdt
Commercially available NIRS instruments from companies, such as
Hamamatsu, Covidien, and Casmed, are typically CW devices.
Although the cost of a CW NIRS device is typically much less than
that of a time-resolved or frequency-resolved instrument, CW instru-
ments are highly sensitive to room light and to surface coupling
between skin and/or hair and the optical probe, and lead to inter-
ferences between the calculated tissue absorption and scattering [44].

Cerebral oximetry: The clinical drive for absolute values of
cerebral hemodynamics without the need for biochemical or hemo-
dynamic manipulation has led to the development of “cerebral
oximetry” using NIRS techniques. Using multi-distanced sensors
and different algorithms [32, 41, 45], absolute values of cerebral
tissue oxygen saturation can be calculated from the changes in oxy-
and total hemoglobin. This is often expressed as tissue oxygenation
index (TOI) or regional cerebral oxygen saturation (rScO2),
depending on the NIRS prototype and algorithms used [32]. The
measurement is absolute on a scale from 0 to 100 %.

Multichannel optical topography systems which use arrays of
multiple sources and detectors have been developed to provide
two-dimensional maps of the cortical hemodynamic response
(and therefore brain activity) [46]. However, it is difficult to design
an easy-to-apply and comfortable method by which to attach mul-
tiple source and detector optodes to the infant head. There have
been increasingly sophisticated designs for NIRS probes and head-
gear custom-made for infant studies [46, 47]. Developments have
also been made in a number of commercial NIRS systems such as
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the ETGOptical Topography system (The Hitachi Medical Corpo-
ration, http://www.hitachimedical.com) and the Imagent (ISS
Inc., http://www.iss.com).

3.2.3 Clinical Application

in Neonatal Measurements

NIRS has been favored in monitoring the infant brain partly
because of the convenient optical geometry of the infant head
with the thin skull and extracerebral layers. Several additional
hemodynamic parameters have been derived from NIRS measure-
ments. These include (1) cerebral venous saturation [48]; (2) cere-
bral oxygen delivery which refers to the combination of CBF and
cerebral arterial oxygen content; (3) cerebral metabolic rate of
oxygen consumption (CRMO2) [49], which indicates the rate at
which oxygen is used within the cerebral tissue and represents
cerebral metabolic activity; and (4) cerebral fractional tissue oxygen
extraction which refers to the percentage of oxygen being extracted
from the arterial blood by the cerebral tissue and represents the
balance between oxygen delivery and consumption [50].

Simultaneous continuous measurement of the oxygenation
index, i.e., [ΔHbO2-ΔHHb] or TOI from NIRS, and arterial
blood pressure, can be used to determine if blood pressure changes
are reflected in cerebral perfusion and oxygenation [51, 52].
A strong correlating relationship between the two signals may
indicate the lack of CBF autoregulation, and has been quantified
by a measure of the correlation in the frequency domain, called
coherence. Several studies have reported the association between
high coherence in preterm infants (impaired autoregulation) at very
low frequencies, i.e., the co-fluctuation of the signals over periods
of 25 s–5 min, and adverse clinical indices including low CRIB
score, and germinal matrix/intraventricular hemorrhage [51–54].

Most neonatal NIRS studies focused particularly on infants at
risk of brain injury, and aimed to determine if NIRS measurements
would indicate subsequent neurodevelopmental abnormalities.
Previous studies in animals and humans using NIRS have found a
cerebral oxygenation of 40–50 % [55–57] to be the limits below
which significant cerebral hypoxia with poor neurologic outcome
occurs. Preterm infants in the NICU with cerebral oxygenation
<50 % for >10 % of time during the first 72 h of life had a lower
neurodevelopmental score at 18 months [58]. Several reviews of
neonatal cerebral hemodynamic studies utilizing NIRS measure-
ments have been published [32, 59, 60].

3.2.4 Functional NIRS,

and Comparison with fMRI

NIRS has been applied to functional brain imaging in infants to
elucidate the connections between localized cortical activity and
hemodynamic responses during early human development. Brain
activity due to a specific stimulation leads to an increase in the local
oxygen consumption immediately followed by an increase in blood
flow [61]. Typical changes in HbO2 and HHb during functional
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activation of the adult brain involve an increase in the concentration
of HbO2, which is accompanied by a lesser decrease in HHb
concentration. The situation appears to be very different in the
neonate and in particular in preterm infants [62–66]. Depending
on the age of infants and possibly other unknown factors, the HHb
sometimes increases or decreases during activation. For functional
NIRS (fNIRS), changes in HbO2 and HbT may therefore be more
reliable markers of brain activity than changes in HHb. This may be
due to immaturity of the flow-metabolism coupling which may
affect the pattern of response to neural activity.

Adult studies suggest that the characteristics of the vascular
response measured by NIRS are comparable to the BOLD response
seen in fMRI. It is important to note that unlike fMRI BOLD,
fNIRS provides a separate measure of quantified changes in both
HbO2 and HHb. It has also been shown that the HHb signal
follows the BOLD signal more closely than does the HbO2 signal
[67, 68]. The balance of cerebral oxygen consumption and cerebral
blood flow/volume increase determines whether HHb may
increase, decrease, or remain the same, depending on factors such
as age, the region studied, and sleep/sedation status [23, 69–71].
Therefore, HHb alone is not a reliable marker for functional acti-
vation, especially in neonatal studies in which various patterns of
HHb response have been reported. As an increase in HbO2 with no
significant HHb change would not represent activation in a BOLD
signal study, the BOLD signal may miss many activations in
neonates.

Though fMRI and fNIRS measure the same hemodynamic
response, generally fMRI techniques have an intrinsically limited
acquisition rate usually at a minimum of 1 Hz [72] whereas fNIRS
has high temporal resolution and can acquire data rapidly, up to
hundreds of hertz [67]. However, depth resolution of fNIRS is
dependant on the age of the infant and the optical properties of the
tissue [31]; the technique offers lower spatial resolution compared
with MRI, and is unable to assess brain structures for anatomical
reference.

3.2.5 Interpretation Oxygenation indices derived from NIRS, such as the Hb difference
signal (HbD), calculated by ΔHbO2 � ΔHHb, or the TOI, have
been used and validated as surrogates of CBF [73, 74]. Notably,
while TOI reflects CBF, it is more sensitive to variations of CBF of
low frequency (�0.1 Hz) than to more rapid, higher frequency
changes. Changes in cerebral oxygenation measured by NIRS are
likely to occur at a slower rate than CBF due to the time delay in
achieving equilibrium of oxygenation in the venous blood pool, as
changes in cerebral oxygen extraction are slow to compensate for
changes in CBF [74].

Furthermore, NIRS provides a weighted average of the satura-
tions within the venous and arterial compartments in the region of
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tissue illuminated; this weighting is difficult to determine precisely
and may differ over time. There is also inhomogeneous regional
blood distribution and variation in the relative proportion of arte-
rial and venous volumes within the brain. Although it is critical for
fully interpreting cerebral oxygenation measurements, available
data on cerebral arterial and venous volume fractions are very
limited, especially in the newborn brain. Using various imaging
techniques, the baseline cerebral arterial volume fraction has been
found to be 25 % in normal adults [75] and 25–30 % in adult
animals [76] under normoxic conditions. During hypoxemia, sig-
nificant arterial vasodilatation occurs at lower arterial oxygenation,
making the assumed cerebral arterial-venous volume ratio of 25:75
erroneously low [77]. Other common conditions in sick infants,
such as hypercapnia, hypotension, or vasoparalysis due to hypoxic-
ischaemic injury, could also increase baseline CBV and change the
cerebral arterial-venous volume ratio. Further studies are warranted
to investigate the arterial-venous volume ratio in these conditions,
together with the corresponding effects on measurements of mixed
cerebral oxygenation by NIRS.

Another difficulty in interpretation of NIRS measurement lies
with the lack of detail in the underlying physiological components
of the signal output from which the change in cerebral oxygenation
is derived. For example, reduced cerebral oxygenation may be due
to reduced CBF, increased cerebral oxygen extraction, increased
oxygen demand, or a combination of these factors, but it is often
difficult to differentiate between these possible mechanisms based
on conventional NIRS measurements. This lack of mechanistic
insight also makes the clinical interpretation and application of
the NIRS measurements more difficult.

3.2.6 Limitation,

Accuracy, and Precision

Although a significant improvement on previous techniques, NIRS
is not without its own limitations. These include a relatively high
signal-to-noise ratio, susceptibility to movement artefact, and intra-
patient and inter-patient variation [78]. The anatomical structure
of the head as well as the curvature of the skull vary within and
between individuals. A major challenge is to ensure that the probe
sits flat and securely against the head. Hair will cause attenuation of
the light and further increase the signal artefacts due to movement
of the infant, leading to decrease in signal-to-noise ratio and unre-
liable measurements. Another concern is the nonspecific, regional
measurement of tissue oxygenation which includes measurement of
all tissues between the light source and the detector including skin,
bone, cerebrospinal fluid, and brain matter to an unknown depth
[79]. In the neonate, this is a relatively smaller problem because the
skin, scalp, and skull are thin [31].

It is difficult to assess the accuracy of NIRS-based cerebral
oximetry in the neonatal population because there is no gold
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standard or other means of measuring mixed cerebral oxygen satu-
ration and it is not feasible to sample blood from cerebral veins in
human newborns. Other studies in older children and adults have
compared values of cerebral oximetry with values in the jugular
bulb or central venous return. However, jugular or central venous
saturations represent global measurements including extracerebral
tissue, and they may differ significantly from the actual cerebral
venous saturation. Accuracy, as defined by the mean difference
(bias) in Bland-Altman analysis, is typically within 5 % [80–84].
We have performed the comparison with sagittal sinus venous
saturation in newborn lambs assuming a cerebral arterial-to-venous
volume ratio of 25:75 [77], and found that the mean difference was
0.07 % for NIRS-measured mixed cerebral oxygenation between
40 and 60 %. However the mean difference widened to 9–10 %
for NIRS-measured mixed cerebral oxygenation of <40 %, proba-
bly due to cerebral arterial vasodilatation during hypoxemia,
increased cerebral arterial-to-venous volume ratio, and therefore
dominance of the cerebral arterial saturation towards the NIRS
measurement [77].

In vitro precision of NIRS-based tissue oximetry determined
on optical phantoms is good, with values of 1–2 % [45]. However,
in vivo precision is less satisfactory with wider limits of agreement
and poor repeatability, in the range of 5–8 % [85, 86], in compari-
son with pulse oximetry which also uses red/infrared light for
measurement with the repeatability of 2–3 %. The problem appears
to be associated with the replacement of sensors. Possibly the
sensors are sensitive to small local heterogeneities of the surface
geometry and optical properties of tissue (hair, blood vessels, sub-
arachnoidal space, gyral folding) [79]. For clinical application, a
precision less than 3 % is desirable.

3.3 Diffusion

Correlation

Spectroscopy

Diffuse optical correlation spectroscopy (DCS) is a new technique
for which portable devices are currently being developed to mea-
sure changes in CBF at the bedside. DCS continuously monitors
relative changes in microvascular CBF (absolute calculations have
not been quantified to date) [87–89] as opposed to NIRS that
monitors cerebral blood oxygen saturation and volume. DCS
detects blood flow by quantifying temporal fluctuations of NIR
light fields emerging from the tissue surface. NIR laser light is
introduced into the brain tissue where it is scattered by moving
red blood cells in tissue vasculature before emerging from the tissue
surface. This “dynamic” scattering from moving red blood cells
[60] causes the detected intensity to fluctuate with time. Based on
the photon arrival times at the detector location, an intensity tem-
poral autocorrelation function of the collected light is calculated.
A blood flow index (BFI) with units of cm2/s is derived from the
intensity temporal autocorrelation function. Changes in cerebral
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BFI relative to the baseline measurement reflect changes in CBF.
DCS requires only one wavelength and can be chosen based on
laser availability and cost. Being a relatively new technique, most
DCS instruments have been custom-built and not commercially
available.

DCS measures of relative blood flow have been extensively
validated using comparisons to literature [90, 91], to Doppler
ultrasound in preterm human brain [92], to arterial spin-labeled
perfusion MRI in human brain [91, 93], and to flow and fluores-
cent microspheres in animal brains [87]. It has also been used to
measure blood flow in many organs, including muscle, and breast
[94, 95]. In both adults and children, validation studies have
demonstrated that the changes in cerebral BFI relative to the
baseline measurement measured by DCS correlate with relative
changes in CBF measured by other modalities [87].

DCS can be used in the neonatal population, as it is portable,
does not involve radiation, and offers continuous and noninvasive
measurement of relative changes in regional cortical CBF. As
continuous-wave NIRS devices that measure regional cerebral oxy-
genation are already in widespread use in research and also clinically
in some ICUs, DCS can potentially be combined with NIRS to
provide continuous simultaneous measurement of changes in CBF
and cerebral oxygenation. The combination of NIRS with DCS also
enables the quantification of regional CMRO2 [96], a parameter
that may indicate neuronal status and activity. This information
provides the clinician with a more complete assessment of cerebral
physiology than either rScO2 or CBF alone. For example, an
increase in rScO2may be due to a CBF rise which exceeds metabolic
demand, or may be due to a reduced CMRO2. Conversely, if
decreases in rScO2 are observed, simultaneous CBF measurements
can help ascertain whether these decreases are due to reduced
oxygen delivery (e.g., CBF decreases due to decreased blood pres-
sure or cardiac output) or due to increased oxygen consumption
not matched by oxygen delivery. Future potential for DCS com-
bined with NIRS to inform clinical management based on optimiz-
ing regional cerebral rScO2 in relation to CMRO2 should be
explored, as an alternative to strategies based on a single cerebral
rScO2 measurement or secondary systemic parameters, such as
blood pressure or arterial oxygen saturation. DCS can also be
potentially combined with other modalities such as Doppler ultra-
sound or electroencephalography, to augment information on cere-
bral physiology and inform clinical management.

There are still relatively few published reports on DCS use,
particularly in newborn and infants which is a very suitable popula-
tion for DCS due to the thinner extra-cerebral layers. The signal-to-
noise ratio is higher with higher reproducibility of BFI and greater
sensitivity to cortical tissue as compared to adult. Examples of
neonatal studies utilizing DCS include demonstration of cerebral
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hemodynamics in VLBW preterm infants during a small postural
change [92], and dose-dependent increases in CBF following treat-
ment of metabolic acidosis using sodium bicarbonate [97]. Such
information may be especially important in adjusting clinical man-
agement to avoid large and rapid CBF fluctuations which may lead
to brain injury, in particular intraventricular hemorrhage in preterm
infants. The combination of NIRS-measured cerebral oxygenation
and DCS-measured BFI has been utilized to derive quantitative
information on changes in cerebral oxygen metabolism in infants
who suffered hypoxic-ischaemic encephalopathy and underwent
therapeutic hypothermia [98] and in infants who underwent neo-
natal cardiac surgery [99] and developmental changes in cerebral
oxygen metabolism in preterm infants [100], as well as in func-
tional studies to understand the coupling relationship between
neuronal metabolism and CBF in the preterm brain [101].

There are several limitations of DCS measurements. While
changes in cerebral BFI relative to the baseline measurement reflect
changes in CBF, the quantification of absolute BFI is limited [102,
103], and remains to be determined across a wide range of subjects
and tissue types. Another significant limitation of DCS is its sus-
ceptibility to motion artifacts. Blood flow measurements in DCS
are derived from light intensity fluctuations due to moving red
blood cells, and therefore additional movement of the probe can
increase the signal-to-noise ratio in the measurement. In addition,
the penetration depth of DCS is limited. Like NIRS, a common
rule of thumb for DCS is that it measures a tissue depth underneath
the optical probe that is roughly one-third to one-half of the
source-detector separation; thus, typical DCS experimental setups
with source-detector separations of 2–3 cm would interrogate and
measure superficial cortical regions. To increase the penetration
depth, larger source-detector separations are required. Neverthe-
less, the use of larger source-detector separation configurations
leads to a lower signal-to-noise ratio, especially since DCS optimally
requires single-mode detection fibers for measurement of the
intensity autocorrelation function, which has relatively low
throughput. This low signal-to-noise ratio becomes even more
problematic in the presence of hair and/or dark skin.

4 Summary

There has been increasing research interest and clinical demand to
study the neonatal brain, with the exploration of the bedside and
real-time measurement of cerebral hemodynamics in guiding ther-
apy and predicting outcome. The research modalities have the
potential to be combined to provide complementary information
on preterm cerebrovascular physiology, and its relation to brain
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injury and therapy. Importantly, the measurements are required to
be reliable and reproducible, and reference/target ranges are yet to
be established.

Effective brain-oriented neonatal intensive care is mainly
impeded by two major obstacles: firstly, the lack of clinically rele-
vant parameters for cotside monitoring of cerebral perfusion and
oxygenation; secondly, not knowing whether maintaining the cere-
bral hemodynamic parameters within a “normal” range would
translate into improved outcomes for preterm infants. Prospective
trials demonstrating the use of these tools in guiding treatment,
and evidence that maintaining predefined and targeted cerebral
hemodynamic measurements improves clinically relevant outcomes
for preterm infants, are clearly important [104]. Future research
should also aim to determine the limits beyond which changes in
cerebral hemodynamics become injurious to the developing pre-
term brain.
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Chapter 6

Fetal Sleep and Spontaneous Behavior In Utero: Animal
and Clinical Studies

Dan Rurak

Abstract

The term fetal behavior includes fetal sleep states, which in precocial mammalian species (i.e., those born
relatively mature at birth) develop in late gestation, along with the fetal physiological processes, such as fetal
body movements and breathing activity, cardiovascular function, blood gas, and acid-base status, which are
linked to fetal sleep states. Since ~1970, as a result of technological and technical advances, there has been
significant advances in our understanding of fetal behavior in man and animals, and also the development of
fetal monitoring techniques in human pregnancy that are based on the changes in fetal behavioral variables
that are altered in pathophysiological complications of pregnancy. In species such as sheep, guinea pigs, and
primates, including the human, fetal sleep states, comprised primarily of quiet sleep and REM sleep, develop
in the second half of gestation. Fetal motility in the form of body and breathing movements develop earlier
in gestation, but when fetal sleep states develop they become linked to these states. In all species, fetal
breathing is episodic occurring about 40 % of the time. In the fetal lamb, fetal breathing activity occurs only
in REM sleep, whereas in primates, breathing occurs in both sleep states although the character of the
breathing movements changes with sleep state. Fetal body movements occur in both sleep states, but
vigorous body movements occur mainly during brief periods of a more aroused state, in which vigorous
breathing and fetal swallowing also occur. However this aroused state is unlikely to represent wakefulness.
Although they do not fulfil the functions that they will after birth, fetal breathing and body movements are
important for the development of the lung and musculoskeletal system, respectively. Uterine activity, in the
form of pre-labor contractions, which appear to occur in all species, can also affect fetal behavioral activity,
particularly in species, like sheep, where the contractions are quiet long (5 min). There are also circadian
rhythms in breathing and body movements, and various other fetal variables, with a higher incidence
breathing and motility at night. Evidence from sheep indicates that the fetal circadian rhythms are derived
from the maternal melatonin rhythm via maternal to fetal transfer of maternal melatonin. Fetal movements
are associated with transient changes in fetal heart rate, usually accelerations, and this response forms the
basis of the non-stress test and is an element of the fetal biophysical profile score, which are commonly used
diagnostic methods to assess fetal well-being in human pregnancies. The transient accelerations in fetal
heart rate increase cardiac output and umbilical blood flow. In contrast to the situation after birth, fetal
vascular oxygenation fluctuates consistently with transient decreases due to episodic fetal breathing and
body movements and uterine contractions. In sheep, increasing the frequency of these uterine contractions
above the normal rate, via pulsatile maternal intravenous oxytocin administration, has maturational effects
on neural and cardiovascular functions. Overall the data indicate that in late gestation, the healthy fetus
exhibits an organized constellation of cyclic activities, including motility, breathing activity, ingestion, and
cardiorespiratory function, all of which are linked to the regular alterations in behavioral states. In all species
studied, there is a progressive decrease in fetal motility with advancing gestation and there are also
reductions in fetal motility with fetal metabolic compromise. More studies are required in the human and
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other species to more precisely define the changes in fetal behavioral and related variables with advancing
gestation and with deteriorations in fetal metabolic status.

Key words Fetal behavior, Fetal breathing, Fetal body movements, Fetal circadian rhythms,
Antenatal uterine activity, Fetal monitoring

1 Introduction

In this chapter, the methodologies used to discern fetal behavior in
animals and man will be discussed along with information on fetal
behavior that these methods have provided. The term fetal behav-
ior includes fetal sleep states, which in precocial mammalian species
(i.e., those born relatively mature at birth) develop in late gestation,
along with the fetal physiological processes, such as fetal body
movements and breathing activity, cardiovascular function, blood
gas, and acid-base status, which are linked to fetal sleep states. Since
~1970, as a result of technological and technical advances, there has
been significant advances in our understanding of fetal behavior in
man and animals, and also the development of fetal monitoring
techniques in human pregnancy that are based on the changes in
fetal behavioral variables that are altered in pathophysiological
complications of pregnancy.

2 Fetal Behavior in Sheep

Study of normal fetal physiology is obviously complicated by the
inaccessibility of the fetus. Thus, gaining of understanding of fetal
functions in animals has resulted from the development of the
surgical and monitoring methodologies to establish chronically
instrumented fetal preparations. This involves aseptic surgery in
anesthetized animals and gaining access to the fetus via incisions
in the maternal abdomen and uterus, followed by implantation of
vascular catheters and other devices in the fetus (Fig. 1). The distal
ends of the catheters and other cables can be brought to the
exterior through a small incision in the maternal flank, followed
by closure of all incisions. After allowing several days (4–7 days) for

Fig. 1 Diagram of a typical chronically instrumented fetal sheep preparation
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recovery of the animal from the surgery, the fetus can be monitored
in utero; using appropriate polygraph equipment and other moni-
toring equipment, blood and other fluid samples can be collected
from the fetus, drugs and other compounds can be administered,
and experiments can be conducted. In theory, the fetus can be
studied for the remainder of gestation, although in most cases,
the study duration is less than this. This methodology was first
described in pregnant sheep by Meschia et al. [1].

Although the use of chronically instrumented fetal lambs has
provided a wealth of data of normal fetal development and the
changes that occur in models of fetal compromise, the study of such
preparations involves considerable expenses and they are logistically
demanding. There can also be a significant incidence of preparation
failure due to in utero fetal death or premature delivery or failure
of the implanted catheters and other devices. Strict adherence to
aseptic procedures is necessary both during the surgical instrumenta-
tion of the fetus and with the subsequent handling of the implanted
fetal catheters. In addition, there is evidence that even in preparations
that go to termwith thedelivery of a live newborn, fetal growth canbe
impaired and there can alsobe a significant incidenceof pretermbirth,
something that does not normally occur in sheep [2, 3]. Moreover in
pregnant sheep carrying the twins or triplets, the impairment in
growth affects all fetuses, not just the one that was surgically instru-
mented. However, acclimation of the animals to the laboratory envi-
ronment and lab personnel as well as bringing sheep from the same
peer group into the lab may reduce the incidences of these problems
[3]. Duringmonitoring and experimental sessions, the measurement
of the very small voltages associated with fetal ECoG and EMG
activity requires the use of appropriate high-gain amplifiers and
adequate shielding to prevent interference from the mains voltage.

The first such chronically instrumented fetal preparation that
focused upon fetal sleep states and related processes was reported by
Dawes et al. [4]. In this study, both acutely exteriorized, unanesthe-
tized fetal lambs delivered into a warm saline bath with the umbilical
circulation intact and chronically instrumented fetal lambs were stud-
ied and the gestational age ranged from 40-day gestation (0.27 of
term) to term (~147 days). In some of the chronically instrumented
fetal lambs between 110- and 138-day gestation, electrocortical
(ECoG) activity and eye movements were recorded from stainless
steel screws implanted through burr holes biparietally that were in
contact with the dura and with similar screws implanted along the
superior orbital ridge, respectively. Two types of activity were
observed: onewith fast (10–20Hz), low-voltage electrocortical activ-
ity, associated with rapid eye movements (REM) that occurred for
54–69 % of the time and the other associated with slow (3–12 Hz),
high-voltage electrocortical activity and no eye movements (Fig. 2).
The authors concluded that the former activity represented REM
sleep and the latter non-REMor quiet sleep. In addition, as discussed
further below, fetal breathing activity, measured with a non-occlusive
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catheter implanted in the trachea, an oesophageal catheter, or an
electromagnetic flow meter implanted in the trachea, only occurred
in REM sleep (Fig. 3). It was also noted that in fetuses less than
128-day gestation, it was difficult to identify the two sleep states as
the ECoG voltage was consistently low (20–40 μV).

Subsequent research in this area identified another sleep state in
late gestational fetal lambs [5–7]. In addition to recording the fetal
ECoG and eye movements, these researchers recorded EMG activ-
ity from a fetal neck muscle and in the case of Rockebusch et al. [5,
7], from several limb muscles as well. The rationale for recording
neck muscle EMG is that postnatally there is tonic activity of this
muscle during quiet sleep, and loss of activity during REM sleep
and phasic activity during wakefulness [6]. In both studies, a por-
tion of low-voltage ECoG activity was associated with phasic nuchal
muscle activity and, in the Ruckebusch et al. study, phasic limb
muscle activity. Harding et al. [6] also reported that fetal swallow-
ing activity also occurred in this state (Fig. 4) and Rigatto et al. [8]
reported that the early monosynaptic response to peripheral nerve
stimulation was enhanced during this state, compared to the
responses in quiet sleep and much greater than the response in
REM sleep. The authors noted that this pattern of responsiveness
was similar to that observed during wakefulness after birth. More-
over, this aroused state could be elicited by external stimulation [5,
7]. The duration of these episodes averaged 2.0 � 01 min and the
mean interval between successive episodes was 2.3 � 0.2 h in nine
fetal lambs at 109–134-day gestation [6]. This compares to dura-
tions of quiet sleep and REM sleep of 6.8–9.7 and 9.5–15.0 min
(95 % confidence intervals) in fetal lambs at 131–140-day gestation
[9]. These studies concluded that the brief low-voltage ECoG
episodes were different from REM sleep and may represent fetal
wakefulness or an awake-like state of arousal. However, it also
pointed out that with the recording methods employed in these
studies it was not possible to unequivocally demonstrate fetal wake-
fulness [6]; direct observation of the fetus is required.

Fig. 2 Records of a biparietal dural electrocorticogram in a chronically instru-
mented fetal lamb at 143-day gestation. (a) Low-voltage rapid activity, (b) high-
voltage slow activity (from [4] with permission)
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Direct observation of the fetal lamb has been accomplished in
two studies in pregnant sheep. Dawes et al. [4] observed fetal lambs
at 115–147days thatwere delivered into awarm saline bath (39–40 �C)
adjacent to the ewes under epidural anesthesia and with intact
umbilical circulation. In addition to REM and quiet sleep, brief
periods of apparent wakefulness were observed, which involved
the lamb moving its limbs, raising its head, and opening its eyes.
The lambs also responded vigorously to tactile and auditory stimuli.
However, this behavioral state was not usually associated with
breathing. In subsequent experiments on mature fetal lambs (Paul
Johnson, Dan Rurak, Geoffrey Dawes, unpublished data), wakeful-
ness was only observed when the bath temperature was reduced.
When fetal core temperature reached ~37 �C (compared to a nor-
mal temperature of 39.5 �C), wakefulness was observed, which
included the lamb raising its head out of the bath. This was asso-
ciated with the onset of continuous pulmonary ventilation. When

Intrauterine pressure
(mm Hg)

Fetal Arterial Pressure
(mm Hg)

Fetal Heart Rate
(mm Hg)

Intra-tracheal Pressure
(mm Hg)

ECoG 

Eye Movements

Fig. 3 A section of a polygraph record from a chronically instrumented fetal sheep at 134-day gestation last for
about 45 min (ECoG—electrocortical activity). Antepartum uterine contractions can be discerned at the
beginning and near the end of the intrauterine pressure trace
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the bath and fetal core temperature was raised back to normal,
pulmonary ventilation ceased, and the lamb’s head sunk back into
the bath. This routine of cooling and returning the bath tempera-
ture to the in utero value was repeated several times in individual
fetuses and in every instance cooling resulted in the appearance of
wakefulness, which ceased when the bath temperature was raised.
Similar results were reported by Harned and Ferreiro [10],
although in the case, the bath temperature was lowered gradually
to 25–26 �C and this was always associated with arousal and the
onset of pulmonary ventilation. Harned et al. [11] also report that
following delivery of term fetal lambs by caesarean section and the
initiation of continuous breathing, immersion of the lambs in a bath
at 39–40 �C resulted in a marked suppression of breathing and this
response was present for the first few days after birth. Cooling of the
fetal lamb in utero via pumping cold tap water through coiled
tubing implanted in the amniotic cavity (external cooling) or in
the fetal stomach via the oesophagus (internal cooling) resulted in
the onset of continuous breathing andwith the external cooling, this

Fig. 4 Polygraph recording from a chronically instrumented fetal lamb at 142-day gestation. E.c.o.g.
electrocortical activity, E.o.g. electrocular activity (eye movements), Nuchal EMG recording from a neck
muscle, P.c.a. EMG recording from the posterior cricoarytenoid muscle (a laryngeal muscle that contracts in
phase with breathing movements), T.a. EMG recording from the thyroarytenoid muscle (a laryngeal muscle
that contracts in phase with swallowing). The EMG signals are in a integrated form. Bouts of fetal swallowing
are underlined (from [6] with permission)

94 Dan Rurak



occurred before fetal core temperature started to decrease [12].
Collectively these observations suggest that surface and core cooling
of the fetus following birth could be important for the initiation of
arousal and wakefulness and continuous breathing, and also that
the wakefulness of the exteriorized fetal lamb observed by Dawes
et al. [4] may have resulted from inadvertent surface cooling of the
animals.

The other study that involved direct observation of fetal lambs
involved viewing chronically instrumented fetuses through a plex-
iglass window implanted in the flank of the pregnant ewe [13]. In
these studies, the fetal head was kept within the viewing window via
a harness placed around the lamb’s muzzle. The implanted electro-
cortical, nuchal muscle EMG activity and eye movements allowed
identification of REM and quiet sleep and the brief periods of
arousal reported in previous studies [6, 7]. However, wakefulness,
defined as opening of the eyes and purposeful movements of the
head, was never observed.

Mellor and colleagues [14, 15] have carefully considered the
evidence for and against the occurrence of wakefulness in the
mammalian fetus. They have concluded that wakefulness does not
occur prior to birth, because of the presence of a number of
suppressors of arousal in utero. These include the warmth of the
intrauterine environment, perhaps more particularly the lack of a
temperature gradient between the fetal core and body surface. In
addition there are several compounds present in fetal blood and in
the brain that suppress arousal, including adenosine, the neuroac-
tive steroids, allopregnanolone and pregnanolone, and prostaglan-
din E2. All these compounds are produced by the placenta as well as
other tissues, including the fetal brain [15], and their concentra-
tions fall rapidly at birth, as does neonatal surface temperature,
allowing for the rapid onset of wakefulness following delivery.

3 Fetal ECoG Activity in Other Species

Most of the animal research on fetal behavioral variables has been
conducted on pregnant sheep. However data from other species are
available. Stark and colleagues have studied fetal behavioral states in
chronically instrumented fetal baboons [16]. These studies were
conducted in late gestation (0.8–0.9 of term) and used methodol-
ogies similar to those employed in the fetal lamb studies, with
electrodes implanted on the fetal frontal and parietal cortex for
monitoring ECoG activity and electrodes implanted subcutane-
ously on either side of the orbit to record eye movements [16,
17]. In some fetuses, six ECoG electrodes were implanted pairwise
on either side of the cranial midline, at 1 cm intervals in an anterior-
posterior orientation in order to examine local coherence of the
ECoG recordings [18]. Two major patterns of ECoG activity were
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observed. One, termed trace alternant, comprised periodic bursts
of high-amplitude activity (~100 μV) alternating with low-
amplitude activity (~25 μV) and associated with few eye movements
and low heart variability. It was concluded that this represented
quiet sleep. The other state exhibited a more stable pattern with
amplitudes of 50–75 μV, associated with eye movements and
increased heart rate variability, and was identified as REM sleep.
These signals are qualitatively different from those obtained from
fetal lambs (Figs. 2 and 3), but are similar to the electroencephalo-
graphic recordings obtained from human newborns [19]. The
quiet and REM sleep episodes were separated by transition periods,
which using statistical analysis were determined to be up to 7 min in
duration, but which averaged 3.6 min. The average duration for the
quiet sleep and REM sleep episodes averaged to 6.0 and 20.1 min,
respectively. Another difference from the fetal lamb results is that in
the baboon fetus at 0.8–0.9 of gestation, recognizable behavioral
states (quiet and REM sleep) occur for only 41.2 % of the time. For
34.3 % of the time the state was termed intermediate. For 24.6 % of
the time, there were the appropriate coincident associations of
electrocortical pattern, eye movements, and heart rate, but these
did not meet the criteria for state for several reasons including being
bounded by intermediate states. As noted above, in the fetal lamb,
cycling between quiet sleep and REM sleep is not obvious before
about 128 days. The authors suggested that the differences
between the baboon and sheep results may reflect differences in
brain development between the species, but it could also be due in
part to difference in the way the data was analyzed in the sheep and
baboon studies. It could not be determined if the transition periods
in the baboon were associated with fetal arousal periods, as in the
fetal lamb (see Fig. 4), because recordings of fetal postural and other
skeletal muscles were not obtained.

Fetal behavioral state data has also been obtained from the
guinea pig [20, 21]. In the Umans et al. study [21] fetal guinea
pigs were instrumented with electrocortical and ECG electrodes.
As in the sheep and baboon, two alternating patterns of electro-
cortical activity were observed: high-voltage, slow activity and low-
voltage, fast activity and these patterns first appeared at about 50-
day gestation (~0.7 of term). As with the baboon studies, the
periods of fetal arousal that have been observed in the fetal lamb
could not be detected in the guinea pig because the appropriate
electrodes were not implanted.

4 Automated Analysis of Fetal Electrocortical Signals

Much of the research on fetal sleep states has involved visual analysis
of the polygraph traces [4, 22]. This can provide information on
the incidences of the various states and their average durations, but
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not about the frequency and amplitude characteristics of the signal.
Szeto and colleagues have done much research in this area, and this
process has been aided by the progressive development of desktop
computers and computerized data acquisition systems [23, 24].
The basic approach was to record the electrocortical signals on an
FM tape recorder, with subsequent processing of this signal involv-
ing analog-to-digital conversion, and then processing by an IBM
PC to conduct a fast Fourier transform and generate a power
spectrum of the data, using a combination of commercially avail-
able and custom-built software [23]. Analysis of the power spectra
at different gestational age ranges from less than 120 to 139 days
indicated that clearly distinguishable episodes of high-voltage slow
activity and low-voltage fast activity were observed at 114–117-day
gestation. With advancing gestational age, the main change
occurred with low-voltage fast activity, involving a shift to higher
frequency bands. A somewhat simpler process was also employed,
which did not involve generation of a complete power spectrum of
the electrocortical frequency bands. Instead the frequency below
which 90 or 95 % of the power in the spectrum resides, the spectral
edge frequency was calculated, and this process was used to provide
a quantitative measure of the maturation of electrocortical activity
in the fetal lamb with advancing gestation [25]. At gestational ages
below 122–125 days only one spectral edge peak was present,
whereas above this age range two peaks were present representing
low-voltage fast and high-voltage slow electrocortical states
(Fig. 8). This is later than the age (114–117 days) at which two
electrocortical patterns were distinguishable with visual analysis of
the power spectra (see above). However the spectral edge fre-
quency analysis indicates that the main developmental change
occurred with low-voltage fast activity, which involved an increase
in the spectral edge frequency with advancing gestational age. This
is similar to findings resulting from analysis of the electrocortical
power spectra (see above) (Fig. 5).

The use of electrocortical power spectra and spectral edge
frequency analysis has provided valuable information about the
frequency characteristics of the signal and the ontogenetic changes
that occur with advancing gestation and also the changes in sleep
state that occur with the onset of labor [26]. However for examin-
ing relationships between sleep state and other physiologic pro-
cesses in the fetus, such as breathing and body movements and
cardiovascular function, a system that automatically identified the
patterns of electrocortical activity, particularly in real time, would
be desirable. McNerney and Szeto [27] described such a system.
This employed methods similar to those used to determine the
electrocortical power spectra and spectral edge frequency following
digitization of the electrocortical signal and fast Fourier transfor-
mation. Then three criteria were employed to distinguish between
quiet and REM sleep and also between two transitional states: total
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power, percent power in the 1–4 Hz bandwidth (i.e., characteristic
of high-voltage slow activity), and percent power in the 15–31 Hz
bandwidth (i.e., characteristic of low-voltage fast activity). Using
these criteria, the various sleep states could be automatically identi-
fied. However, because of the limited power of desktop computers
of the day, the analysis was conducted off-line and was restricted to
2–3-h segments. Nonetheless, the study did identify one feature of
the electrocortical pattern what was not obvious from visual analysis
of the electrocortical pattern; the transitional states are not
restricted to the periods of change from quiet sleep to REM sleep
and vice versa, but transitional epochs also occur briefly within
these states. Akay et al. [28] used an alternative method from fast
Fourier transformation for analyzing the electrocortical signal in
chronically instrumented fetal lambs. The method employed wave-
let transformation for a number of reasons, with the main one being
that wavelet transform analysis is better than fast Fourier transfor-
mation for analyzing non-stationary signals, which is the case with
electrocortical activity. In addition, it was hoped that wavelet trans-
form analysis would be better at detecting the time in gestation
when distinct high- and low-voltage patterns first become apparent
since as noted above, with fast Fourier transformation (spectral
edge frequency), this was first detected at 122–125-day gestation,
whereas it was detected visually at 114–117 days. The wavelet
transform analysis was analyzed with 2-h electrocortical records
and four frequency bands were examined: 16–31, 8–16, 4–8, and
2–4 Hz at gestational age ranges of 110–122, 123–135, and
136–144 days. In contrast to the findings with fast Fourier analysis,
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Fig. 5 Spectral edge frequencies of high-voltage fast (solid triangles) and low-
voltage slow (solid circles) electrocortical activities in fetal lambs as a function of
gestation age. The open squares represent data from fetuses where only one
dominant frequency was present. From [25] with permission
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which indicated that the main developmental change in electrocor-
tical pattern involved low-voltage fast activity, with an increase in
power of the higher frequency changes (i.e., 16–31 Hz), wavelet
transform analysis indicates changes in both low-voltage fast and
high-voltage slow activity with advancing gestation. From 110 to
130 days, the main change was with high-voltage slow activity, with
a progressive increase in the power of the 2–8 Hz band. In contrast
from 130- to 145-day gestation, the main change occurred with
low-voltage fast activity with an increase in the power of the
16–32 Hz band. Moreover, use of fast Fourier transformation of
the data did not detect these changes [28]. This study suggests that
waveform analysis is better than fast Fourier analysis for analyzing
the frequency characteristics of the fetal electrocorticogram. How-
ever, the method could still only be used off-line with data recorded
on an FM tape recorder and then digitized and was limited to 2-
h time blocks. In addition, it is not clear from the paper how the
complex calculations involved in wavelet transform analysis were
conducted. Commercial software (MatLab, Mathworks Inc.,
Natick, MA) is now available and has been used for EEG analysis
in adult subjects [29]. It does not however appear to have been
applied to fetal ECoG or EEG signals.

More recently, Keen et al. [30] developed an automated analy-
sis method for the amplitude and frequency components of the
fetal lamb ECoG that employs the Powerlab computerized data
acquisition system (ADInstruments, Colorado Springs, CO). The
spectrum function of the Powerlab system was used to estimate the
95 % spectral edge frequency, ECOG amplitude, and the spectral
power in the 1–4, 4–8, 8–12, and 12–25 Hz frequency bands. The
automated analysis incorporated four variables: ECoG amplitude,
95 % spectral edge frequency, and the relative spectral power in the
1–4 and 12–25 Hz frequency bands. The cutoff values for these
variables in terms of the various ECOG states had to be determined
for each animal, which could then be used for the ECoG analysis of
that animal. The automated analysis identified periods of low-
voltage fast and high-voltage low activity and also transitional
periods between the main ECoG states. In addition for 10 % of
the time, a specific ECoG state could not be defined with the
criteria used and this was assigned as an indeterminate voltage/
frequency pattern. Although the Powerlab spectrum analysis is
done off-line, the calculated variables can be displayed as new
channels in the Powerlab chart display, which facilitates analysis of
the relationship between the ECoG variables and the other fetal
variables recorded. In the initial publication from this group [30],
the fetal lambs studied were at 132–134-day gestation. However
in an additional publication [31], the fetuses were studied at
116–119-, 121–122-, 124–126-, 128–129-, and 131–134-day
gestation. The developmental changes in ECoG pattern mainly com-
prised an increase in ECoG voltage amplitude of the high-voltage,
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low-frequency state, but not the low-voltage fast state, and an
increase in the 95 % spectral edge frequency for the low-voltage
state, and a slight decrease in spectral edge frequency of the high-
voltage state. In addition there was an increase in the voltage ampli-
tude of the indeterminate frequency/voltage pattern with advanc-
ing gestation. There was also a decrease in the mean percent time
spent in the low-voltage state (from 54.2 � 2 % to 46 � 2 %) and
an increase in the mean percent time spent in the high-voltage
state (from 26.3 � 3 % to 37 � 2 %). However, even in late gesta-
tion, the fetal lamb spends more time in the low-voltage than the
high-voltage state. Moreover, the changes in percent time were
accompanied by an increase in the mean durations of both the low-
voltage (from 3.3 � 2.2 to 5.8 � 0.6 min) and high-voltage
(1.9 � 0.2 to 4.7 � 0.5 min) states. The transitional states also
showed changes. For transitions from low to high voltage, the
mean duration more than doubled (from 40 to 87 s), whereas
there was no change in the duration of transitions for high to low
voltage. Some of these developmental changes, particularly for spec-
tral edge frequency, are similar to earlier reports [25]. Keen et al. [31]
also examined the ECoG variables in fetuses subjected to chronic
hypoxemia achieved via embolization of the umbilical circulation.
Overall, the various analytical methods employed to examine ECOG
characteristics in fetal lambs have provided considerable informa-
tion on the various ECoG states and on the developmental changes
in these states. With the development of methodologies that allow
for long-term automated identification of the various ECOG states
in relation to other fetal variables, it seems that more information
could be obtained on the relationship of fetal ECoG states to other
fetal functions and on the impact of other normal intrauterine
processes on the ECoG states.

Myers et al. [32] describe a quantitative method for classifica-
tion of the ECoG states in the fetal baboon. The methodology
employed was similar to that employed in the earlier studies con-
ducted on fetal lambs: implantation of dural ECoG electrodes
biparietally, with one additional electrode on the frontal cortex.
The ECoG signal was acquired, amplified, and recorded on a
polygraph recorder and FM tape recorder, with the ECOG analysis
being conducted off-line. Fast Fourier transforms were conducted,
and the 80 % spectral edge frequency was estimated. An additional
analysis was performed to identify the trace alterant pattern that in
present in the fetal baboon and other primates. The ECoG signal
was first processed by a high-pass filter to attenuate the low-
frequency components and then subjected to linear full-wave recti-
fication and electronically smoothed. The ratio of relative spectral
power in the 0.03–0.20 Hz frequency band (i.e., the frequency
band of the trace alterant pattern divided by the relative spectral
power in the 12–24 Hz frequency band) was termed the EEG ratio
and accurately identified the periods of trace alterant activity. In a
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subsequent publication [18], this group examined another aspect
of ECOG/EEG activity that has not been examined in other stud-
ies of fetal sleep states. This is the spatial integration of ECoG
voltage and frequency oscillations across the cerebral cortex,
which relates to the development of cortical networks. For this
purpose, three pairs of cortical dural electrodes implanted with an
additional reference electrode were implanted in five fetal baboons
at 128–132-day gestation (term ~175 days). The ECoG data was
sampled and digitized using a commercial computerized data acqui-
sition system and periodicities in the EEG spectral power ratios and
coherence data were analyzed off-line over 5-min blocks.
Because of gaps in the data largely due to maternal movement
artefacts, fast Fourier transformation could not be used; rather
Lomb periodograms, which can deal with data gaps, were
employed. The ECoG frequency bands analyzed were 1–4, 4–7,
8–12, 12–30, and >30 Hz. The magnitude of the coherence
between pairs of electrodes was estimated using a published for-
mula. The data analyzed was obtained between 137 and 151 days
and over this time, both ECoG cycling and local synchrony of the
ECoG signals became increasing well organized with a cycle length
of ~1 h. This suggests that with advancing gestation both ECoG-
state cycling and the integration of cortical activity develop in
parallel.

5 Behavioral States in the Human Fetus

The EEG of the human fetus has been measuring during labor after
rupture of the membranes and application of a suction cup EEG
electrode assembly to the fetal scalp [33–35]. However, two of
these publications [33, 34] mainly presented the methodology
employed to obtain the EEG signals, with little or no data pre-
sented. In contrast, Thaler et al. [35] used fast Fourier transform
and 90 % spectral edge frequency to characterize the EEG pattern
in 14 subjects from 38- to 42-week gestation. They characterized
episodes of low-voltage fast and high-voltage slow activities, which
had average durations of 41.3 � 2.3 (SE) and 26.2 � 2.0 min,
respectively, and these values are significantly different
(P > 0.001, paired t test). The percentage of time spent in the
low- and high-voltage states average 60.1 % and 39.9 %, respec-
tively. The durations are much longer than the durations of the
ECoG states in the late-gestation fetal lamb (see above). A part of
this difference may relate to the fact that in the human study, the
EEG records were obtained in labor, and Shinozuka and Natha-
nielsz [26] have found changes in the percentage time and dura-
tions of the high- and low-voltage states in the fetal lamb during
labor. Because other fetal variables, such as eye movements and
postural muscle activity, were not measured, assignment of sleep
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states is not possible. Nonetheless, the data presented by Thaler
et al. [35] indicate that the EEG cycling occurs in the human fetus
at term.

The recording of EEG signals from the scalp of the human fetus
is only possible during labor. For assessment of behavioral states
during pregnancy, other methods, based upon real-time ultrasound
and Doppler ultrasound, have been employed. Two main
approaches have been developed. One of these was developed by
researchers in the Netherlands and was based upon behavioral state
studies conducted on term and preterm infants by Prechtl and
colleagues [36]. For the fetal studies, two real-time ultrasound
scanners were used, one to monitor eye movements, which as
Bots et al. had demonstrated could be monitored with ultrasound
[37], and the other to monitor fetal body movements. Fetal heart
rate was monitored with a conventional cardiotocograph and all
data was recorded on a videocassette recorder [38] with the analysis
being conducted off-line. In this initial study, 14 low-risk pregnan-
cies were monitored at 2-week intervals from 32 to 40 weeks of
gestation. All three signals obtained (eye movements, body move-
ments, heart rate) showed periodic changes. Moreover, the pattern
of change of the variables at times appeared to be temporally linked
in terms of the simultaneity of the changes, their recurrence, and
stability. Four behavioral states were noted: state 1F—general qui-
escence with brief gross body movements, absent eye movements,
and stable heart rate; state 2F—frequent and periodic gross body
movements, continuous eye movements, and heart rate with a
wider oscillation and frequent accelerations associated with body
movements.; state 3F—gross body movements absent, continuous
eye movements, and heart rate with a wider oscillation but no
accelerations; and state 4F—vigorous, continual body movements,
continuous eye movements, and unstable heart rate, with large and
long-lasting accelerations. The behavioral states observed in human
infants include the following: state 1, eyes closed, regular respira-
tion, and no movements; state 2, eyes closed, irregular breathing,
and small movements; state 3 eyes open, and no movements; state
4, eyes open, and gross movements; and state 5, crying [36]. There
is clearly not a fetal equivalent to state 5. Also, the 3F state occurs
rarely [38] or not at all [39, 40]. Thus in the human fetus in late
gestation, there are three main states: 1F, 2F, and 4F. The 1F and
2F states appear similar to quiet and REM sleep, respectively, and
state 4F to the brief periods of arousal identified in the fetal lamb
(see above). However, Nijhuis et al. [38] were carful not to denote
states to the 1F and 2F patterns because fetal EEG recordings
during pregnancy were not available. Pillai and James [39] com-
pared the ultrasound assessments of behavioral states of 18 healthy
term fetuses (>37-week gestation) with the recordings from the
same subjects at 3 and 5 days after birth. The number of eye
movements, limb movements, and body movements/10 min
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were not significantly different between states 1F (fetal) and 1
(neonatal) and 2F and 2. In terms of comparisons between F4
and 4, eye and limb movements/10 min were not different, but
the number of body movements was significantly greater in the
neonate compared to the fetus. Heart rate patterns in the various
fetal and neonatal states were also comparable, although mean heart
rate in states 1, 2, and 4 were ~20 beats lower than the
corresponding fetal values, which reflects the progressive fall in
heart rate that occurs during development [41] . Given that in the
newborn states 1 and 2 are denoted as quiet and REM sleep [19, 36,
42], respectively, it seems reasonable to consider that the fetal states
1F and 2F represent quiet and REM sleep. Supporting evidence for
this view comes from comparison of the % time spent by the term
fetus in state 1 (33.3) and state 2 (52.5) that is similar to % time
spent by the human fetus in labor in high-voltage (39.9) and low-
voltage (60.1) EEG states [35]. In terms of state 4F, it occurs 10.2 %
of the time at >39-week gestation [39]. For the reasons discussed
above on the aroused state in the fetal lamb, it seems unlikely that
state 4 represents true wakefulness. The human fetus is exposed to
many or all of the factors that suppress arousal in the fetal lamb,
including lack of a temperature gradient, high levels of neuroactive
steroids in fetal blood [43, 44], and high fetal circulating prostaglan-
din E2 concentrations at both mid-pregnancy and term [45, 46].

In terms of the developmental aspects of behavioral states in the
human fetus, Nijhuis et al. [38] noted that prior to about 36-week
gestation, while there were cycles of heart rate, eye movements, and
body movements, these cycles were usually not coincident and did
not start and end at the same time. With advancing gestation, these
criteria were met for the three variables monitored particularly at
36–38 weeks. Visser et al. [47] studied 11 fetuses at 30–32-week
gestation. In six of these cases, the cycles of heart rate, eye move-
ments, and body movements were coincident, although they
accepted changes in body and eye movements within 4 or 6 min
of the heart rate change to be simultaneous. Pillai et al. [48, 49]
studied 45 healthy pregnant women at monthly intervals starting at
12–14-week gestation. Fetal diaphragmatic, limb, body, and
mouthing movements were monitored with ultrasound and fetal
heart rate with a standard heart rate monitor. Before 28 weeks,
there was a high rate of fetal movement, with only short (<4 min)
periods of quiescence. Thereafter the periods of quiescence
increased progressively to term, so that rest-activity cycles were
present. The fetal behavioral states (predominantly states 1F and
2F), which exhibited simultaneity and coincidence of the variables
monitored, were first noted at ~32-week gestation and were present
in over 80 % of the recordings at 36-week gestation. These collec-
tive results indicate the progressive development of organized fetal
behavioral states in the second half of pregnancy and are similar to
the results obtained from the animal species discussed above.
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The other method that has been employed in human preg-
nancy to study fetal behavioral states utilizes a fetal actocardiograph
[50, 51]. This device is similar to a Doppler fetal heart rate moni-
tor, with the difference being that the Doppler return signals
resulting from fetal movement, which have lower Doppler shift
frequencies than the Doppler signals returning from the fetal
heart, are not filtered out. Doppler signals resulting from maternal
movements, which are of lower frequency than the fetal signals, are
filtered out, so that the actocardiograph displays fetal heart rate and
movement traces, which can also be digitized and processed online
[50, 52]. The fetal movements are displayed as spikelike upward
deflections of the trace, so that the device provides information on
the vigor and duration of movement bouts. Comparison of
actocardiograph-identified fetal movements with those obtained
with real-time ultrasound observation indicates that the actocardio-
graph can detect 95.9 % of those observed with ultrasound [53].
The advantage of the actocardiograph is that the measurements can
be obtained by a single operator and are quantitative. The disad-
vantage is that fetal eye movements, which are used in the ultra-
sound determination of fetal behavioral state (see above), are not
detected with the actocardiograph. However, Visser et al. have
reported that fetal behavioral states 1F (quiet sleep) and 2F
(REM sleep), which comprise the bulk of fetal behavior, can be
reliably identified using visual analysis of fetal heart rate patterns
alone [54], so that the combination of heart rate and fetal move-
ments provided by the actocardiograph should suffice, particularly
since the movement trace indicates periods of vigorous fetal move-
ment and thus can identify state 4F. Also details on the types of fetal
movement cannot be obtained, although Besinger and Johnson
[53] report that fetal limb, spinal, and rolling movements can be
distinguished with the actocardiograph by differences in the ampli-
tude and duration of the movements. DiPietro et al. used the
actocardiograph to study the development of human fetal behav-
ioral patterns from 20 to 33–89 weeks at 4-week intervals and also
examined the fetal heart rate response to vibroacoustic stimulation
[52]. Concordant states, as defined above and comprising concor-
dant periods of fetal activity and heart rate pattern, developed in a
nonlinear pattern from 20 weeks to term, while the periods of non-
concordance decreased. The biggest changes occurred between 20
and 28 weeks, with a slower rate of change thereafter (Fig. 6). State
4F first appeared at 24-week gestation and increased to 11–16 %
from 32 weeks to term. This is slightly higher than the value
of 8.9 % reported for the term fetus by Pillai and James [55].
It also appears that the estimates of percentage time spent in
state 1F is lower and in state 2F higher with the actocardiograph
method compared to real-time ultrasound observations (see above).
However whether this is due to methodological differences
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or the different patient populations studied is not clear. It appears
that for many types of studies, either method is acceptable.

A newer technology that has been employed to study human
fetal behavioral states is fetal magnetoencephalography (MEG).
The technique exploits the fact that the flow of electric current
through tissues of the body generates a magnetic field that can be
detected noninvasively with appropriate sensors [56, 57]. The
instruments used for fetal MEG are comprised of ~150 supercon-
ducting primary sensors and ~30 reference sensors, which are
arranged in an array that conforms to the contours of the abdomen
of a pregnant woman [58]. During use of the device, the mother is
seated in a lean forward position so that her abdomen conforms to
the array. In addition the device must be used in magnetically
shielded room. Processing of the MEG signals includes removal
of the signals resulting from the mother, mainly the ECG, by an
algorithm, while the signal generated by the fetal ECG is separated
from the original MEG signals and used to derive R-R intervals and
thus a cardiotachogram. In addition, by tracking changes in the
amplitude of MEG signals resulting from the QRS signals and the
center of gravity of this signal in relation to the other MEG sensors,
fetal movements can be detected, so that an actocardiogram can be
produced [59]. MEG signals emanating from the fetal brain were
identified by ultrasound localization of the fetal head [57] or via 3
localization coils placed around the maternal abdomen [58]. One
limitation of the MEG approach is relatively short monitoring
times, largely as a result of maternal discomfort and which have

Fig. 6 Percentage of total observation time spent in states 1F, 2F, and 4F and the % of non-concordant time.
From [52] with permission
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ranged from 12 to 30 min [57, 58, 60]. This is shorter than the
average duration of a cycle of low- and high-voltage ECoG activity
(65.8 min) in human fetuses during labor [35], and also shorter
than the median length of a cycle of states 1F and 2F (40.5 min) at
38-week gestation [38]. Much of the research with fetal MEG
recordings has involved assessment of fetal CNS responses to audi-
tory and visual stimuli [56, 57]. Eswaran et al. [57] used MEG
recordings to examine EEG patterns between 27- and 39-week
gestation. Prior to 35-week gestation, the predominant pattern
was short bursts of EEG activity separated by flat or lower voltage
intervals, which was termed “trace discontinue.” After 35 weeks, a
trace alterant pattern was observed, similar to that seen in the fetal
baboon and in the preterm infant. Haddad et al. [60] correlated the
MEG patterns with actocardiograph recordings of fetal behavioral
state between 30- and 37-week gestation. The authors referred to
the pattern in state 1F as discontinuous and that in state 2F as
continuous. The differences in EEG pattern between the two states
are less that those seen in the fetal lamb and the fetal baboon.
Haddad et al. also estimated the 90 % SEF in states 1F and 2F
[60]. However, there was no difference between the two states,
with the values in the range of 15–20 Hz. This is different from the
90 % SEF found with EEG recording from human fetuses during
labor, where the value in high-voltage EEG activity (state 1F, quiet
sleep) was 4–11Hz and in the low-voltage state (state 2F, REM
sleep) the value was 12–14 Hz [35]. The reason for these differ-
ences between the fetal MEG recordings and the direct EEG
recording during labor is not clear. One way to resolve this issue
would be to obtain MEG recordings from fetuses in late gestation
and then direct EEG recording from the same fetuses during labor
or in the neonatal period.

The data summarized above indicate that the sleep states
develop prenatally in the sheep, guinea pig, baboon, and human.
All of these species are termed precocial, in that they are born
neurologically mature. The situation is different for most rodents
and carnivores, which are termed altricial and are born neurologi-
cally immature. This difference in neurological maturity between
precocial and altricial species is manifest in various ways. This
includes the time during post-conceptual development when the
brain growth spurt occurs [61]. In the guinea pig, sheep, and
rhesus monkey, it largely occurs prior to birth; in the human and
pig, it spans the perinatal period, and in the rat and rabbit it is
largely a postnatal event. Romijn et al. [62] compared four para-
meters of the cerebral cortex (numerical synapse formation, devel-
opment of glutamate decarboxylase activity, the development of
choline acetyltransferase activity, and the development of electrical
activity) in the human and rat and concluded that the degree of
cerebral cortical maturation in the human infant at birth occurred
in the rat at postnatal days 12–13. Jouvet-Mounier [20] recorded
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EEG activity in the rat, cat, and guinea pig from birth to day 50.
Cortical electrical activity was observed at birth in all three species,
but in the rat and cat, this was very largely REM sleep and in the rat
it was confounded by EMG signals resulting from body move-
ments. Wakefulness and quiet sleep were largely absent and regular
cycling between the sleep states and wakefulness did not occur until
the third postnatal week. In contrast in the guinea pig, cycling
among REM sleep, quiet sleep, and wakefulness was present at
birth, although the amount of REM sleep was about double that
in the adult. Clancy et al. [63] have created a Web-based system
(http://translatingtime.net/home) for translating neurodevelop-
ment from 18 mammalian laboratory species, including hamster,
rat, rabbit, spiny mouse, guinea pig, ferret, cat, rhesus monkey,
sheep, and human, and which incorporates over 100 neurodeve-
lopmental events. This site is very useful for comparing the neuro-
development trajectory in one of the species to the human or any
other species on the list.

6 Fetal Breathing Movements

There has been considerable interest in fetal breathing since at least
the nineteenth century. An extensive review of this literature is
provided by Wilds [64]. Fetal breathing movements were first
directly identified in chronically instrumented fetal lambs by Merlet
et al. [65] and Dawes et al. [4]. In the former study, the breathing
movements were detected from recordings from an oesophageal
catheter which recorded the intrathoracic pressure changes result-
ing from the breathing activity. In the Dawes et al. study, an
oesophageal catheter was also employed and also a cannulated
electromagnetic flow meter was implanted in the trachea to record
the tracheal fluid movements associated with breathing [4]. Two
types of breathing movements were observed: single, large-
amplitude inspiratory efforts, which often occurred as a series of a
few, and rapid, irregular breathing movements. Both studies
showed one of the salient features of rapid, irregular breathing
activity; it is episodic and not continuous and in the fetal lamb;
the breathing is restricted to periods of low-voltage fast ECoG
activity, which as discussed above is comprised mainly of REM
sleep and a small amount of an aroused state (see Fig. 3). Overall,
the breathing movements occurred about 1/3 of the time [4]. In
the Dawes et al. study, another interesting observation was that in a
twin lamb preparation, one of the fetuses, which was hypoxemic
and hypoglycemic, the amount of breathing activity was less than in
the other twin, but was not completely absent [4]. A subsequent
study [66] reported that an acute 1-h period of fetal hypoxemia,
achieved by lowering maternal inspired O2 concentration, reduced
the proportion of time during which fetal breathing occurred from
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23.0 � 2.0 to 4.1 � 2.1 ml/h. However with longer periods of
fetal hypoxemia, fetal breathing activity is initially reduced, but after
~24 h returns to the normal incidence [67, 68].

The single inspiratory efforts observed in the fetal lamb were
initially referred to as gasping and occupied 4 % of the time [4].
Harding et al. provided further information on these inspiratory
efforts by recording EMG activity in laryngeal abductor, which
opens the glottis (posterior cricoarytenoid, PCA), and adductor
muscles, which close to glottis (thyroarytenoid, TA), in addition
to tracheal pressure and diaphragmatic EMG activity in fetal lambs
at 110–130-day gestation and also in postnatal lambs [69]. These
isolated movements occurred at intervals of 0.5–2 min and were
largely restricted to quiet sleep. The intratracheal pressure changes
were biphasic or triphasic and were usually of larger amplitude than
the rapid irregular breathing. The PCA was inactive during the
diaphragmatic EMG burst, suggesting that the glottis was closed.
Following the inspiratory effort there was a prolonged burst of TA
activity (Fig. 7). The authors concluded that these single inspira-
tory efforts most closely resembled the regurgitative activity asso-
ciated with rumination after birth. This activity, as well as rapid,
irregular breathing, obviously does not fulfil the functions that they
do after birth.

Fig. 7 Polygraph recording from a fetal lamb (upper record) and ruminating lamb
(lower record). In the fetal record, rapid irregular breathing is illustrated on the left
and a large inspiratory effort on the right. The lamb record illustrates a large
transient decrease in tracheal pressure in the absence of PCA activity, which
represents regurgitation. From [69] with permission
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Two experimental approaches have been used to identify ana-
tomic location in the fetal lamb brain responsible for the apnea
during quiet sleep and acute hypoxemia. Dawes et al. [70]
employed fetal brain sections, either at caudal (pons, midbrain,
caudal hypothalamus) or rostral (hypothalamus, anterior commis-
sure, optic chiasma) (Fig. 8) in pregnant sheep at 118–123-day
gestation. Fetal breathing was measured by a non-occlusive cathe-
ter implanted in the fetal trachea and with EMG electrodes
implanted on the diaphragm. With the caudal sections, the inci-
dence of fetal breathing movements increased to near continuous
and occurred in both REM and quiet sleep. Acute fetal hypoxemia
resulted in an increase in the rate and amplitude of the breathing,
similar to the situation after birth. With the rostral sections, the
incidence of breathing was not altered but it was dissociated from
fetal sleep state. Acute hypoxemia resulted in a marked decrease in
the amount of breathing, identical to the situation in intact fetuses.
These results led the authors to conclude that the fetal midbrain
generates the episodic pattern of fetal breathing, but that for the
tight link between fetal breathing and low-voltage ECoG activity,
the cortex in also involved. Gluckman and colleagues [71, 72]
made use of a stereotactic brain atlas for a 120-day gestation fetal
lamb [73] to place small bilateral lesions in the brain stem of fetal
lambs in an attempt to localize the sites involved in episodic fetal
breathing and the hypoxic inhibition of this activity (Fig. 9). They
found that bilateral lesions in an area in the rostral lateral pons near
the later parabrachial and Kolliker-Fuse nuclei resulted in the
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Fig. 8 Schematic diagram of a portion of the fetal lamb brain showing the
location of the rostral and caudal brain sections. The numbers refer to the
different fetuses studies. Modified from [70] with permission
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stimulation of fetal breathing during acute fetal hypoxia, as
opposed to the inhibition seen in fetuses with lesions elsewhere in
the midbrain and in intact fetuses [71]. However, these lesions did
not result in continuous fetal breathing, but in some the incidence
of breathing was increased and breathing episodes extended into
quiet sleep. There was also an apparent decrease in the rate of
breathing and it became more irregular, although detailed analysis
of these variables was not done. In a subsequent study [72], the
effects of acute fetal hypercapnia (achieved by increasing maternal
inspired CO2 concentration) and metabolic academia (achieved by
fetal i.v. infusion of lactate) were examined in fetal lambs with the
lateral pontine lesions, with lesions elsewhere in the midbrain and
intact fetuses. Hypercapnia and academia resulted in a stimulation
of breathing only in the group with lateral pontine lesions in both
low- and high-voltage ECoG states, so that breathing became
continuous or near continuous. The authors concluded that the
area in the rostral lateral pons that was lesioned is involved in the
inhibitory effects of acute hypoxia on fetal breathing and also with
the normal absence of breathing in quiet sleep, with this inhibition
being related to an increased threshold for fetal breathing that is
sensitive to H+/CO2. These results differ from those of Dawes
et al., in which the caudal brain sections resulted in near-continuous
breathing in the absence of experimental changes in vascular Pco2
and pH [70]. Johnston and Gluckman [72] explained this differ-
ence by the fact that in the Dawes et al. study the increase in fetal
breathing with caudal brain section occurred progressively over a
~2-week period, and they noted that there is often a small fall in
vascular pH with increasing perioperative age, which could have
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Fig. 9 Diagram of the midbrain of a fetal lamb showing the location of the
bilateral lesions that resulted in the hypoxic stimulation of fetal breathing
(shaded areas). S.c. superior colliculus, C.a. cerebral aqueduct, N.i.c. nucleus
of inferior colliculus, L.l. lateral lemniscus, T.n. trochlear nerve nuclei, M.c.p.
middle cerebral peduncle, V. fifth cranial nerve (trigeminal), R.t.n. reticulo-
tegmental nucleus pons, T.b. trapezoid body, O.l.n. olivary nuclei. Modified
from [71] with permission
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stimulated the breathing. Although there is a progressive decrease
in arterial pH in the fetal lamb with advancing gestational age [74],
the decrease in pH over a 2-week period would only be 0.02 pH
unit, which seems an insufficient stimulus for fetal breathing.

The above studies suggest that midbrain elements are involved
in both the episodic nature and hypoxic inhibition of breathing in
the fetal lamb. In fetal lambs subjected to decortication (total
cortical isolation from lower brain regions), the episodic nature of
fetal breathing is maintained associated with REM and lack of tonic
nuchal muscle activity [75]. However, the low-voltage, fast ECoG
activity pattern was not present, although the high-voltage, slow
ECoG pattern characteristic of quiet sleep was. During fetal breath-
ing episodes, the average integrated ECoG power was significantly
less than that during quiet sleep. In addition, tonic diaphragmatic
EMF activity occurred during a portion of quiet sleep. The breath-
ing responses to hypercapnia and hypoxemia were maintained in
the decorticate fetuses [76]. These results suggest that the cerebral
cortex is not involved in the episodic nature of fetal breathing, the
maintenance of high-voltage, slow ECoG activity during NREM
sleep, or the responses to hypercapnia and hypoxemia. However,
the cortex would seem to be involved in the presence of low-
voltage, fast ECoG activity during REM sleep and in the inhibition
of tonic diaphragmatic EMG activity during NREM sleep. Koos
et al. [77] examined the effects of lesions in the fetal thalamus on
the breathing responses to acute hypoxia. Two approaches were
used: brain transection in this region and local injection of ibotenic
acid bilaterally in the medial thalamus via guide cannula inserted at
the time of surgery and made accessible by a silicone rubber mem-
brane implanted in the flank of the ewe. Ibotenic acid destroys cells
by activating N-methyl-D-aspartate and metabotropic receptors to
result in a rise in intracellular calcium levels; nerve fibres passing
through the lesioned area seem not to be affected. Breathing
responses to acute hypoxemia were assessed before and after ibo-
tenic acid injection. Before injection, hypoxemia resulted in a
marked reduction in fetal breathing and eye movements. Following
injection two types of responses were observed. In 7 of 11 lesioned
fetuses, the breathing response to hypoxemia was abolished and in
all of these animals there was bilateral damage to the parafascicular
complex in the medial thalamus. In remaining four fetuses, the
lesions did not abolish the decrease in fetal breathing with acute
hypoxemia and none of these lesions involved the parafascicular
complex. These results clearly identify this complex, which is part of
the rostral portion of the reticular activating system as being
involved in the inhibition of fetal breathing during acute hypox-
emia. Further research on the midbrain pathways involved in the
control of the episodic nature and other aspects of fetal breathing
seems warranted, particularly on the pathways linking the midbrain,
thalamic, and cortical elements that have been identified as being
involved in these processes.
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There is evidence obtained from the fetal lamb that two endog-
enous compounds are involved in the episodic nature and hypoxic
inhibition of fetal breathing. Both adenosine and prostaglandin E2

have already been mentioned as compounds implicated in the
suppression of arousal in the fetus. Koos and colleagues have exten-
sively investigated the role of adenosine in the hypoxic inhibition of
fetal breathing. Their findings include the inhibition of fetal breath-
ing and eye movements during a 1-h intracarotid infusion of aden-
osine with no effect on the incidence of low-voltage, fast ECoG
activity, whereas with a 9-h adenosine infusion fetal breathing
and eye movements recovered after 6–8 h, similar to the situation
with chronic hypoxemia (see above) [78]. Acute fetal hypoxemia
results in an increase in brain extracellular adenosine concentration,
which was measured via microdialysis probes inserted into the
rostral brain stem [79]. Intra-arterial administration of an adeno-
sine A2a receptor antagonist, but not an A1 receptor antagonist,
abolished the decreases in fetal breathing and eye movements dur-
ing acute hypoxemia [80]. In contrast to the situation in intact
fetuses, adenosine administration stimulates fetal breathing in
fetuses with brain transection in the caudal brain stem [81], similar
to the approach employed by Dawes et al. [70], which was dis-
cussed above and which also results in a stimulation of fetal breath-
ing during acute hypoxemia. In fetuses with caudal brain stem
transections, denervation of peripheral chemoreceptors by carotid
body denervation and bilateral vagal nerve section eliminated
the adenosine-elicited stimulation of fetal breathing, indicating
that these peripheral chemoreceptors are responsible for the
adenosine-elicited hyperpnea [81]. In contrast, the stimulatory
effects of acute hypoxemia appear to involve both peripheral and
central chemoreceptors. In fetuses with bilateral thalamic lesions
that involve the parafascicular complex mentioned above [77], the
inhibitory effects of adenosine on fetal breathing were abolished.
However the region of brain disruption that abolished the adeno-
sine effects appeared to be smaller than that which abolished the
inhibitory effects of hypoxemia, and none of the lesions that dis-
rupted the adenosine responses abolished the inhibitory effects of
hypoxemia [82]. This led the authors to conclude that the inhibi-
tory effects of acute hypoxemia on fetal breathing involve both
adenosine and non-adenosine-mediated mechanism.

The prostaglandin E2 concentration in fetal blood is high in
part because of PGE2 production by the placenta [83] and release
into the fetal circulation and likely low systemic clearance of PGE2

in the fetus because of the very low rate of pulmonary blood flow.
The first evidence for a role of PGE2 in the episodic pattern of fetal
breathing in sheep was provided by Wallen et al. [84], who infused
meclofenamate, a nonselective cyclooxygenase inhibitor, i.v. to fetal
lambs. This resulted in a marked reduction in the circulating PGE2

concentration, associated with a marked rise in the incidence of
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fetal breathing to near continuous. Increasing doses of PGE2 were
then co-infused and this resulted in a progressive reduction of the
amount of fetal breathing to the control level. Interestingly, at the
highest PGE2 infusion rate, the resulting plasma PGE2 concentra-
tion was about 1/3 the control value; yet the incidence of fetal
breathing was reduced to about ½ the control value, suggesting an
increase in the sensitivity of the response. In situ hybridization
techniques have also demonstrated the presence of prostaglandin
H-synthase-1, an enzyme involved in prostaglandin synthesis, in
various regions of the fetal brain from the cortex to the medulla,
suggesting that these brain regions, which include those implicated
in the episodic nature of fetal breathing, can synthesize PGE2

locally [85]. In vitro receptor autoradiography was used to demon-
strate high-density binding for PGE2 in several nuclei within the
fetal brain stem, including the hypoglossal, tractus solitarius, para-
brachial, and spinal trigeminal-oral nuclei andmore moderate bind-
ing in several other nuclei [86]. Note that the parabrachial nucleus
was the site of lesions that resulted in the loss of hypoxia-induced
inhibition of fetal breathing and the onset of continuous breathing
with hypercapnia and academia [71, 72]. Tai et al. examinedmRNA
levels of the various PGE2 receptor subtypes in various CNS regions
from the spinal cord to cerebellum [87]. The mRNA levels of EP1
and EP2 receptors appeared higher in the medulla, pons dienceph-
alon, and hippocampus than in the cerebellum and cortex, whereas
this did not seem to be the case with EP3 and EP4 receptors. The
levels of all receptors in the pons and medulla were highest in the
newborn, with similar levels in the fetus and adult. Further support
for the hypothesis that PEG2 is at least in part responsible for the
episodic breathing in the fetal lambs comes from studies that have
examined the changes in systemic and CNS PGE2 levels in the
perinatal period. Jones et al. [88] stereotactically implanted a sam-
pling catheter in the third ventricle of fetal lambs for collection of
CSF fluid and measured PGE2 concentration in this fluid and in
plasma in late gestation before and following caesarean delivery
once the ewes were in early labor. CSF PGE2 concentration
increased progressively over the last ~12 days of gestation, peaked
at the time of delivery, and decreased to levels similar to those
present in the fetus, and at 24 h after birth were near the detection
limit of the assay. Plasma PGE2 concentration tended to be higher
than that in the CSF and did not change prior to delivery, when
they peaked and then declined initially to levels present in the fetus
and after 24 h to much lower levels. Intravenous infusion of PGE2

to late-gestation fetal lambs to achieve PGE2 concentrations of the
range present in labor resulted in a marked reduction in the inci-
dence of fetal breathing and also a reduction in the amount of low-
voltage, fast ECoG activity [89]. Following cessation of the infu-
sion, the plasma PGE2 concentration fell, but only to the level
present in the fetus prior to the start of the infusion. However
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this resulted in a marked increase in the incidence of fetal breathing
to 74 % of the time, with the breathing occurring at times in the
high-voltage ECoG state. There was also an increase in the amount
of the low-voltage ECoG state. Collectively these results provide
strong evidence for a role for PGE2 in the episodic breathing
pattern that is characteristic of the fetus and also for the withdrawal
of PGE2 being involved in the onset of continuous breathing at
birth.

7 Characteristics of Fetal Breathing in Sheep

As noted previously Dawes et al. monitored fluid movement in the
fetal airway associated with fetal breathing [4]. Inward and outward
movement of fluid was measured with each fetal breath, but the
volume of fluid moved rarely exceeded 0.5 ml. Similar results were
reported by Maloney et al. [90] who measured tracheal fluid flow
with an electromagnetic flow meter in an exteriorized catheter
whose proximal and distal ends were implanted pointing towards
and away from the lung, respectively, in conjunction with measure-
ment of diaphragmatic EMG activity and tracheal pressure. During
fetal breathing, each diaphragmatic burst was accompanied by a
decrease in tracheal pressure and inflow of fluid towards the lung.
Because the fluid in the fetal airway has a much higher inertia and
viscosity than a gaseous mixture, the airway and intrapleural pres-
sure changes associated with fetal breathing are much higher than
with breathing after birth. Thus it is common to present these
pressure changes in mmHg rather than cm water that is used with
postnatal breathing. During spontaneous fetal breathing, the
amplitude averages 2–4 mmHg and the rate averages ~20/min
[91, 92]. However another characteristic of fetal breathing is con-
siderable variability in both rate and depth. Because of this varia-
bility and also because of the episodic nature, analysis of breathing
characteristics and the factors that affect normal fetal breathing has
proved difficult particularly using automated methods. Chapman
et al. [91] made an initial attempt at automated analysis of fetal
breathing movement measured as tracheal pressure changes. Using
an early minicomputer with limited power, fetal tracheal pressure
recordings were sampled at 100 Hz, digitized, and analysed in
12-min blocks. Consecutive 12-min blocks that comprised com-
plete breathing episodes during normal conditions and during
experimental hypercapnia were analyzed. Normal breathing epi-
sodes are characterized by transient accelerations in rate over a
basal level that occur 1–3 times/min and last for 10–30 s. The
basal level ranges from near 0 to 30–40/min and during the
accelerations, rate can increase up to 280/min, although the nor-
mal increase is to 125–150/min. Breath amplitude also exhibits
considerable variability, increasing from the normal range of
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2–4mmHg to as much as 30mmHg. The effects of hypercapnia are
to significantly increase the constancy of breath intervals and to
normalize the frequency distribution of breath intervals and also to
increase breath amplitude [91, 93]. However, there are also times
during spontaneous fetal breathing when there is a decrease in the
variation in breath interval and increase in breath amplitude. This
pattern of more regular, vigorous breathing was characterized by
Chapman et al. as a percentage variation in breath interval of �25
and an amplitude >5 mmHg [91]. The amount of such regular
breathing varies from episode to episode and is sometimes absent.
Factors that may initiate such breathing are discussed below.

The large airway and intrapleural pressure changes associated
with fetal breathing can affect pulsatile cardiovascular variables,
particularly with large-amplitude breathing. Arterial pressure and
aortic and umbilical arterial blood flows are all modulated by the
breathing movements, resulting in a significant disruption of the
normal pulsatile signals [4, 94]. Fetal breathing also affects pulmo-
nary hemodynamics in the sheep fetus. Polglase et al. [95]
measured left pulmonary arterial flow (with a transonic flow
meter), pulmonary arterial pressure and left atrial pressure, and
calculated pulmonary vascular resistance during fetal apnea, low-
amplitude breathing, and high-amplitude breathing (>3.5 mmHg).
During the large-amplitude breathing, but not the low-amplitude
breathing, pulmonary blood flow and pulmonary arterial pressure
increased and pulmonary vascular resistance fell. During large-
amplitude breathing there was also a change in the pulsatile pulmo-
nary arterial flow profile, with decreases in both peak systolic flow
and retrograde flow during diastole.

In the fetal lamb, there are significant changes in the pattern of
breathing with gestational age. However, the precise pattern that is
observed depends upon the method used tomonitor the breathing.
When the breathing is measured using diaphragmatic EMG activity,
there is near-continuous breathing prior to ~110-day gestation
[92, 96, 97]. After 110-day gestation, the breathing becomes
episodic and at ~120 days the episodic breathing is largely restricted
to REM sleep, as discussed above [4]. In contrast, when fetal
breathing is measured using real-time ultrasound, the incidence of
breathing increases from a low value of 6 % at 55–64-day gestation
to values of ~45 % between 95 and 134 days, which is similar to the
estimates obtained using diaphragmatic EMG activity and tracheal
pressure [98]. At no point is the breathing continuous. Between
134 days and term, the incidence of breathing decreases and a
similar finding has been obtained using diaphragmatic EMG activ-
ity [99]. An explanation for these discrepant findings likely involves
the developmental changes in contractile proteins in the diaphragm
and other respiratory muscles, particularly the myosin heavy-chain
isoforms [98]. In the fetal lamb as in other species, there is a
developmental change from embryonic to perinatal to neonatal
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fast myosin heavy-chain isoforms [100, 101]. In rats the maximum
tetanic force and maximal unloaded shortening velocity in dia-
phragms obtained at different post-ages increased with increasing
postnatal age and these changes were correlated with the ratio of
fast/embryonic + neonatal + slow MHC isoforms [102]. Thus in
younger fetal lambs, diaphragmatic EMG discharges may not lead
to effective respiratory muscle contractions and chest and abdomi-
nal wall movements and so may not be visible with ultrasound
observation. Clewlow et al. [92] reported that in fetal lambs aged
95–106-day gestation, when diaphragmatic EMG activity is con-
tinuous, the resulting tracheal pressure changes were often small
and difficult to detect. In contrast in older fetuses, there is a
reasonable correlation between diaphragmatic EMG activity and
tracheal pressure [91] and there are also corresponding movements
of the chest wall and abdomen [103]. Thus in late gestation (>120-
day gestation), breathing movements in the fetal lamb can likely be
monitored with diaphragmatic EMG activity, tracheal pressure
measurement, or ultrasound observation of chest and abdominal
wall movement.

8 Fetal Breathing in Other Species

Fetal breathing activity has been identified in all the mammalian
species investigated. However the number of species that have been
studied is relatively small. In addition to the large amount of data
from sheep, published results are available for the baboon, rhesus
monkey, pig, guinea pig, rat, and human [104–111]. In earlier
work using pregnant rabbits, dogs, and rats, in which anesthesia
of the maternal abdominal and perineal regions was achieved by
section of the lumber spine episodic fetal breathing was observed
through the uterine wall or after incision in the uterus through the
intact fetal membranes [112, 113]. Some of the recent data have
obtained data from chronically instrumented preparations [105,
106, 108], whereas in the human and rat, noninvasive real-time
ultrasound has been employed [109, 110]. As in the sheep, breath-
ing movements in most of these other species are of at least two
types: individual large inspiratory efforts that often occur as a series
and episodes of rapid, irregular breathing movements. In the rhesus
monkey, the individual inspiratory efforts have been termed gasp-
ing and they often occurred in association with the deflection of
other recording channels, suggesting fetal movement [105]. In the
human these movements have been termed hiccups, characterized
by large inward and outward of the chest wall, associated with
shaking of the fetal body [114]. Pillai and James reported
that fetal hiccups in the human were more common prior to
24-week gestation, with ~1.5 episodes/h, with a rapid decrease
to ~0.5/h thereafter [115]. Hiccups have also been observed in
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fetal pigs and baboons [108, 111, 116]. Kendall reported three
types of breathing activity in the fetal guinea pig: slow breathing at a
rate of 1–8/min with inspiratory efforts of 1–20 mmHg; rapid
irregular breathing, which lasted for a few seconds up to 40 min;
and rapid, regular breathing, which occurred in bouts with a mean
duration of 3.14 min and an average peak inspiratory pressure of
9.35 mmHg. It would appear that either the slow breathing or the
rapid, regular breathing could be similar to the hiccups reported in
the other species. The functions and mechanisms controlling hic-
cups are not known.

In the baboon and human, fetal breathing movements have
been recorded in association with fetal behavioral state. In contrast
to the situation in the fetal lamb, breathing is not restricted to REM
sleep, but occurs in quiet sleep as well [104, 117–119]. In the
baboon, the incidence of fetal breathing in quiet sleep was signifi-
cantly less than in REM sleep and also the breathing rate, ampli-
tude, and variability in rate were lower in quiet sleep [104]. In the
rhesus monkey, the fetal breathing movements occurred more
frequently during the periods with eye movements and bouts of
REM only occurred during breathing periods [104]. In the human
studies, the presence of fetal breathing during quiet periods and
state 1F and an increase in regularity of breathing rate in these states
compared to the active state and state 2F have been reported
[117–119]. In one of these studies [119], the incidence of fetal
breathing declined progressively from ~40 to ~6 % during the 2-
h monitoring period, but there were no differences in the incidence
of breathing between states 1F and 2F.

In the human, fetal breathing has been measured using a num-
ber of methods. Timor-Tritsch et al. [117] utilized two tocody-
namometers applied to the maternal abdomen over the upper and
lower portions of the fetus as determined by palpation. This indi-
cates that fetal breathing movements can at times at least be trans-
mitted through the maternal abdominal wall, a fact that was noted
much earlier in the nineteenth century by Ahfeld and colleagues,
who reported fluctuations in the maternal abdominal wall at rates of
38–78 min near the umbilicus, which they suggested represented
fetal breathing. A subsequent researcher recorded these movements
with a kymograph [64]. However these results were not generally
accepted because of the absence of direct evidence that the move-
ment was due to fetal breathing, such as fetal chest wall movements
(see [64, 113]). Moreover, the ability to detect fetal breathing using
this approach likely depends upon factors such as the gravidity of
the mother, the orientation of the fetus within the uterus, and
changes in fetal position and orientation over time. Ultrasound
methods provided the first direct evidence that fetal breathing
movements did indeed occur in the human. This was first accom-
plished using A-scan ultrasound, in which ultrasound echoes
returning from internal structures were displayed as vertical peaks
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with respect to the distance from the transducer [120]. The
method was verified by comparing A-scan estimates of fetal chest
wall movement with recordings of tracheal pressure in chronically
instrumented fetal lambs. Fetal chest wall movements were
recorded in seven pregnant women and were observed in all except
in one small-for-dates pregnancy, which provided evidence that
fetal breathing movements might have diagnostic utility. In a
subsequent study [121], these researchers demonstrated that the
rhythmic maternal abdominal movements reported by Ahfeld and
colleagues were associated with fetal chest wall movements at the
same rate recorded with A-scan ultrasound. However, the A-scan
technology provides little or no information on fetal position and
changes in position. Consequently, real-time ultrasound rapidly
supplanted the A-scan technique, once developed. With real-time
ultrasound, movements of the fetal diaphragm, chest, abdominal
wall, and abdominal contents associated with breathing can be
observed and recorded with an event marker [114]. The breathing
is clearly episodic and the pattern of episodes is similar to that
observed in sheep and other species. In a subsequent study, Patrick
et al. [110] used real-time ultrasound to monitor fetal breathing
activity for 24 h at 34–35 weeks in 11 pregnant women. Postpran-
dial increases in fetal breathing occurred after maternal meals at
breakfast, lunch, and dinner. There was also a prolonged increase at
night, reflective of a fetal circadian rhythm, which will be discussed
further below. The postprandial increases in fetal breathing were
associated with transient increases in maternal plasma glucose con-
centration. Adamson et al. [122] utilized an ultrasound tracking
device developed by Cousin et al. [123] to measure chest and
abdominal wall movement in seven human fetuses at 38–40-week
gestation before and following maternal i.v. injection of a glucose
dose. This resulted in a significant increase in the incidence in fetal
breathing and in the amplitude of abdominal wall movement dur-
ing fetal breathing, and a nonsignificant increase in rib cage move-
ment. Unfortunately, this tracking device does not appear to have
been used in other studies of the characteristics of fetal breathing in
the human.

Aside from real-time ultrasound and direct observation of pul-
sations of the maternal abdominal wall, several other methods have
been used to monitor fetal breathing in the human. Doppler ultra-
sound was employed to monitor pulsations from the fetus that were
synchronous with pulsations on the maternal abdomen and similar
pulsations recorded from an isolated lamb’s lung in a saline bath,
into which saline was pumped and withdrawn suggesting that the
sonogram obtained from the human fetus originated from the fetal
lung [124]. Trudinger and Cook used continuous-wave Doppler
ultrasound to measure pulsations in umbilical venous blood flow
velocity waveforms associated with fetal breathing movements in
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eight primiparous human patients at 2-week intervals from 28
weeks to term. With each fetal inspiratory effort there was a
decrease in umbilical venous blood flow velocity followed by a
return to the normal level during expiration. This transient decrease
was attributed in an increase in abdominal pressure, and hence a
decrease in the umbilical arterial-venous pressure gradient, due to
the descent of the fetal diaphragm with inspiration. Trudinger and
Cook used the umbilical venous pulsations associated with fetal
breathing to calculate inspiratory and expiratory times, breath to
breath, an estimate of breath amplitude, and the coefficient of
variation of breath amplitude as a function of gestational age and
found the results similar to those obtained using real-time ultra-
sound observation of fetal chest and abdominal wall movement
[125]. Fetal breathing-elicited alterations of Doppler ultrasound
flow waveforms have also been noted for the mitral and tricuspid
valves [126], middle cerebral artery [127], and descending aorta
[128]. These findings indicate that breathing movements in the
human fetus modulate cardiovascular function similar to the situa-
tion in the fetal lamb.

Fetal biomagnetography has also been used to monitor human
fetal breathing. Gustafson et al. [129] used an 83-channel fetal
biomagnometer to obtain signals from pregnant women at 36–38
weeks over 18-min periods. Processing of the signals yielded the
maternal and fetal ECG and an intermittent rhythmic signal
obtained from channels over the fetal diaphragm. Simultaneous
display of fetal heart rate and diaphragmatic contractions indicated
the presence of a respiratory sinus arrhythmia, similar to that
observed after birth. Van Leeuwen et al. exploited this phenome-
non via use of a 61-channel biomagnometer, with processing of the
signals to obtain both fetal ECG and diaphragmatic signals and
developed an automated system to identify periods of fetal breath-
ing from the respiratory sinus arrhythmia in the R-R intervals. As
with the use of fetal biomagnetography to measure the fetal EEG,
use of the technique to monitor fetal breathing requires use of a
magnetically shielded room.

The rat is the only altricial species, for which information on
fetal breathing is available. Kobayashi et al. used real-time ultra-
sound to monitor fetal chest wall and diaphragmatic movements in
pregnant rats for 30-min periods. As in the fetal lamb and human,
two types of respiratory movements were observed: single respira-
tory efforts similar to hiccoughs in the human and intermittent
periods of clusters of fetal breathing movements. The isolated
respiratory efforts first occurred at gestational day 16 and the
clustered fetal breathing at day 18. The total number of episodes
of clustered breathing increased progressively on gestational ages
19 and 20 and on the latter day comprised ~15 % of the time. This
appears less than the incidence of breathing in late gestation in the
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sheep and human (40–45 %). Fetal breathing in the rat also is first
evident at a later gestational age (0.85 of term) compared to the
sheep (0.34 of term) and human (0.25 of term). A useful research
technique that has been used in the rat is the isolated brain stem-
medulla preparation, from which recordings can be obtained from
cranial and spinal motor neurons and also from medullary centers,
including the pre-Bötzinger complex and the retrotrapezoid
nucleus and parafacial respiratory group, which are involved in the
generation of the respiratory rhythm [130, 131]. Recordings from
both sites exhibited phasic discharges at gestational age 16, which
increased in frequency with advancing gestational age until term
[132, 133]. This is the same time frame as for the ultrasound
observations of fetal breathing in the rat that was discussed above.
This suggests a different pattern of respiratory development in the
rat compared to the sheep, in which as discussed above phasic
discharge from the medullary respiratory centers begins before
observable chest wall movement. This further suggests that in the
rat the development of the medullary respiratory centers must
develop in parallel with the development of the respiratory muscles,
a situation that appears different from the sheep.

Studies of respiratory rhythm generation have also been con-
ducted in a precocial rodent, the spiny mouse (Acomys cahirinus)
[134], which has a longer gestational length (39 days) than in the
rat and mouse and is born in a more mature state [131]. Greer et al.
[134] utilized whole-body plethysmographic measurements to
determine the frequency and depth of breathing at postnatal days
0–1 and found the pattern to be similar to that obtained in neonatal
rats. Histological examination of the phrenic nerve at birth in the
two species indicated that the nerve in the spiny mouse is much
more advanced in terms of myelination than in the rat. The isolated
brain stem-spinal cord of the neonatal spiny mouse appeared more
mature than in the rat in terms of features such as cerebellar
development, increased ventral root thickness, and increased tissue
compactness. However, these isolated preparations from the spiny
mouse did not generate a spontaneous respiratory rhythm, which is
similar to the findings in postnatal rats at days 4–5. Using the more
reduced medullary slice preparation, a spontaneous respiratory
rhythm was observed and the rate of respiratory discharge was
slightly but significantly faster than in the neonatal rat. Several
findings of this study suggest that in the spiny mouse the respira-
tory system is more mature than in the rat, such as the greater
maturation of the phrenic nerve and the more mature appearance of
the isolated brain stem-spinal cord preparation. However, demon-
stration of greater functional maturity would require ultrasound
assessment of fetal breathing activity in this species, particularly in
terms of the stage of gestation at which the breathing movements
first occur.
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9 Fetal Body Movements

The fetus moves have been recognized by pregnant women, likely
since early in human evolution. Although most pregnant women
can detect various types of fetal movement (rolling and stretching,
isolated limb movements, trunk movements, and hiccups), the
variability in maternal awareness of fetal movements precludes its
use as a research method to characterize fetal motility and also its
usefulness as a diagnostic screening method [135–137]. Until the
development of ultrasound visualization methods, study of the
details of fetal movement patterns was difficult, even in animal
species. This is because instrumentation of the fetus to study fetal
movements would have to be extensive to identify different move-
ment types. Ruckebusch et al. provided some of the first data on
motility in chronically instrumented fetal lambs [5]. The surgical
preparation included electrodes for recording ECoG activity and
eye movements and paired EMG electrodes inserted 5 mm apart in
each of the triceps brachii, splenius, and longissimus dorsi muscles
and in two animals in the tenth intercostal space. These electrodes
allowed detection of movements of the forelimb, neck, and trunk.
Paired electrodes were also implanted in the myometrium of the
uterine horn containing the operated fetus and two 0.3 mm insu-
lated iron discs were attached to the opposite sides of the uterine
horn. These discs recorded impedance changes associated with fetal
movements and these were also identified by the fetal muscle
EMGs, which were all connected to the same amplifier. Of the ten
fetuses chronically instrumented, five provided successful record-
ings. The fate of the unsuccessful preparations is not detailed, but
likely involved fetal death, preterm birth, and catheter or electrode
failures. This success rate is typical for complex chronically instru-
mented fetal preparations.

The authors defined three types of fetal movements. Simple fetal
movements (SFM), which involved activities such as extension of
the head or forelimb, were not associated with impedance changes
and did not affect fetal heart rate. Complex fetal movements (CFM)
were 2–3 large amplitude deflections of the limb, trunk, and neck
muscle EMGs, with associated changes in fetal heart rate (accelera-
tions or decelerations) and 2/3 of the time with impedance changes.
Gross fetal activity (GFA) was associated with both EMG and
impedance changes in separate and repeated bouts of complex
movements lasting for 3–10 min. There were about 15 bouts of
GFA per day and they were restricted to low-voltage ECOG activity
without REM that is consistent with the aroused state discussed
above. SFM and CFM occurred during both quiet and REM sleep,
although it appeared that they were more of these movement types
during quiet sleep. There was a higher incidence of fetal movements,
particularly GFA, during the night.
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Another approach was assessing fetal movements in sheep
which was employed by Natale et al. [138]. They conducted sur-
gery at 116-day gestation to implant ECoG and eye movements,
and electrodes consisting of insulated twisted stainless steel wire in
the triceps and biceps muscles of each forelimb. Ultrasound trans-
ducers were implanted on each forelimb, with the transmitter
placed at the head of the humerus and the receiver at the head of
the ulna. The ultrasound signals were processed by a custom-built
device that measured the transit time between the transmitter and
receiver and also linked these signals to the EMG signals from the
biceps and triceps muscles. This allowed identification of passive
movement, which involved limb movements without EMG activity
and active movements with limb movements associated with EMG
activity. Simple active movements were defined a single rapid exten-
sion and/or flexion of the limb, whereas complex movements were
defined as having a longer duration and consisting of repetitive limb
movements. Active limb movements occurred in all fetal sleep
states, with the average number of movements/min being 2.00
� 0.35 for quiet sleep, 1.65 � 0.35 for REM sleep, and
2.42 � 0.30 and 2.24 � 0.12 for the brief arousal episodes
between quiet sleep and REM sleep and REM sleep and quiet
sleep. None of these values are significantly different although it
appears that complex limb movements were more frequent during
the arousal periods. A 1-h period of fetal hypoxemia, achieved by
lowering maternal inspired oxygen, resulted in a marked reduction
in fetal limb movements, similar to the effect of acute fetal hypox-
emia on fetal breathing. In three of the fetuses recordings were
obtained during spontaneous labor and delivery. The fetus
continued to cycle between quiet and REM sleep, with brief arousal
periods. However, there was a significant reduction in limb move-
ments in all sleep states, particularly REM sleep. The remaining
limb movement largely occurred during uterine contractions.

Real-time ultrasound is the primary method used to assess fetal
motility in human pregnancy, although as discussed earlier other
methods such as actocardiography have also been employed. The
advantage of ultrasound is that it provides visualization of the fetus
and thus qualitative information on fetal movements. Moreover,
this advantage has been enhanced by the development of 3-D
ultrasound, which provides a static three-dimensional image of
the fetus, and 4-D ultrasound, which gives dynamic three-
dimensional viewing of the entire fetus [139]. Patrick et al. [140]
provided the first report of ultrasound observation of human fetal
body movements over 24 h. The movements recorded included
rolling movements and stretching movements; isolate limb
movements were not recorded. In contrast to the situation with
fetal breathing (see above), there were no increases in fetal body
movements associated with maternal meals. However, there was
an increase in body movements during the night. There was
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considerable variability in the data, with the number of body
movements in any hour ranging from 0 to 130 and the longest
period of quiescence being 75 min, which highlights the fact that
prolonged quiescence is a normal feature of fetal behavior.

As discussed earlier in relation to human fetal behavior, fetal
movements appear to be modulated by behavioral state, with gen-
eral quiescence and brief gross body movements and absent eye
movements in state 1F (quiet sleep), frequent and periodic gross
body movements and continuous eye movements in state 2F (REM
sleep), and vigorous, continual body movements and continuous
eye movements in state 4F (arousal). More information on the
variation in fetal movements in relation to the behavioral states is
provided by Pillai and James [49, 115] and de Vries and Fong
[141], particularly in relation to startles as a form of movement
during state 1F and differences in mouthing, tongue, and jaw
movements between states 1F and 2F. There are also data on the
ontogeny of fetal movements as a function of gestational age [49,
142, 143]. Fetal motility is first discernible at 7–8-week gestation
(~0.19 of term). These are first comprised of sideways bending of
the head, which thereafter extend caudally to incorporate the arms
and rump [143]. By 10–12 weeks the movements become more
forceful and are sufficient to cause displacement of the fetus.
Breathing movements are first present at 10–11 weeks, with other
movement types occurring progressively as gestation proceeds
[142]. Ten Hof et al. [144] used ultrasound to monitor longitudi-
nally human fetal body movements later in gestation. Fetal body
movements were measured biweekly for 60 min in 29 singleton
pregnancies from 24 weeks to term. The percentage and number of
fetal movements decreased progressively, and this was the case
during episodes of fetal heart rate patterns (FHRP) A (stable
heart rate, with isolated accelerations linked to movements, consis-
tent with state 1F, quiet sleep) and B (wider oscillations in rate with
frequent accelerations during movement, consistent with state 2F,
REM sleep). Moreover, the median duration of FHRP A episodes
increased from 14.5 min at 32–34 weeks to 36.0 min at 38–40
weeks, and near term there were hardly any movement during
FHRP A episodes. Collectively these human results suggest a pro-
gressive increase in the amount and types of fetal body movements
in the first half of gestation, followed by a progressive reduction in
the second half.

Ultrasound has also been used to study fetal motility in several
other species, including the guinea pig, pig, and sheep [98, 107,
145]. In the guinea pig study, van Kam et al. [107] conducted a
detailed study of fetal body and breathing movements involving
ultrasound observation for 30 min every 2–4 days from 24 days
until term (68 days). The pregnant guinea pigs were trained during
3–4 sessions to remain quiet during scanning. Fetal motility began
at ~24 days (0.35 of term) with sideways movement of the head and
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rump. Other forms of movement commenced between 24 and
~35 days; the movement patterns displayed were similar to those
in the human [141]. The movements versus gestational age rela-
tionships were best described by polynomial equations. The per-
centages of time occupied by sideways bending, general
movements, and fetal breathing all increased and then decreased.
However the gestational age at which the peaks in these activities
occurred differed, being ~30 days for sideways bending, ~45 days
for general movements, and ~50 days for fetal breathing. The
percentage time at rest curve was the inverse of the motility curves;
it decreased until ~45 days, and then increased thereafter.

In the pig study, fetal body movements were monitored for
60 min every 3–5 days over the last 3 weeks of pregnancy [145].
General and head movements and total fetal activity decreased
progressively with advancing gestational age, whereas isolated
limb movements were best described by a quadratic equation, in
that the % of time with limb movements increased until about
2 weeks prior to term, and then decreased. The duration of the
longest period of quiescence increased progressively.

Rurak and Wittman [98] used real-time ultrasound to measure
motility and abdominal diameter in eight fetal lambs at weekly
intervals for 30 min from 55 days to term. The body movements
that were recorded were movements of the limbs and body of the
fetus sufficient to cause transient displacement of the fetal trunk.
Isolated limb movements, when observed, were not recorded. Fetal
body movement counts/min were relatively constant between 55
and ~90 days, and declined progressively thereafter, a relationship
best described by piecewise linear regression with two elements
(Fig. 10). The breakpoints in the regression curves ranged from
65- to 110-day gestation and averaged 91.9 � 5.2 days.

Data on fetal lamb motility from earlier in gestation has been
obtained using other approaches. Barcroft and colleagues [146]
conducted studies of pregnant sheep between ~30- and 60-day
gestation while under spinal anesthesia and immersed in a saline
bath at body temperature. Following abdominal and uterine inci-
sions, the fetus could be viewed through the intact amniotic mem-
brane. Although spontaneous fetal movements were not reported,
movements in response to tapping the fetal head first occurred at
34–35 days (0.32 of term). Initially only the fetal head was involved
in movement, but by the 38th day there is generalized body move-
ment (“spasm”) and also movement of the diaphragm, and by the
40th day there is a rhythm of successive spasms. Generalized body
movement and rhythmic diaphragmatic movement increased in
response to touching the fetus until about 50-day gestation.
Between 50 and 60 days, the fetus became increasingly unrespon-
sive except following umbilical cord occlusion.

The observations of Barcroft and colleagues on acute sheep
preparations have been extended to studies on fetal lambs from
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45- to 95-day gestation with chronically implanted EMG electro-
des on respiratory (diaphragm, external intercostal) and non-
respiratory (e.g., longissimus dorsi) muscles by Berger and collea-
gues [97, 147]. At 45 days, the predominant activity observed was
sustained EMG bursts lasting for up to several minutes and which
involved both respiratory and non-respiratory muscles. This is
perhaps analogous to the generalized body movement (spasm)
reported by Barcroft [146]. There was also repetitive burst activity
that involved the diaphragm only and had the characteristics of a
respiratory rhythm [97]. With advancing age, these repetitive
bursts became segregated from the sustained EMG bursts. More-
over in fetuses subjected to spinal cord transection, the repetitive
bursting in the diaphragm was lost, suggesting that they are gen-
erated from supraspinal locations, perhaps the developing respira-
tory rhythm generator in the medulla [97]. In addition, the
findings also suggest developing supraspinal influences on fetal
motility that early in gestation involve only pathways in the spinal
cord [147]. The reasons for the quiescence observed in the 50–60-
day fetuses in the Barcroft study [145] and fetal motility observed
at this gestational age by Berger and colleagues [97, 147] and
Rurak and Wittman [98] are not clear. It may relate to the acute
surgical condition of the former study, and perhaps an increasing
sensitivity of the fetus to these conditions with increasing gestation.
Nonetheless, the results overall suggest that by at least 45-day

Fig. 10 Movement counts/min monitored with real-time ultrasound in eight fetal
lambs during each 30-min monitoring session at each gestational age studied.
The regression line was calculated using piecewise linear regression with two
elements. From [98] with permission
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gestation, the fetal lamb is capable of making both body and
breathing movements. Detailed ultrasound observations of the
fetus prior to this age could provide more detailed information on
the development of motility in this species.

Fraser and colleagues have used a variety of techniques, includ-
ing radiography, fluoroscopy, and Doppler ultrasound to observe
several aspects of motility in fetal sheep, cows, and horses
[148–152]. The types of movement described include rapid opening
and closing of the mouth in the late-gestation sheep fetus [152] and
changes in motility over gestation in fetal cows and horses. Doppler
ultrasound was employed to assess motility and distinguished simple
from complex movements by specific changes in the pitch of the
audio signal from the ultrasound unit [148, 149, 151]. In the fetal
horse¸ simple fetal movements were first detected at 90-day gesta-
tion, increased in incidence to ~180 days, remained at a plateau until
~250 days, then decreased until ~280 days, and remained at the level
until term. There was also an increase in the duration of quiescent
periods with advancing gestation. In the cow, simple fetal move-
ments increased between 4 and ~6.5m and then decreased, although
the magnitude of the decrease appeared to be less than that in the
fetal horse and lamb. In all three species in late gestation, specific
“righting reflexes” were also observed. These are postural and posi-
tional changes (foreleg extension, head elevation) undertaken by the
fetuses of these quadruped species in the prepartum period in prepa-
ration for birth. They occur over the last 2 days of gestation in the
sheep, 1 day prepartum in the cow, and in early labor in the horse
[152]. These movements appear to be the only purposeful move-
ments exerted by the fetus, in that they are a form of activity that
occurs in late gestation that results in the fetus attaining a posture
that facilitates efficient delivery. Fraser and Broom [152] have esti-
mated that righting reflexes in the fetal lamb involve 3500 move-
ments following which there is typically quiescence until labor. The
mechanisms involved in righting reflexes are unclear. It would seem
that studies involvingmeasurement of EMG activity in fetal limb and
neck muscles, similar to the methods employed by Ruckebusch et al.
[5], combined with real-time observation of the fetus could provide
more information on this phenomenon.

As discussed above in this section, a number of methods have
been employed to assess fetal motility. Real-time ultrasound offers
advantages over invasive methods in that viewing of the fetus allows
for information of the types of fetal movements to be obtained and
in addition in animal studies it can be utilized earlier in gestation
than is possible for chronically instrumented preparations. The
studies conducted to date with ultrasound in animal species dem-
onstrate that it is possible to use this method in conscious pregnant
animals, particularly if the animals are acclimated to the procedure.
Moreover with the development of portable, battery-powered
ultrasound units, such as the GE VScan unit, it is much more
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feasible to conduct studies on pregnant large animal outside of the
laboratory environment, for example on farms.

Overall the available information on fetal motility indicates
several general features. During the first half of gestation, the
various forms of fetal body movements and fetal breathing develop
in a coordinated fashion, while in the second half, fetal body and
breathing movements become linked to fetal behavioral state and
there is also a more or less progressive decrease in the amount of
body and breathing movements, except that in quadruped species
there are righting reflexes that orientate the fetus in preparation for
labor. The decline in fetal body movements with advancing gesta-
tional age has been attributed to the development of fetal behavior
and a reduction in the space available for movement due to the
increasing size of the fetus in a relatively fixed amniotic fluid volume
[107]. The latter proposition is supported by the observation in
human pregnancy that reduced amniotic fluid volume in patients
with premature membrane rupture was associated with significantly
reduced fetal movements, as well as a decrease in the speed and
amplitude of general movements [153, 154]. Conversely, prophy-
lactic amnioinfusion to treat oligohydramnios results in an increase
in fetal body movements [155]. However it also seems possible that
the decline in fetal motility with advancing gestation is linked to the
increase in fetal plasma concentrations of two of the compounds
that have been postulated to suppress fetal arousal and fetal breath-
ing. In the fetal lamb, Nguyen et al. [156] have reported that the
plasma concentrations of neurosteroids (allopregnanolone, proges-
terone, pregnanolone) in the fetal lamb increase in the second half
of pregnancy, although the time course of the changes varies for the
individual steroids. There were also increases in the content of the
various steroids in the different brain regions examined. In addition
in fetal lambs, the plasma concentration of PGE2, which inhibits
fetal breathing, will increase progressively beginning at 20 days
before parturition (~127 day’s gestation) [157]. In human
pregnancy, the maternal serum concentrations of progesterone,
pregnanolone, and allopregnanolone increase progressively with
advancing gestational age and at delivery the concentrations of
allopregnanolone and progesterone were higher in cord blood
than in maternal blood [158]. The increases in fetal neurosteroid
and PGE2 could inhibit fetal arousal and breathing, respectively. In
the ultrasound study of fetal lamb motility conducted by Rurak and
Wittman [98], there was also a breakpoint in the curve relating fetal
abdominal diameter to gestational age, with the rate of increase in
diameter decreasing after the movement breakpoint. The mean
gestational age of this breakpoint (113.1 � 3.9 days) was signifi-
cantly different for the breakpoint for fetal motility (91.9 � 5.2
days). Moreover, there was a significant linear relationship between
the movement and abdominal diameter breakpoints in the individ-
ual fetuses, which suggests that these two processes may be causally
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related. As discussed in more detail in Rurak and Wittman [98], the
decline in fetal motility and growth may be a response of the fetus
to the decline in weight-normalized uterine and umbilical blood
flows that has been reported in various species, which leads to
progressive decreases in fetal vascular Po2, O2 content, and O2

delivery and in the fetal lamb at least O2 consumption. As fetal
motility and growth impose metabolic costs on the fetus, the
decline in fetal motility and growth may function to maintain the
balance between oxygen delivery and consumption.

10 Fetal Circadian Rhythms

As noted above, there are circadian rhythms in fetal breathing and
body movements in the human fetus and in fetal body movements
in the fetal lamb [5, 140]. There are also circadian rhythms in
breathing, ECoG states, plasma prolactin concentration, arterial
pressure, heart rate, carotid blood flow, and urine flow in the fetal
lamb [159–162]. A similar circadian rhythm in behavioral state has
been reported in the fetal baboon [163]. In addition in human
fetuses at 36 weeks, Doppler ultrasound variables obtained from
the middle cerebral artery and fetal heart rate variables change
significantly from morning to afternoon, which may also reflect a
circadian rhythm in these variables [164]. These observations are
somewhat surprising since following birth, circadian rhythms are
initially absent during the neonatal period. The plasma melatonin
rhythm in term lambs is not present until 3–4 weeks after birth
[165]. In the human infant, the melatonin rhythm, assessed by the
urinary excretion of a melatonin metabolite, develops between ~9
and 12 weeks following birth [166], which is similar to the time of
onset in the circadian rhythms of core body temperature, day-night
cortisol concentrations and rest-activity [167].

Studies in pregnant sheep have provided evidence that the fetal
circadian rhythms are derived from the maternal melatonin circa-
dian rhythm. There are 24-h rhythms in the plasma melatonin
concentration in both the ewe and fetus with the peak concentra-
tions occurring from ~1800 to 0600 [168, 169]. Melatonin readily
crosses the placenta and maternal pinealectomy abolishes the mela-
tonin rhythms and results in basal concentrations in both the
ewe and fetus [169–171]. Maternal pinealectomy also abolishes
the nocturnal increase in fetal breathing although it unmasks an
increase in the morning (09.00–12.00). This increase occurred
following the morning feed of the ewes and was attributed to the
resulting increased supply of glucose and other nutrients to the
fetus that would occur at this time [172, 173]. However maternal
pinealectomy did not affect the prolactin rhythm in the ewe and
fetus although altering the time of the dark period shifted the
prolactin peak to the time of the altered dark period [173]. Overall
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these results suggest that the fetal circadian rhythms are derived
from the maternal melatonin cycle, with the difference being that
the melatonin peak in the mother is associated with sleep (human)
and sleep/drowsiness (sheep), whereas in the fetus it is associated
with increased motility.

11 Antepartum Uterine Activity and Fetal Behavior

The uterus is not totally quiescent during pregnancy. In human
pregnancy, antepartum uterine activity was first described in 1871
by John Braxton-Hicks, and the contractions are named after him
[174]. However, it is likely that such contractions were recognized
long before this, if only by pregnant women. In pregnant sheep,
antepartum uterine activity was not described until 1979 by Jansen
et al. [175]. In the sheep, these contractions (also known as
contractures) last for about 5 min and have a peak amplitude of
~ 5–7 mmHg. They are thus very different from the contractions
that occur during labor in terms of both amplitude and duration.
They can be measured by monitoring intra-amniotic pressure with
an implanted catheter (see Fig. 3) or perhaps more accurately by
monitoring myometrial EMG activity with implanted electrodes
[176]. Antepartum uterine contractions have also been observed
in the rhesus monkey, guinea pig, and rabbit [177]. The mechan-
isms involved in the generation of these contractions are not
entirely clear. In pregnant sheep, Lye and Freitag [177] trans-
planted small strips of myometrium alone and myometrium plus
endometrium to the omental fat and recorded EMG activity in the
strips and uterus. The frequency of EMG bursts in the implanted
strips was higher and the duration of the bursts shorter than in the
uterus. This led to the conclusion that the contractions were not
due to circulating factors in the ewe, but rather to mechanisms
operating within the myometrium.

The available data of the effects of antepartum uterine activity
on the fetus have largely been obtained from pregnant sheep.
Jansen et al. [175] first reported that the contractures were asso-
ciated with a transient reduction in fetal right atrial and arterial Po2,
which were measured continuously with a catheter with an attached
Po2 electrode at its tip. Uterine tissue Po2, measured with a galvanic
electrode, decreases during contractions as well [178]. There is also
an increase in arterial Pco2 [179]. These changes in fetal blood gas
status are likely at least in part due to a transient reduction in
uterine blood flow during the contractures [180, 181]; however,
umbilical blood flow is unchanged [179]. These contractions also
squeeze the fetus resulting in a change in shape of the thorax [181,
182] and can result in an increase in intracranial pressure [183].
There is also a transient increase in fetal arterial and venous pres-
sures, likely due to translocation of blood from the placenta to the
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fetal vascular space [184]. All of the above data on contracture-
related effects were obtained by collecting measurements from the
fetus before, during, and after a spontaneous contraction. This
obviously requires the ability to predict when a contraction is
going to occur, in order to obtain the pre-contraction data close
to the onset of the contraction. An alternative approach is to elicit
similar contractions by administering small doses of oxytocin intra-
venously to the ewe [177, 185]. Using this approach, Lye et al.
[186] demonstrated a transient increase in fetal plasma ACTH
levels associated with the fall in vascular Po2 during the contrac-
tions. Woudstra et al. [187] subsequently demonstrated that the
contracture-related rise in fetal plasma ACTH concentration was
abolished when the fall in fetal vascular Po2 was abolished by
maternal oxygen administration. There are also changes in fetal
behavior associated with antepartum uterine contractions. Two
studies have reported that contractions are associated with a change
in behavioral state, more often from a low-voltage pattern (largely
REM sleep) to a high-voltage pattern (quiet sleep) and a cessation
of fetal breathing if it was occurring before the onset of the con-
traction [182, 188]. However these changes do not occur with
every contraction; rather the changes occurred with 55 to 74 % of
them [182]. The mechanisms involved in this linkage between
uterine activity and fetal behavioral state have not been elucidated,
but could involve some of the effects noted above, such as the
transient fetal hypoxemia or the increase in intracranial pressure.

In human pregnancy, Wilkinson and Robinson [189] moni-
tored fetal breathing with real-time ultrasound and recorded
uterine activity with an external tocograph. If fetal breathing move-
ments were occurring prior to a Braxton-Hicks contraction, the
rate of breathing decreased from ~30/min prior to the contraction
onset to ~17/min just prior to the contraction peak and then
increased to ~35/min as the contraction waned. This is different
from the breathing responses to contractures in the fetal lamb,
where as noted above the breathing usually ceases. The effect of
Braxton-Hicks contractions on human fetal behavior has also been
examined [190]. However, behavior was coded only as state 1F
(quiet sleep) and non-state IF (more active states). There was no
association between uterine contractions and fetal behavioral state.
There was, however, an effect of the contractions on fetal body
and breathing movements if they were present at the onset of the
contraction, although the precise changes depended on the dura-
tion of the contraction, particularly for fetal breathing. With
contractions of durations >45 and <120 s the breathing rate fell
during the contraction, but rose again as the contraction waned,
similar to the findings of Wilkinson and Robinson [189]. With
contraction durations >120 and <300 s, the breathing rate
declined towards the peak of the contraction and continued to
decrease for the rest of the contraction and for at least the next

130 Dan Rurak



90 s. With body movements, they increased during the first ½ of
the contraction and decreased during the second ½. With the
longer duration contractions the initial increase in body movements
was larger than with the shorter duration ones. These results are
different from those reported for the fetal lamb and this may be due
to the different characteristics of antepartum uterine activity in the
two species. As mentioned above the duration of contractures in
the sheep is relatively constant at about 5 min. In contrast, the
mean duration of Braxton-Hicks contractions in human pregnancy
is 114 s (1.9 min) and only 25 % have durations from 2 to 5 min
[190]. However, with the longest duration contraction (14 min)
observed by Mulder and Visser [190], there was a deceleration in
fetal heart rate and a change for a non-state F1 to F1 state.

The data summarized above indicate that antepartum uterine
contractions have significant acute effects on the fetus, particularly
the fetal lamb. Some of these effects, such as the transient rise in
plasma ACTH concentrations, via stimulatory effects on fetal adre-
nal, increase cortisol secretion, particularly in late gestation [191],
and thereby have maturational effects of various fetal organs and
tissues [192]. Thus along with eliciting acute effects, antepartum
uterine contractions could also have maturational actions. One
experimental approach to test this hypothesis would be to inhibit
such activity on a long-term basis. In pregnant sheep contractures
can be acutely inhibited with the adrenergic ß agonists, such as
salbutamol [193], that were at one time used as tocolytics in human
pregnancy [194]. However, these agents would be unlikely to
inhibit uterine activity on a long-term basis [195] and these also
elicit significant cardiovascular and metabolic effects on the mother
[196] and fetus [197], which could result in significant confound-
ing effects. An alternative approach was employed by Nathanielsz
and colleagues: pulsatile, intravenous administration of small dose
of oxytocin to increase the rate of contractures above the basal rate
by ~130 %, with a minimum duration of oxytocin infusion being
6 days [198, 199]. Some of these studies involved examination of
the fetal responses to experimental perturbations such as acute
hypoxemia and hypotension [199, 200]. However, the studies
most relevant to the current discussion relate to the maturational
effects of the increased contraction frequency. Shinozuka et al.
[201] employed the oxytocin administration regimen from 96- to
133-day gestation, after which the cardiovascular responses to acute
hypotension (induced by i.v. administration of sodium nitroprus-
side) and hypertension (induced by i.v. injection of phenylephrine)
were assessed. Arterial Po2 was lower and O2 content higher in the
oxytocin group compared to the control group. This has been
reported previously [200] and shown to be due to a leftward shift
in the blood oxygen dissociation curve. Between 126- and 140-day
gestation, fetal arterial pressure was higher and fetal heart rate was
lower in oxytocin-administered group compared to the control
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group.Moreover the slopes of the gestational age-related increase in
arterial pressure and decrease in heart rate were lower in the former
compared to the latter group. There were also alterations in the
heart rate responses to acute hypotension and hypertension.
Sadowsky et al. [198] examined the effects of maternal oxytocin
administration on behavior in late-gestation fetal lambs. They spe-
cifically examined the peak voltage in high-voltage ECoG activity by
mathematical analysis of the amplified and filtered ECoG activity. In
both the control and experimental groups, this voltage increased
with advancing gestational age, and this is a measure of the matura-
tion of the high-voltage ECoG pattern. Moreover the rate of
increase in this voltage was significantly higher (by 53 %) than in
the control group, and the time spent in the high-voltage state was
also higher in the oxytocin-administered group. As noted previ-
ously, Szeto et al. [9, 24] reported a decrease in the amount of
REM sleep with advancing gestation and an increase in the spectral
edge frequency for the high-voltage pattern and a decrease in the
spectral edge frequency for low voltage. The changes noted in the
high-voltage peak voltage observed by Sadowsky et al. [198] are
consistent with these changes and suggest that an increased fre-
quency of uterine contractions increases the rate of behavioral mat-
uration in the fetal lamb. What remains to be determined is whether
long-termmaternal oxytocin administration has any effects on post-
natal development. Are the fetuses from such pregnancies more
mature at birth?

Overall these results indicate that the antepartum uterine con-
traction elicits significant acute effect on the human and sheep
fetus, and in the latter species may also be involved in maturational
effects on neural and cardiovascular functions. The results also
suggest that these contractions have greater effects on fetal lambs
compared to the human fetus and this may be due to the longer
duration of the contractions in sheep. This may relate to the differ-
ences in the degree of maturation at birth in these two species.
Birth weight in fetal lambs is similar to that in human newborns,
but the state of maturation, particularly in terms of locomotory
abilities, is greater than in the human. Yet gestational length in
sheep (147 days) is just over ½ that in the human (270 days), which
indicates that the rate of both growth and maturation must be
greater than that in the human. It may be that the longer duration
contractions in sheep contribute to the greater rate of maturation.
It is of interest that the duration of antepartum uterine contractions
in the pig (8 min) is long and they also occur at a higher frequency
(~6/h) than in sheep [202]. Guinea pigs are very mature at birth
and have a gestational length of 67 days. The duration of antepar-
tum uterine contractions in the rabbit is up to 5 minutes and it
occurs at a rate of 1–4 min. Rabbits are an altricial species, but
have a gestation length of only ~31 days, so that uterine
contraction-elicited maturational effects may be important for the

132 Dan Rurak



fetal rabbit reaching a state of maturation that permits postnatal
survival. In contrast, the duration of antepartum uterine contrac-
tions in the rhesus monkey is only about 2 min, similar to the
human. More research in various species on antepartum uterine
activity and its short- and long-term effects on the fetus is required
to gain a better understanding of the effects of this activity on fetal
development and maturation.

Fetal Behavior and Cardiorespiratory Function: As noted
above, fetal body movements are associated with transient changes
in heart rate, usually accelerations in healthy fetuses. This associa-
tion has been noted in sheep, humans, and various other species
[203] and in human pregnancy is the basis of the non-stress test and
is a component of the biophysical profile score, both of which are
tests of fetal well-being [204–206]. The existence of a causal rela-
tionship between fetal body movements and heart rate accelera-
tions was tested in the sheep and human using the same
experimental approach: temporary paralysis of the fetus with a
neuromuscular blocking agent [207, 208]. In both studies, this
led to abolition or a marked reduction in fetal motility, but no
change in the number of heart rate accelerations, although in the
human study, there was a 60 % reduction in fetal heart rate varia-
bility. This suggests that it is not the body movements that lead to
the tachycardia; rather both are likely increased by augmented
stimulatory output from the fetal brain. An increase in heart rate
will lead to an increase in cardiac output, and thus likely transient
increased flow to fetal organs and tissues [209], and will also in
some cases result in a transient rise in arterial pressure. Thus in
healthy fetuses there are frequent transient increases in fetal heart
rate, cardiac output, arterial pressure, and organ blood flows asso-
ciated with fetal movements (Fig. 11). Bouts of fetal motility also
increase fetal oxygen consumption [94, 210]. Conversely, tempo-
rary paralysis of the fetal lamb with a neuromuscular blocking agent
or anesthesia of the fetus by intravenous injection of sodium pen-
tobarbitone decreases fetal oxygen consumption by 15–20 %
[211–213]. Moreover, fetal motility and the abolition of fetal
motility have opposite effects on fetal oxygenation, with fetal activ-
ity bouts leading to a reduction in fetal vascular Po2 and the aboli-
tion of fetal motility leading to a rise in vascular Po2. An explanation
for this phenomenon resides within the maternal-placental-fetal
supply line for oxygen. If we compare this system to the postnatal
lung, umbilical blood flow is equivalent to pulmonary blood flow
and uterine blood flow is the equivalent to pulmonary ventilation.
With the postnatal lung, increases in oxygen demands, such as with
exercise, result in increases in both pulmonary blood flow and
pulmonary ventilation. With the placenta, umbilical blood flow
increases with fetal movements, but there is no evidence that
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uterine blood flow responds to transient changes in fetal oxygen
requirements. Thus when fetal oxygen demands rise during fetal
“exercise” more oxygen is removed from maternal uterine blood as
it flows through the placenta and its oxygen levels decrease result-
ing in a greater fall in Po2. As there appears to be an equilibration of
maternal and fetal vascular Po2 within the placental exchange areas,
fetal vascular Po2 will also fall. Thus in healthy fetal lambs, episodic
fetal breathing and body movements are associated with transient
reductions in vascular Po2, with greater degrees of hypoxemia
occurring with more vigorous movements [94, 210]. Uterine con-
tractions also contribute to the variability in fetal oxygenation, since
as discussed above fetal vascular Po2 falls during these antepartum
contractions and they also can lead to a change in behavioral state.
There is also evidence that fetal motility might be stimulated during
contractions. If an episode of fetal breathing is occurring when a
contraction starts, there is often a transient increase in breath
amplitude before the breathing ceases [214]. In addition there is
an increase in carcass blood flow and total body oxygen consump-
tion in the fetal lamb during contractions, both of which are
consistent with increased fetal motility [179, 215]. The stimulus
for the increased motility has not been established. However it
could be due to the modest hypoxemia that occurs initially during
the contraction. Testing the possibility that modest hypoxemia
stimulates fetal breathing by precisely lowering fetal vascular Po2
by 2–3 mmHg via reducing the maternal inspired O2 concentration
is difficult to achieve. An alternative approach is to raise fetal
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Fig. 11 Polygraph recording from a fetal lamb at 127-day gestation displaying amniotic pressure, arterial
pressure, heart rate, tracheal pressure, and mean umbilical blood flow (measured by an electromagnetic flow
transducer implanted around the common umbilical artery). The transient accelerations in heart rate,
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vascular Po2 by increasing the maternal inspired O2 concentration
and then after equilibration of the values to return fetal vascular Po2
back to the normal range by switching the mother back to room
air. This relative fetal hypoxemia has been shown to elicit the same
cardiovascular responses (hypertension, femoral arterial vasocon-
striction) as do due true reductions in Po2 [216]. Rurak and
Cooper employed this approach to determine the effects of rela-
tive hypoxemia on breathing movements in the fetal lamb [217].
Maternal and fetal vascular Po2 were raised by having the ewe
breathe a 50 % oxygen mixture. This resulted in a rise of fetal
arterial Po2 from 17 to 25 mmHg and when the inspired gas
mixture was changed back to room air, fetal Po2 declined to the
control value over ~5 min. When this relative hypoxemia was
applied during a non-breathing period, breathing was not
initiated. However when applied during breathing episodes, in
12 of 16 trials the amplitude of the breathing movements
increased for the remainder of the breathing episode, which lasted
for a further 8.6 min for a total duration of 15.2 min (Fig. 12). In
the remaining four trials, the relative hypoxemia was applied on
average 15.1 min after the breathing episode had started and the
episode lasted only for a further 2.1 min. Moreover, in the 12
experiments in which breath amplitude increased, fetal arterial
Po2 fell significantly below the control value by ~1 mmHg during
the augmented breathing, suggesting that the modest hypoxemia
can stimulate fetal breathing, and also that the increased breath-
ing activity can further reduce fetal Po2 via increased O2 con-
sumption. Thus, as a consequence episodic uterine activity and
fetal motility, fetal vascular Po2, and other blood gas parameters
fluctuate continuously, with transient decreases occurring during
uterine contractions and bouts of fetal motility. These fluctua-
tions are most accurately characterized using continuous methods
to measure fetal blood gas variables [175, 178, 193, 218]. This
situation is very different from that after birth, since in adults even
severe exercise is associated with maintenance of arterial oxygena-
tion at least at sea level [219]. Harding et al. [193] convincingly
demonstrated in chronically instrumented fetal lambs that ante-
partum uterine contractions and episodic fetal motility were
responsible for the fluctuations in arterial oxygenation. Arterial
oxygenation was measured continuously by either a catheter with
a Po2 electrode at its tip or a catheter oximeter to measure blood
O2 saturation. These measurements were obtained for a 4-h-
period under control conditions, following temporary paralysis
of the fetus with a neuromuscular blocking agent and then co-
administration of the neuromuscular blocker and salbutamol, a ß2
adrenergic agonist, which can temporarily inhibit uterine activity.
The latter treatment abolished the transient reductions in arterial
oxygenation.
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12 Summary

Overall, from the results from the studies of fetal behavior, it
appears that at least in late gestation, the fetus exhibits an organized
constellation of cyclic activities, including motility, breathing activ-
ity, ingestion, and cardiorespiratory function, all of which are linked
to regular alterations in behavioral states. Antepartum uterine activ-
ity impinges on these processes and there is considerable evidence
that other external stimuli such as maternal body sounds (e.g.,
maternal pulse and bowel sounds) and external sounds and vibra-
tion also have effects [220]. The healthy fetus is characterized by
continuous variability in behavior and related functions, with
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alterations between active and quiescent states, with the incidence
of quiescence progressively increasing in late gestation. The func-
tion of fetal body and breathing movements appears to be a form of
“practice” for the postnatal period, when breathing must be con-
tinuous and mobility is required. Experimental abolition of fetal
body and breathing movements, for example by daily intrauterine
injections of curare to fetal rats from gestation days 19–21, results
in a constellation of anomalies, including multiple joint contrac-
tures, pulmonary hypoplasia, growth restriction, comprised mainly
by reduced muscle and bone mass, polyhydramnios, and a short-
ened umbilical cord [221]. These are very similar to the anomalies
associated with the Pena-Shokeir phenotype (fetal akinesia defor-
mation sequence) in human pregnancy [222]. Abolition of breath-
ing movements alone via cervical spinal cord section or phrenic
nerve section, reduction in the intrapleural pressure changes asso-
ciated with fetal breathing movements via thoracoplasty, and drain-
age of lung fluid to reduce lung volume all reduce lung growth and
maturation [223–226].

As described above, there is now a great deal of information
on fetal behavior in humans and various animal species. How-
ever, there are much more data to be acquired. This includes a
more detailed description of the changes in fetal behavioral
parameters and related variables that occur during late gesta-
tion until the onset of labor. As was described above, data from
a number of species indicate a decrease in motility with advanc-
ing gestation. However, whether there are changes in the other
variables that are linked to fetal behavioral changes, such as
arterial pressure, heart rate, and transient reductions in fetal
vascular Po2 is less clear. Also, the changes in fetal behavior and
related variables that occur with chronic fetal compromise, such
as that associated with intrauterine growth restriction (IUGR),
warrant further study. Ribbert et al. [227] longitudinally fol-
lowed 19 IUGR fetuses for 2–14 days that were ultimately
delivered by caesarean section and monitored Doppler flow
variables, fetal heart rate variations, and fetal body movements
and fetal breathing. Abnormal Doppler flow variables were
present in the majority of the fetuses from the onset of the
study onwards. Fetal heart rate variability fell during the last
2 days prior to delivery and fetal body movements also
decreased, whereas the fetal breathing changes were more vari-
able. Because this study was conducted on pregnant women,
the daily monitoring period was only 1 h. The use of chroni-
cally instrument fetuses in sheep or other animal species would
allow for 24-h recording of these and other related variables,
such as circadian rhythms, and using catheter Po2 electrodes or
catheter oximeters, fetal vascular Po2, both in normal pregnan-
cies and models of fetal compromise, could provide much
useful data.
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Chapter 7

Circadian Rhythms in the Fetus and Newborn: Significance
of Interactions with Maternal Physiology
and the Environment

Marı́a Serón-Ferré, Hans G. Richter, Guillermo J. Valenzuela, and Claudia
Torres-Farfan

Abstract

Timing of balanced and precise daily delivery of oxygen, nutrients, hormones, and biophysical cues from
mother to fetus is essential for fetal growth and successful transition to extrauterine life. Such timing is
provided by an arrangement of biological clocks operating in the mother and fetus. However, adverse
intrauterine conditions including effects of altering the photoperiod (chronodisruption) during gestation
on fetal growth/development and postnatal physiology may translate into adult disease, in which the role
played by fetal circadian system remains unclear. Here we review the development of the circadian system,
changes experienced by the maternal circadian system during pregnancy, evidence that chronodisruption
during pregnancy has long-term effects on the offspring, and current experimental approaches utilized to
investigate these issues. However, we are aware that we are just now obtaining new pieces of information
that needs to be broadened and studied searching for a diurnal model more comparable to humans.
Physiological and pathophysiological questions related to the mother-fetus pair and neonate in vivo need
to be addressed as well as the corresponding consequences in adulthood, with expanded and new techni-
ques: among the latter, effects on the transcriptome, microRNA regulome (miRNome), and proteome of
different maternal-fetal, neonatal, and adult tissues.

Key words Circadian clocks, Fetal circadian system, Maternal chronodisruption, Melatonin, Fetal
adrenal function, Glucocorticoid rhythm, DOHaD

1 Introduction

Timing of balanced and precise daily delivery of oxygen, nutrients,
hormones, and biophysical cues frommother to fetus is essential for
fetal growth and successful transition to extrauterine life. Substan-
tial research efforts over the last couple of decades have indicated
that adverse intrauterine conditions may translate into adult dis-
ease. More recently, we and others have focused on the detrimental
effects of altering the photoperiod (chronodisruption) during ges-
tation on fetal growth/development and postnatal physiology.

David W. Walker (ed.), Prenatal and Postnatal Determinants of Development, Neuromethods, vol. 109,
DOI 10.1007/978-1-4939-3014-2_7, © Springer Science+Business Media New York 2016
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A fascinating challenge is to discover the actual impact of maternal
circadian misalignment, not only on the physiology and develop-
mental trajectory of the fetus, but also on the adult offspring’s
health and disease status. The evidence available suggests that
maternal chronodisruption disrupts the fetal circadian system.
However, this novel research avenue still faces multiple challenges.
These include working on an experimental model that more closely
resembles the human setting of shift work during pregnancy, and
identifying changes not only in systemic pathophysiological read-
outs, but also in the transcriptome, microRNA regulome (miR-
Nome), and proteome from different fetal tissues.

2 Circadian Clocks

Chronodisruption is defined as “a breakdown of phasing internal
biological systems appropriately relative to the external, i.e. envi-
ronmental changes” [1]. Such internal temporal order of physio-
logical systems depends on biological clocks. Individuals living on
Earth evolved predictive mechanisms to accommodate their physi-
ology and behavior to our planet’s daily day/night changes. The
outcome of these mechanisms is an integrated system of biological
clocks that oscillate with a period of close to a day (circa dies, 24 h)
driving circadian rhythms at the cellular and systemic level, thus
generating an internal temporal order in physiological functions
tuned to the external environment. Conceptually, a circadian clock
comprises three parts, an input signal that entrains the internal
clock to clock time, an oscillator with a period of 24 h, and output
rhythmic signals. In adult mammals, the circadian system is
organized as a master clock, located in the suprachiasmatic nucleus
(SCN) of the hypothalamus that commands peripheral circadian
clocks located in brain areas other than the SCN and in almost
every organ of the body. The SCN, connected to the retina by the
retino-hypothalamic tract, entrains to the light:dark (LD) cycle.
This information is conveyed to peripheral circadian clocks through
innervation by the autonomic nervous system or through the
effects on all organs of circadian rhythms like temperature, melato-
nin, and glucocorticoids (reviewed by [2]).

At the cellular level, circadian function in the SCN and periph-
eral circadian clocks is sustained by the interconnected stimulatory
and inhibitory transcriptional-translational feedback loops of the
clock genes named Period1-3,Cryptochrome1-2, Bmal1, and
Clock [3–6]. This circuit drives genes involved in major cellular
functions through binding to E-boxes in their promoters (clock-
controlled genes) or by using other transcription factors as inter-
mediaries like DBP and Egr1 [7–9]. The overall result is the 24-h
oscillation of 10–30 % of the transcriptome in practically every
tissue of the body, impacting a wide range of physiological

148 Marı́a Serón-Ferré et al.



functions. The integral network of signals linking the SCN and
peripheral oscillators results in overt circadian rhythms in physio-
logical processes like thermoregulation, sleep, melatonin/ACTH/
corticosteroid secretion, metabolic status, and feeding (reviewed by
[2]) tuned to the daily light:dark cycle.

3 Development of the Circadian System: Fetal and Newborn Period

A number of studies show that the developing circadian system is
organized differently from that of the adult. It is well established
that development of circadian rhythms is part of the offspring’s
development program and proceeds normally in the absence of a
functional maternal SCN. However, these rhythms are no longer
synchronized indicating that maternal signals synchronize these
rhythms. Comparison of the data available in nonhuman primates
and rodents led us to propose that the fetal SCN is not a master
clock and that the fetal SCN and other fetal organs are peripheral
maternal circadian oscillators, potentially entrained by different
maternal signals (reviewed by [10–13]) (Fig. 1).

3.1 The Fetal SCN By mid-gestation, the fetal SCN is recognizable by histology. Day/
night differences in diverse SCN functions such as metabolic activ-
ity, vasopressin mRNA and c-Fos mRNA, and protein expression
are present during fetal life in nonhuman primates, sheep, and
rodents SCN [14–19]. Innervation of the SCN by the retino-
hypothalamic tract occurs in utero in human, nonhuman primates,
and sheep, and postnatally in rodents [12, 20–22]. Clock gene
oscillation is present in the fetal nonhuman primates’ SCN, but
starts postnatally in the rat SCN [23, 24]. Despite the lack of clock
gene oscillation in the rat SCN, circadian clock gene oscillation is
present in several fetal organs.

3.2 Fetal Peripheral

Oscillators

In rats, circadian expression in several fetal organs starts before that
of the fetal SCN [12, 25–29]. As shown in Fig. 2, at 18 days of
gestation, fetuses gestated under a light:dark photoperiod (12:12
LD) show day/night changes in clock gene expression in the fetal
heart, pineal, and hippocampus, already entrained to the LD cycle.
A recent study shows 24-h clock gene expression in the fetal colon
at 20 days of gestation [30]. Studies performed on the fetal adrenal
of rats and nonhuman primates, at about 90 % gestation, estab-
lished the fetal adrenal as a strong peripheral clock by linking clock
gene expression with evidence of circadian adrenal steroid produc-
tion. In both species, the clock genes Bmal1 and Per2 are expressed
in antiphase, and mRNAs coding for the melatonin receptor and
steroidogenic enzymes oscillate with a period of 24-h sustaining
rhythms of corticosterone and DHAS (rat and monkey, respec-
tively) in fetal plasma (Fig. 3). Recent work has shown daily
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oscillatory expression of the clock genes Bmal1 and Per2, and of
clock-controlled genes (melatonin receptor Mtnr1b, glucose trans-
porter Slc2a4, glucocorticoid receptorNr3c1, and NMDA receptor
subunits 1B-3A-3B) in the rat fetal hippocampus at 18 days [31].
Studies performed in rat kidneys at embryonic day 20 [32] show a
24-h oscillation of the clock genes Clock, Per2, and Rev-erbα and

Fig. 1 Schematic representation of the proposed entrainment pathways of the fetal circadian system. The rat
fetal adrenal and the primate fetal SCN could be entrained by the rhythms of maternal melatonin whereas
other fetal peripheral clocks are phase entrained by (1) the maternal SCN through humoral or metabolic
signals that cross the placenta or (2) a fetal peripheral circadian clock. We propose that a potential candidate
for this task is the fetal adrenal gland through circadian glucocorticoid production (modified from [12])
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several clock-controlled genes (epithelial sodium channel ENaC;
serum and glucocorticoid-regulated kinase 1, SGK1; sodium
hydrogen antiporter3, NHE3, and arginine vasopressin receptor
2, AVPR2). The genes studied in the fetal adrenal, kidney, and
hippocampus are clock-controlled genes in the same organs when
adult. Of note, the fetal adrenal and kidney have important physio-
logical roles during fetal life: the adrenal as source of glucocorti-
coids important for fetal organ maturation and in some species, for
triggering parturition [33]. The fetal kidneys contribute amniotic
fluid production, which is important for several aspects of well-
being [34].

Postnatal changes in clock gene expression have been investi-
gated in the rat colon, kidney, and liver. As a rule, expression profile
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18 days’ gestation from Seron-Ferre et al. [12], and Vilches et al. [45]. Per2 and Bmal1 mRNA expression in
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similar to that of the adult is attained by 30 days of age. Using
culture of organ slices from Per2-luc rats, Nishide et al. [35]
followed the developmental changes in Per2 expression between
E20 and P19 and compared the expression with that of the same
organs in the adult. These authors found oscillation in Per2 expres-
sion at all ages studied in the SCN, lung, kidney, and liver. In
another set of experiments, a large number of organs were studied
at P5, P10, and P15, finding postnatal developmental phase
changes in the pineal, lung, heart, muscle, kidney, spleen, thymus,
testis, and stomach, whereas the phases of the SCN, adrenal, and
liver were more or less maintained. This pattern of development fits
with the observation that overt endocrine and behavioral rhythms
with phases similar to those of the adult are detected 2–4 weeks
after birth (e.g., corticosterone [36], pineal N-acetyltransferase
[37], and eating and drinking [38]).

3.3 Entraining

Signals for the Fetus

and Newborn

Developing embryos and fetuses do not respond directly to exter-
nal zeitgebers (“time givers”) like light, but instead to an internal
representation of day/night alternation provided by the mother.

Fig. 3 Circadian pattern of Per2 and Bmal1 expression in fetal adrenal gland and plasma adrenal steroids in
capuchin monkey (90 % of gestation, term about 160 days) and rat (18 days’ gestation). From Torres-Farfan
et al. 2004; 2011, respectively [23, 29]. Data are mean � SEM. The lines in each graph represent the
theoretical 24-h cosinor function fitting the mean data. The dark bars indicate lights-off hours
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As will be reviewed in the next section, the maternal environment
presents circadian rhythms. There is compelling evidence for two
maternal signals acting during gestation on entrainment of fetal and
newborn rhythms: maternal feeding time and maternal melatonin.
A third maternal rhythm may be maternal core temperature.

The time of food availability induces important behavioral and
metabolic adaptations in the mother and also in the offspring. In
SCN-lesioned pregnant rats, restricting feeding to a 4-h period
restores synchronization of the pups’ drinking rhythms [39]. How-
ever, in the presence of an intact maternal SCN, a maternal
restricted feeding schedule does not affect the fetal SCN. Maternal
exposure to constant light (a condition that disrupts activity and
melatonin rhythms in the mother) flattens the AVP and c-Fos
rhythms in the fetal SCN, allowing entrainment to the restricted
feeding schedule [17]. These data are interpreted as indicating that
an LD signal derived from the mother SCN prevails over the food
signal in causing or entraining the AVP and c-Fos mRNA rhythms
in the fetal SCN.

There is strong evidence for maternal melatonin being an
entraining signal for some fetal peripheral clocks. The maternal
pineal gland produces melatonin in a circadian fashion, with high
plasma levels at nighttime and very low levels at daytime (Fig. 4).
Melatonin has the ability to cross all physiological barriers, such as
the placenta [40] and the blood–brain barrier [41]. Thus the fetus,
in which the pineal does not synthesize melatonin, in L:D condi-
tions, is exposed to the maternal melatonin rhythm, and hence
indirectly to LD information [42, 43]. When pregnant dams are
exposed to constant light at night, plasma melatonin is suppressed
in both diurnal and nocturnal animals [44, 45]. Melatonin recep-
tors are widely distributed in fetal tissues from rat, mouse, hamster,
sheep, human, and capuchin monkey [12, 29, 44, 46]. In the latter
species, melatonin receptor expression followed a circadian pattern
in the SCN and adrenal gland at 90 % of gestation [23]. We also
reported that melatonin receptor expression displays a circadian
rhythm in the rat fetal adrenal at 18 days of gestation [29]. Taken
together, the circadian rhythms of both melatonin receptor expres-
sion and plasma melatonin supplied by the mother support that
melatonin may act as a zeitgeber for different fetal peripheral oscil-
lators. The experimental paradigm to test this hypothesis has been
to compare the effects of maternal melatonin deprivation (either by
maternal exposure to constant light or maternal pinealectomy) and
daily maternal melatonin replacement with rhythms in fetuses and
newborns whose mothers maintain a rhythm of melatonin (being
gestated in LD). We demonstrated that the lack of melatonin
suppressed clock gene expression rhythm and clock-controlled
genes in the rat fetal adrenal and fetal hippocampus [29, 31, 45].
In addition, it decreased fetal adrenal corticosterone production
[45]. Other researchers have shown that maternal pinealectomy
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during gestation desynchronizes the pup’s drinking rhythm [47].
In this and the previous experiments, daily maternal melatonin
replacement during late gestation reversed the effects of gestational
melatonin deprivation. Using the same experimental paradigm, we
showed that maternal melatonin is a zeitgeber for the fetal primate’s
SCN [23], and that chronic maternal exposure to constant light
results in a free running of the temperature rhythm in the newborn
[48]. In this last study, the maternal temperature rhythm was not
affected by exposure to constant light, suggesting that at least
under melatonin deprivation, the maternal temperature rhythm is
not an entraining signal for the fetal SCN nor the temperature
rhythm in nonhuman, newborn primates [48]. The previous
experiments were designed to test the role of melatonin as a zeitge-
ber for fetal organs. In another study, with maternal exposure to
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constant light, without melatonin replacement, the overall effects
on the fetal rat heart were studied utilizing microarrays, finding
differential expression for 383 transcripts in LL relative to LD fetal
heart (280 up-regulated and 103 downregulated). The altered
gene networks included local steroidogenesis, as well as cardiac
hypertrophy, stenosis, and necrosis/cell death. microRNA analysis
revealed up-regulation of miRNAs 218-1 and 501 and concurrent
downregulation of their validated target genes [49].

An important clinical situation in which the circadian informa-
tion between mother and fetus is lost is the preterm newborn.
Habitually, these newborns remain in intensive care units (ICU)
for several weeks, exposed to constant light or constant dim light to
facilitate medical care. In clinical studies, Rivkees [50] reported that
exposure of premature infants to a regular LD cycle in the hospital
nursery induces distinct patterns of rest-activity that are apparent
within 1 week after discharge, suggesting that the circadian clock of
developing infants is entrained by lighting conditions. As men-
tioned previously, the connection between the SCN and the retina
is established during gestation in the human, and human preterm
infants are able to detect light. Two recent studies investigated the
effects of exposing preterm newborns to an LD cycle. Watanabe
et al. [51] determined the wavelengths detected by the preterm
newborn eye. Based on these findings they created an artificial night
by covering the incubator for 9.5 h with a red filter absorbing
wavelengths under 610 nm. Newborns exposed to the filter at
night showed more daytime than nighttime activity at 38-week
gestational age and a better growth rate. Vásquez-Ruiz et al. [52]
created a night environment by placing a removable acrylic helmet
covered by a blanket over the newborn head. They found that
infants maintained in an LD cycle required a shorter stay in the
hospital, tolerated food better, and gained weight faster than
infants in LL, exhibiting improved oxygen saturation, less heart
rate variation, and also day/night variation in salivary melatonin.
Altogether, these results suggest entrainment by the LD cycle and
stress the importance of an entraining signal for newborn
physiology.

4 The Maternal Circadian System During Pregnancy

Pregnancy and the ensuing process, lactation, are physiological
contexts in which maternal physiology changes to fulfill the increas-
ing metabolic demands of the fetus, to provide input for timely
parturition, and to prepare for providing food and care for the
newborn. As a result, the cardiorespiratory system, immune system,
renal, hepatic and gastrointestinal function, and endocrine system
differ from that of nonpregnant women [53]. Pregnancy induces
remodeling in areas of the “expectant brain” involved in food
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intake and stress response, and in the autonomic system control
(reviewed by [54]). In addition, a series of studies by Schrader et al.
[55–57], measuring rhythms of cFos and Per2 protein expression,
support a functional reorganization of the SCN and ventral sub-
paraventricular zone during early pregnancy, and of extra-SCN
oscillators, such as the oval nucleus of the bed nucleus of the stria
terminalis. The same authors found changes in daily patterns of
immunoreactive FOS in early pregnant rats in areas related to
sleep/wake control, finding an attenuation of daily rhythms of
FOS expression in areas known to support wakefulness, whereas
FOS expression was maintained in areas that correlate with sleep
[56]. At peripheral levels, changes in maternal liver expression of
clock genes between pregnant and nonpregnant rats have been
described by Wharfe et al. and Varcoe et al. [58, 59]. Therefore,
chronobiotic perturbations may be acting on a circadian system
that may present differences from that of a nonpregnant female at
the central and peripheral levels.

Several maternal functions show circadian rhythms under LD
conditions. As shown in Fig 4, activity and temperature show regu-
lar circadian oscillation in pregnant rats. The figure also shows
circadian rhythms of plasma corticosterone and melatonin. Consis-
tent with other studies in rats and in humans, the amplitude of the
maternal melatonin rhythm increases through gestation (reviewed
by [60]). In addition, in both species there is an increase in the
concentration ofmaternal plasma glucocorticoids, whilst the plasma
glucocorticoid rhythm is maintained, and the hypothalamic-adrenal
axis response to stress is markedly decreased (reviewed by [61, 62]).
Other hormones like leptin, prolactin, progesterone, and estrogens
also present circadian rhythms during pregnancy. And close to term,
preceding parturition, there is a prominent rhythm in maternal
oxytocin and circadian rhythms in uterine activity. In addition,
metabolic variables like plasma glucose, cholesterol, free fatty
acids, and triglyceride concentrations show a circadian rhythm
[58]. Other maternal rhythms like activity and temperature show
species-specific changes during pregnancy. In the diurnal Nile grass
rat, activity- and temperature-phase rhythmswere similar to those in
nonpregnant animals, but the amplitude was decreased [63]. In
contrast, in the nocturnal rat there were differences in both ampli-
tude and phase of the temperature and activity rhythms [64].

Chronodisruption is expected to affect maternal rhythms.
Clock gene defects are associated with pathologies in humans
[65] and metabolic disorders in experimental animals [66–68].
A question arising from the previous observations is the possible
impact of chronodisruption during pregnancy in the mother and
offspring. Two experimental models of chronodisruption during
pregnancy have been studied: constant light exposure and chronic
phase shift model in which pregnant rats are exposed to chronic LD
phase shifts lasting 3 days throughout gestation.
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4.1 Constant Light In rats and nonhuman primates, exposure to constant light during
pregnancy suppresses the maternal melatonin rhythm and main-
tains the glucocorticoid rhythm. Exposure of constant light to
pregnant capuchin and rhesus monkeys has no effect over the
maternal cortisol, progesterone, estradiol, and temperature rhy-
thms [44, 48, 69]. Effects of constant light on other maternal
endocrine rhythms have not been studied in rats. However, the
activity rhythm response differs between species. Exposing preg-
nant rats to constant light results in a free running activity rhythm
and, eventually, in the disappearance of this rhythm [17] whereas it
had minor effects in the capuchin [48]. Effects on metabolic
rhythms have not been measured during exposure to constant
light in rats or nonhuman primates.

4.2 Chronic Phase

Shift

In rats, this model of chronodisruption produces profound circa-
dian alterations eliminar in rats [58]. The authors found that at
20 days of gestation, melatonin secretion was not affected, but
maternal 24-h profiles of corticosterone, leptin, glucose, insulin,
free fatty acids, triglycerides, and cholesterol concentrations were
altered. The pattern, but not the amount of food consumption,
changed, and weight gain was decreased specially in early gestation.
At 20 days of gestation, body weight was about 5 % lower than
control rats, retroperitoneal fat pad and liver weight were reduced,
and the expression of gluconeogenic and circadian clock genes in
maternal and fetal liver became either arrhythmic or were in anti-
phase to the controls. The authors suggest that the reduced mater-
nal weight gain in early gestation may be involved in determining
the offspring phenotype of increased adiposity, hyperinsulinemia,
hyperleptinemia, and poor glucose tolerance [70] which is dis-
cussed in the following section.

5 Effects of Chronodisruption During Pregnancy on the Offspring

A number of studies have established a clear relationship between
antenatal deleterious environments and the development of adult
diseases including hypertension, metabolic syndrome, obesity, and
neurologic/mental disorders [71–75]. In keeping with the impor-
tance of the fetal environment and postnatal outcome, perturba-
tions of the fetal circadian system by melatonin deprivation during
gestation have long-term consequences in the offspring. Metabolic
effects (glucose intolerance, impaired glucose-stimulated insulin
secretion, and hepatic insulin resistance) have been detected in
the adult offspring of pinealectomized rats reared in LD [76]. In
adult offspring gestated in LL, we observed complete lack of day/
night differences in plasma melatonin and decreased day/night
differences in plasma corticosterone. Moreover, overall hippocam-
pal day/night difference of gene expression was decreased, which
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was accompanied by a significant deficit of spatial memory [31]. In
the heart, we found persistent downregulation of the mRNA cod-
ing for a subunit of the voltage-gated potassium Kv4 channel
complex (Kcnip2), and hypertrophy of the left ventricle (thicker
ventricle wall and increase in cardiomyocyte area and nuclear diam-
eter [48]).

Another situation receiving attention is the effect on the off-
spring of maternal chronodisruption induced by shift work during
pregnancy. Shift work may disrupt the maternal melatonin rhythm
and impose abnormal maternal sleep and feeding patterns. Epide-
miological studies in women show that shift work increases the risks
of spontaneous abortion, premature delivery, and low-birth-weight
babies [77]. As already reviewed, in the rat, simulated shift work
during pregnancy [58] induces profound maternal metabolic
changes and decreases early pregnancy weight gain. As shown by
the same group in a previous study [70], simulated shift work
during pregnancy had long-term effects on the offspring. At
3 months of age, offspring showed increased adiposity and hyper-
leptinemia. By 12 months of age, they showed altered glucose
tolerance and insulin resistance that characterizes the metabolic
syndrome. In contrast, there were no effects on the circadian tem-
perature rhythm, suggesting that chronic LD phase shifts experi-
enced during pregnancy did not result in long-term effects on the
offspring SCN function. The authors suggest that the reduced
maternal weight gain in early gestation may play an important
role in determining the offspring metabolic phenotype [70].

Collectively, the present data point to the long-term adverse
effects of gestational chronodisruption on a broad range of func-
tions, including metabolic syndrome, heart hypertrophy, and cog-
nitive function. The important health issues involved require
establishing the mechanisms involved.

6 Analysis of Circadian Data

Examination of circadian rhythms in the fetus may offer important
information about the impact of maternal environment on fetal
development as well as its potential negative impact in adulthood.
Several experimental models are being utilized to collect data on
circadian changes. These models focus on specific variables at the
individual and tissue level with the goal of exploring the impact of
several interventions over these variables. This implies a characteri-
zation of a circadian pattern for the variable aswell as identification of
the perturbation of this pattern using adequate statistical methods.

In general, circadian studies require careful control of the LD
cycles, feeding time, and housekeeping procedures to which the
animals are exposed to avoid introducing circadian signals. Animal
manipulation and procedures during nighttime should be done
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under red light. In addition establishing a circadian profile of a
given variable (e.g., hormones, metabolites, gene expression)
requires frequent sampling at fixed intervals (at least every 4 h)
around the clock. Strict protocols to preserve the samples are
required as the researchers themselves are usually chronodisrupted.
Fortunately, some biophysical and behavioral variables are amena-
ble to continuous measurements over several days, with minimal
human intervention.

6.1 Experimental

Models

6.1.1 In Vivo Studies Two experimental approaches have been used to study circadian
rhythms in vivo. One is to obtain repeated measures over a long
time interval from the same animal. The other is to obtain dis-
continuous sampling from different animals in which each animal
contributes with a single sample for a given clock time. Large-size
animals like sheep and nonhuman primates, in which the fetus and
mother can be chronically instrumented, allow detection of overt
circadian rhythms in biophysical variables like heart rate, blood
pressure, fetal breathing, temperature, and electromyographic
activity, by performing continuous recordings for extensive peri-
ods of time in the same individual. In addition, placements of
vascular catheters allow obtaining blood samples from the same
individual at fixed intervals around the clock to measure hor-
mones and metabolites. Whenever possible, it is recommended
to extend the sampling period for 48 h. The use of telemetric
devices allows continuous recordings of temperature, activity,
heart rate, and blood pressure during pregnancy in small animals
like the rat. As rhythms can be detected in individual animals, less
animals are needed to obtain significant information. These pro-
cedures have been used in the studies reported by us and others
[48, 78–80].

The second alternative, usually of choice, is to obtain fetal
samples blood and tissues at fixed intervals around the clock.
Rapid sterile dissection and tissue collection require a collective
effort of the team involved in the experiments. Depending on the
variables to be measured, tissues can be fixed for histology, immu-
nohistochemistry, and in situ hybridization, preserved for molecu-
lar biology measurements, frozen for biochemical measurements,
etc. Additionally, tissues can be collected for ex vivo experiments.
This experimental approach requires the utilization of a large num-
ber of animals but allows for performing many studies thereafter.
These procedures have been used in the studies reported by us and
others [12, 23, 29, 31, 58, 59, 81, 82].

6.1.2 Ex Vivo Studies An option is to use organotypic cultures; this implies that the whole
(or pieces) of organs are cultured for 48 h or longer. A large amount
of tissue is required with this approach in order to perform relatively
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frequent collection of tissue (every 4–6 h) over more than 24 h. In
this experimental approach, pieces of tissue are taken at fixed and
frequent time intervals. Moreover, drugs or hormones can be added
to the medium, investigating their direct effects on clock gene
oscillation. Measuring the temporal pattern of expression of several
clock genes as well as clock-controlled genes in the explants provides
evidence for circadian functional clocks being present in the tissue.
This experimental approach does not require a big team for dissec-
tions, and the use of red light in the night is not necessary [23, 29,
35]. A variation of the previous approach consists of continuous
measurement of a gene reporter expression over several days (for
instance tissue from transgenic animals expressing Per-2 coupled to
luciferase). This type of experiment provides very important infor-
mation about the ability of a tissue to maintain independent oscilla-
tion and allows for following any changes in the characteristics of the
reporter rhythm (amplitude and acrophase over several days). Fur-
thermore, this approach allows for the study of rhythm perturbations
by some treatments. Conditions of sterility and avoidance of con-
tamination are important in ex vivo models. These procedures have
been used in the studies reported by us and others [83–85].

6.2 Assays

6.2.1 Plasmatic

Hormones

As in other biological experiments, assays should be highly sensitive
to minimize the amount of blood or tissue required. This applies to
blood measurements and also to molecular biology techniques. With
regard to hormone levels, probably the most difficult hormone to
measure is melatonin, for which there are few commercial kits avail-
able. To the best of our knowledge, the melatonin RIA is a sensitive
assay.However, there are difficulties/challengeswhich require careful
treatment of the samples to avoid hemolysis and high lipid concen-
trations. Additionally, the RIA manipulation should be made in lab
wheremelatonin has not beenused recently, because the assay is easily
contaminated by the environment. In our experience, the technician
that performs the experiment should stopusingmelatonin if he or she
is takingmelatonin for sleep problems (a common problem in people
that work on circadian rhythms). On the other hand, commercial kits
to measure other hormones (cortisol, corticosterone, aldosterone,
etc.) in general are easier than melatonin and work efficiently for us
[12, 29, 45, 86, 87].

6.2.2 mRNA Expression To measure mRNA levels, we routinely used qRT-PCR. This
method is usually sensitive enough to allow good discrimination
in gene expression, at different clock times. To use this technique, it
is necessary to consider the best housekeeping for a particular
organ. In this context, sometimes it is necessary to test several
potential housekeeping genes. Recently, we found that maternal
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chronodisruption induced major changes in fetal liver 18S-rRNA.
This situation did not occur in the fetal adrenal gland, an organ in
which 18S-rRNA was not modified by the maternal treatments
[45]. The major advantage of qRT-PCR is that several mRNAs
could be measured in the same sample. In addition, qRT-PCR is
used to validate data obtained by microarrays.

6.3 Statistical

Methods Utilized to

Detect Circadian

Rhythms

An important consideration is the method utilized to decide that
the changes of a variable over time are circadian. Refinetti et al. [88]
provide a comprehensive review of strengths and weakness of the
different statistical methods used to detect circadian rhythms and
provide a list of programs available for these methods. A simple
definition of a rhythm is the oscillation of a variable with a constant
period. The period of a rhythm is the duration of a full cycle. Three
parameters characterize a circadian rhythm: period close to 24 h,
amplitude, and phase of the oscillation. A simple method for circa-
dian rhythm assessment is cosinor analysis. This method fits the
data to the cosine function:

xi ¼ M þA cos 360T �1 t i � φð Þ
in which xi is the value of the variable at the time ti expressed in
hours,M is the mesor (mean of the data in 24 h),A is the amplitude
(difference between the mesor and value of the variable at the
acrophase), φ is the acrophase (time at which the variable reaches
its maximal value), and T is the period (24 h). Time is usually
expressed in hours as clock time or zeitgeber time (hours from
the start of the light period, or in some cases hours from the start
of the activity rhythm). Cosinor analysis applies to data obtained in
individuals, organs, and cells. More sophisticated analysis is avail-
able for experiments that involve data obtained over long-term
intervals, as discussed by Refinetti et al. [88]. In our experiments,
we have usually investigated the presence of clock time-related
changes in the mean data of a variable by ANOVA. If these are
present, we utilize cosinor analysis. Comparison of mesor and
amplitudes can be done utilizing standard statistical tests (Student’s
T test or ANOVA, when adequate). Circular statistical tests are
required to both assess and compare the random distribution of
acrophases (Watson-Williams and Rayleigh tests, respectively [89]).

7 Concluding Remarks

From our review, it becomes clear that maternal circadian signals
during pregnancy are important for entrainment of fetal and new-
born circadian rhythms. The response of this system to environ-
mental perturbations (food restriction, stress, shifts in the LD cycle
among others) may have long-term effects in the offspring. How-
ever, this novel research avenue still faces multiple challenges.
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These include working on an experimental model that more closely
resembles the human setting of shift work during pregnancy;
exploring further organs as targets of developmental chronodis-
ruption; and identifying changes not only in systemic pathophysi-
ological readouts, but also in the transcriptome, microRNA
regulome (miRNome), and proteome from different fetal tissues.
The long-standing aim of the work discussed here is to offer insight
into mechanism as well as potential human translational targets for
intervention against the developmental programming of disease
triggered by prenatal chronodisruption.
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Chapter 8

Prenatal Programming of the Mesolimbic Reward
Pathway and Food Preferences

Beverly S. Muhlhausler and Jessica Gugusheff

Abstract

The drive to consume palatable foods, high in fat and sugar, goes beyond the need to satisfy hunger and has
a strong hedonic component. Studies in rodent models have demonstrated that the preference for these
foods can be programmed before birth, and that feeding dams on cafeteria diets during pregnancy and
lactation is associated with an increased preference for palatable foods in the offspring after weaning. More
recently, attention has turned towards elucidating the biological mechanisms which drive these effects, with
studies to date focussing on the impact of maternal cafeteria diets on the development of the mesolimbic
reward pathway in the offspring. This chapter discusses the methods we have used to study the impact of
maternal “junk food” diets during pregnancy and lactation on food preferences and gene expression of key
components of the opioid and dopamine signalling systems in two key regions of the mesolimbic reward
pathway in the offspring.

Key words Fetal programming, Reward, Cafeteria diet, Dopamine, Opioids, Neonate, Ontogeny,
Animal model

1 Background

Obesity is currently a major public health issue in both the devel-
oped and developing world, with current estimates suggesting that
over one billion adults worldwide are either overweight (BMI > 25
kg/m2) or obese (BMI > 30 kg/m2) [1]. The substantial increase
in the prevalence of obesity over the past 30–40 years has led to
growing interest in determining the genetic and environmental
factors which contribute to its development, and a plethora of
studies aimed at elucidating the key drivers of weight gain and
excess adiposity in human populations. These studies have all
pointed to environmental factors in modern society, in particular
the increased availability of high-fat high-sugar palatable foods
(“junk foods”) [2], as having an important role in promoting
weight gain and obesity in individuals.
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The drive to consume palatable diets goes beyond the need to
satisfy hunger, since fat and sugar, and possibly other components
of these diets, can activate the same mesolimbic reward pathway as
alcohol, nicotine, and recreational drugs [3, 4]. Activation of the
reward pathway results in the release of endogenous opioids which
bind to opioid receptors on inhibitory GABAergic neurons in the
ventral tegmental area (VTA) of the brain, and releases their inhibi-
tion of dopamine synthesis in dopaminergic neurons in this brain
region [5]. These dopaminergic neurons project to a region in the
forebrain, the nucleus accumbens (NAc) where the dopamine is
released. This results in an increase in extracellular dopamine con-
centrations in the NAc, which translates into the acute pleasurable
sensation associated with the consumption of rewarding stimuli
[3, 6].

The preference for and ability to control consumption of high-
fat, high-sugar foods differs significantly between individuals, and
this has led to studies focussed on the determinants of individual
food preferences. A number of studies have now suggested that the
preference for “junk foods” can be programmed before birth, and
we and others have demonstrated that maternal intake of “natural
rewards” including high-fat, high-sugar diets, is associated with an
increased propensity towards the overconsumption of these types
of foods in the offspring [7–11]. More recent studies have
attempted to define the mechanisms which underlie the early life
origins of food preferences by investigating the effect of maternal
high-fat, high-sugar diets on the mesolimbic reward pathway.
These studies have demonstrated that a number of key components
of this pathway, including the mu-opioid receptor and D1 and D2
dopamine receptors, are altered in adolescent and adult offspring of
mothers fed a cafeteria/high-fat diet during pregnancy and lacta-
tion [12, 13]. Thus, rodent studies focussed on the impact of
maternal diet on the development of the reward pathway and
subsequent food preferences can provide valuable insights into
the mechanisms which underlie the propensity towards overcon-
sumption of these food types.

This chapter describes the methods we have used to study the
food preferences of offspring exposed to a “junk food” diet before
birth and whilst suckling as well as provide specific detail on how to
measure changes in reward pathway development in these animals
using molecular and histological approaches.

2 Equipment/Material/Setup

2.1 Animals The impact of the maternal diet during pregnancy and lactation on
food preferences and the reward pathway of the offspring have been
studied almost exclusively in rodents. The specific breed/strain has
varied between studies, and has included Wistar rats [14, 15],
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Sprague-Dawley rats [7], and mixed background mice [11, 12].
The results have been relatively consistent between these various
species/breeds, which suggests that the programming effects
observed are conserved across rodent species. As such, the selection
of breed/species for these experiments can be based more on other
factors, such as availability/access, cost, ease of handling, litter size,
and temperament.

Ideally, the female rats that we used in studies of the develop-
mental programming effects of maternal cafeteria diets are between
6 and 8 weeks of age and around 200–250 g in weight when the
experiment begins, which ensures that they are at their peak fertility
at the time of mating. The cafeteria diet we have used in our studies
typically produces a weight gain of ~20 % of initial body weight in
the first 2 weeks, and the fertility of the animals declines markedly
with increasing body weight. Most successful mating is generally
obtained with male rats that are older and slightly larger than the
females, ideally over 400 g in body weight and >3 months of age.
Before beginning a study involving an animal model it is important
that approval from an animal ethics committee has been obtained
and appropriate housing in an animal research facility has been
organized. All procedures should be conducted according to the
Australian code for the care and use of animals for scientific pur-
poses (or local equivalent) [16]. The animal housing facility will
require scales for weighing both the rats (to the nearest 0.01 g for
pups and nearest 0.1 g for older animals) and the food (preferably
to the nearest 0.001 g), a light microscope, and full postmortem
facilities including a CO2 gas chamber for euthanasia.

2.2 Composition of

the Cafeteria Diet

The cafeteria diet is a well-establishedmodel of junk food feeding in
the rodent [17]. The exact composition of this diet varies between
studies but all include a selection of readily available “junk foods”
which are typically energy dense, nutrient poor, and relatively high
in fat, sugar, and salt. In our studies, we have used a cafeteria diet
comprising of peanut butter, hazelnut spread, sweetened breakfast
cereal, cheese- and bacon-flavored snacks, chocolate biscuits, and
a mixture of lard and standard laboratory chow [10] (Fig. 1a).
Other examples of cafeteria diets which have been provided to
dams during pregnancy and/or lactation in studies of developmen-
tal programming include those used by Bayol and colleagues,
which consisted of biscuits, marshmallows, jam doughnuts, cheese,
potato crisps, chocolate chip muffins, butter flapjacks, and caramel/
chocolate bars [9] and that used by Langley-Evans and colleagues,
which consisted of biscuits, potato crisps, chocolate, cheddar
cheese, golden syrup cake, pork pie, cocktail sausage, liver and
bacon pate, strawberry jam, and peanuts [15]. In all cases, these
diets provide between 50 and 60 % of calories as fat (predominately
saturated fat), compared with ~12 % energy from fat provided
by the standard rodent chow, and contain relatively low levels of
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protein. The dams who are fed on the cafeteria diet typically con-
sume higher amounts of fat and lower amounts of protein com-
pared to controls, although not necessarily higher amounts of total
energy (Fig. 1b).

In addition to cafeteria diets, it is also possible to use formu-
lated diets which are prepared by a feed manufacturer (or in-house)
to a predefined recipe. These diets are typically in the form of a
pellet-based or liquid diet, which are provided to dams on either a
per kg body weight basis or ad libitum. The advantage of these
formulated diets is that it is possible to precisely control the com-
position of the diet that the rats consume, since the macronutrient
and micronutrient content is consistent across the diet. It is also
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Fig. 1 (a) Representative pie chart depicting the contribution of different
components of the cafeteria diet to food intake of “junk food”-fed dams
during pregnancy. (b) Bar graph comparing the typical macronutrient (in g/kg/
day) and overall energy intake (in kJ/kg/day) of control (open bars) and junk
food-fed (closed bars) dams during lactation. The junk food-fed dams consume
more fat but less protein and carbohydrate, reflecting the energy sources in each
diet
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easier to measure food intake/food refusals than for the cafeteria
diet. However, we have consistently used the cafeteria diet in our
studies in order to mimic the typical poor-quality Western diets
which are both energy/fat dense and micronutrient poor. This
approach also allows for the direct comparison of the specific
types of foods that are preferred by the mother and her offspring,
to distinguish the programming of macronutrient preference from
the programming of a taste for specific flavors.

Whichever type of diet you use, it is important to accurately
determine the nutritional composition. In the case of the formu-
lated diet, this is more straightforward since the composition is
predefined. In the case of the cafeteria diet, it is often necessary to
rely on the nutritional information provided on the packaging of
the various foods included in the diet, which may not always be
accurate, particularly in the case of minor dietary components.
While macronutrient and energy content information is likely to
be relatively reliable, should your study design rely on accurate
information in relation to minor dietary components, for example
the content of individual fatty acids, then we recommend that you
arrange for independent testing of the foods you plan to use prior
to the experiment. This information will enable the macronutrient/
micronutrient intake of your dams to be determined accurately.

2.3 Rat Brain Atlas A detailed rat brain atlas is critical for accurately identifying the key
regions of the mesolimbic reward pathway in histological sections
as well as isolating different brain regions for downstream applica-
tions. There are a number of high-quality atlases available, includ-
ing some online versions which can be downloaded for free. The
key criteria to consider when selecting the atlas include the level of
detail provided, the type of staining used for images, and the
distance (in μm) between adjacent images. In addition, it is often
helpful for the atlas to include both sagittal and coronal sections. In
studies of the reward pathway involving offspring younger than
4 weeks of age, you will need to acquire a brain atlas which is
specific for the developing brain, since the reward pathway in
rodents does not reach adult configuration until 21–28 days after
birth [18, 19]. A good example of a neonatal rat brain atlas is
“A stereotaxic atlas of the developing rat brain” by Sherwood and
Timiras [20].

2.4 Equipment for

Molecular and

Histological Analyses

The impact of maternal high-fat/high-sugar diets on the reward
pathways of the offspring can be studied at both the gene and
protein level. For gene expression analyses, our approach has been
to isolate the NAc and VTA from the whole brain at the time of
postmortem (details below) and extract total RNA from each brain
area. Following reverse transcription to cDNA, using standard
approaches, the mRNA expression of target genes can then be
determined using qRT-PCR. This obviously requires access to a
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qRT-PCR machine optimized for these assays. The amount of
tissue that is available is typically very limited (<100 mg for both
the VTA andNAc), which makes it challenging to isolate both RNA
and protein from the same sample. Consequently, additional ani-
mals may need to be sampled at each time point (preferably same-
sex littermates) in order to measure both gene expression and
protein abundance in the same experiment. Gene and protein
expression can also be determined using section-based approaches,
which have the advantage that (in combination with a detailed rat
brain atlas) they enable the site of mRNA/protein expression for
each of the gene to be visualized. If undertaking these studies you
will require access to either a microtome (for fixed section) or a
cryostat (for frozen sections). A number of different approaches
exist for both immunohistochemistry and in situ hybridization, and
it is important to check well in advance of tissue collection whether
there are any specific requirements for the way tissues are collected,
processed, and stored. If you plan to use radioactive probes for in
situ hybridization studies, then the appropriate licenses and author-
izations also need to be obtained.

3 Methods

3.1 Cafeteria Diet

Feeding During

Pregnancy and

Lactation

After the female rats are acclimatized to the animal-housing facility
(typically ~1 week after arrival) they can be assigned to either the
control or junk food diet. Since maternal starting weight is likely to
be a factor in determining the weight of the offspring at birth, it is
preferable to ensure that the average weight of animals assigned the
control and junk food groups does not differ at baseline. From this
point, the control group is provided with ad libitum access to
standard laboratory chow and the junk food group with ad libitum
access to the cafeteria diet as described above. It is important to
accurately monitor the actual food intake of the animals during this
time, which can be done by subtracting the amount of each food
type that is left uneaten in the cage from the amount initially
provided. Since many of the individual components of the cafeteria
diet are perishable, food intake in the cafeteria group should be
monitored every 2 days and fresh food provided. The food intake of
the control group should be monitored at the same interval, so that
this is consistent between groups, but it is not necessary to provide
fresh food on each occasion provided that still sufficient food is
remaining. Rats will typically consume ~20–25 g of standard chow
each day during pregnancy, and this amount will increase during
lactation, so it is important to ensure that sufficient food is available
throughout the experimental period.

After ~2 weeks on these diets, the females are monitored daily
to determine their estrus cycle stage (using either vaginal smears or
an estrus probe). We have achieved the greatest mating success by
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placing 1–2 female rats with one male on the evening of diestrous/
proestrous and leaving the pair(s) together for 24 h. The females
are placed into the male’s cage, rather than the other way around
(Note 1). It is also worth noting here that there is an emerging body
of evidence in support of the importance of paternal, as well as
maternal, influences on developmental programming [21]. As a
result, it is important that the same small group of males are used
to mate females in all the different treatment groups in your experi-
ment in order to exclude the possibility of confounding due to
paternal effects.

While there are several methods used to assess mating success,
we have routinely used the presence of sperm in the vaginal smears
at the end of the 24-h mating period as an indication of successful
mating, and this is then designated as gestation day 1. The control/
junk food diet is then provided to the dams in the respective
treatment groups ad libitum throughout pregnancy and lactation.
Daily energy requirements of the animals increase during preg-
nancy, and particularly in lactation, so the amount provided will
need to be increased during these times. It is important to continue
monitoring food intake during pregnancy and lactation, and body
weight of the dams should also be measured at least once per week
across this period.

The gestation period in the rat is typically between 21 and
22 days, and we have not identified any effect of maternal cafeteria
diets on gestation length in our previous studies. In the few days
before pups are due, dams should be provided with nesting material
(e.g., shredded newspaper). It is not normally necessary for a
researcher to be present when the dam delivers her pups, unless
you wish to document the exact time of delivery (for obtaining an
accurate measure of gestation length). After delivery, the dam and
her pups should be left undisturbed for at least 12 h after the pups
are born, to allow for the dam to establish feeding and to minimize
maternal stress, which can lead to cannibalism and failure to appro-
priately nurture her pups (Note 2). The total number of pups born
and the number of pups stillborn or cannibalized should be
recorded as soon as practicable after birth. Within 24 h of delivery,
all pups should be sexed and individually weighed and litters culled
to eight pups (four male and four female pups where possible). The
practice standardizes the nutritional environment during the suck-
ling period, since variations in litter size are known to impact on the
dam’s milk production and hence pup growth [22]. The pups
remain with their mother until weaning (postnatal day 21).

3.2 Determination

of Food Preferences

in the Offspring

In our past experiments we have determined food preferences in the
offspring of control- and junk food-fed dams at various postnatal
ages; however the methods applied are essentially the same. In the
“food preference” test, the offspring are provided with ad libitum
access to both the standard rat chow and the same cafeteria diet as
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detailed above. Food intake is determined every 2 days and fresh
food provided at this time. It is important to ensure that the intake
of each individual food item is recorded as accurately as possible.
In order to provide a reliable measure, the food preference study
should be conducted for at least a 2-week period.

It is preferable that the pups are housed individually during the
food preference test. However, if this is not possible due to eco-
nomic or logistic reasons, then the intake of each individual animal
in the cage can be determined by dividing the total amount of each
food type consumed by the number of pups per cage. Obviously,
this does not take into account variations in food intake between
individual animals, and will be less precise than measures taken on
individual animals. If it is necessary to group house the offspring,
then animals should be housed with same-sex littermates only as
rats and mice are sexually mature from ~5 weeks of age.

Since food intake is expected to be related to body weight,
i.e., heavier animals are expected to consume more than lighter
animals, we would generally recommend that the calculated food/
macronutrient intakes are normalized to the pup’s bodyweight.
This is particularly important in light of our previous findings that
body weight is lower in offspring of cafeteria-fed dams compared to
controls [13]. In cases where there are multiple pups per cage, the
values can be normalized to the average weight of these pups.

The food intake data collected during the 2–3-week food pref-
erence test period can be used to calculate a number of parameters:

1. The preference for each individual food type—calculated by
dividing the intake of each food type over the course of the
study by the number of days on which food intake is recorded,
and can provide information as to whether the preference for
specific food types in the cafeteria group is correlated between
the dam and her offspring.

2. The preference for different macronutrients—determined by
multiplying the amount of each specific food consumed by
the foods’ macronutrient composition (obtained from the
nutritional information provided by the manufacturer/feed
company or compositional analysis conducted either in-house
or by an external supplier). This enables the relative intake of
fat, protein, and carbohydrate in the control and cafeteria
groups to be determined, and hence differences in preference
for the respective macronutrients to be determined.

3. Overall energy intake—the energy intake from each individual
food is determined by multiplying the amount of each specific
food consumed (in g or g/day) by its energy content (again,
from the nutritional composition information provided or
empirical assessment) in kJ/g. The energy intake from each
food (including the standard chow) is then added together to
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obtain an overall energy intake for each experimental animal.
Separating the overall contribution of the junk foods vs. the
standard chow to overall energy intake can provide a measure
of relative preference for the junk food and control chow diets
between the treatment groups.

4. The macronutrient composition of the diet—this is determined
by multiplying the total of each macronutrient in g/day (deter-
mined as described above) by its energy content per gram
(17 kJ/g for carbohydrate, 17 kJ/g for protein, and 37 kJ/g
for fat). This figure can then be divided by the total energy
intake of the animals to determine the percentage energy
provided by fat, carbohydrate, and protein, respectively, in
each of the treatment groups.

There are a number of ways that these data can be summarized
and presented. We have typically examined the average intake of
individual foods, macronutrients, and energy across the entire food
preference period (i.e., total values for each divided by the number
of days that food preferences are recorded), as well as shorter
intervals. We have often noted that both the patterns of food intake
in the offspring and the extent of differences between treatment
groups can vary over time, and would therefore recommend exam-
ining the parameters above within individual weeks (or even days)
of the food preference period before combining all information
together to obtain an overall average.

3.3 Tissue Collection Following humane euthanasia of the animal, a blood sample can be
collected by cardiac puncture. This can be used to obtain plasma or
serum for subsequent analysis of blood hormones and metabolites,
and also reduces the pooling of blood in internal body cavities
which can occur if the animal is decapitated after euthanasia. In
order to get a more complete picture of the metabolic conse-
quences of maternal cafeteria feeding on the offspring, we generally
undertake a full postmortem collection of key internal organs and
tissues, including the heart, liver, adrenal glands, kidneys, lungs,
thymus, spleen, pancreas, and all dissectible fat depots for the
determination of total fat mass and fat distribution.

Appropriate tissue collection and processing are important for
ensuring the accuracy of the results of downstream assessments of
the reward pathway. Careful removal of the intact brain is critical for
obtaining high-quality histological sections and to ensure accurate
isolation of specific brain regions. If other tissues are being col-
lected from the animal, we would recommend that there be a
dedicated team member responsible for processing the brain, to
minimize the interval between euthanasia and brain retrieval/
processing. The removal of the brain is easier if the animal is
decapitated after euthanasia. In younger animals (up to ~6 weeks
of age), this can be done using a sharp scalpel to make a deep cut
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across the skin on the throat and through the spine. In older
animals, a scalpel should still be used to cut the skin on the
throat/neck; however, a pair of large dissection scissors is usually
required to cut through the spine.

Once the head has been removed, the skin on the skull can be
removed by using a scalpel blade to make a single incision from the
front to the back of the head. Once this incision is made, the skin
can be peeled back or cut, using tweezers and fine scissors, to reveal
the skull (Note 3). Once the skull is visible, the excess muscle should
be cut from around the base. Once this is done, use small curved
scissors to carefully cut around the left side of the skull, starting at
the base and going as far as possible towards the nose. Repeat this
step for the right side. It should now be possible to carefully remove
the top of the skull (Note 4). Using a spatula, gently remove the
brain from the skull, taking particular care to detach the olfactory
bulbs and optic tracts. The brain can then be weighed before being
processed for analysis.

How the brain is processed from this point will depend on the
subsequent experiments you are planning to perform. If you are
planning to conduct histology/immunohistochemistry, perfusion
fixing of the brain is recommended; however it is important to note
that the animal cannot be decapitated if planning to be perfused,
and it will not be possible to collect any other tissues from the
animal for gene/protein analyses. As a result, we have generally
chosen to instead place the brain (or one half of the brain after
cutting laterally down the midsection) in a tissue cassette and fix in
4 % paraformaldehyde for 24 h before embedding the section in
paraffin, and the quality of the sections has been more than suffi-
cient for downstream applications. If the brain is cut into half prior
to embedding, it is preferable to put the brain into the tissue
cassette with the cut side facing down, since this will make it easier
to cut sections after embedding. For frozen sections, the brain can
be frozen on dry ice (the slower freezing of the tissue preserves
tissue integrity better than snap freezing in liquid nitrogen) and the
samples then transferred to an ultra-cold (�80 �C) freezer for
storage.

For most of our studies, we have isolated the two key regions of
the mesolimbic reward pathway (VTA and NAc) from the whole
brain at the time of tissue collection, and snap frozen and stored
these regions for subsequent molecular analysis.

3.4 Isolating the VTA

and NAc from the

Whole Brain

The VTA and NAc are relatively small brain regions, and the
isolation process is much easier if the brain is partially frozen.
When the whole brain has been removed from the skull, it should
be placed on a glass dish which has been pre-cooled and sitting on a
bed of dry ice. Once the brain is partially frozen, to the point where
it is solid enough to cut without distortion but not so hard that the
scalpel has difficulty moving through it, then you can begin
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dissecting. First, the brain can be cut into half vertically down the
midline; this way one half of the brain can be used for sectioning
(fixed in 4 % paraformaldehyde) and the other for the isolation of
the desired brain areas. See Fig. 2 for a representation of key land-
marks for start of cutting.

3.4.1 VTA Isolation To isolate the VTA, make one incision 12 mm from the front of the
brain (at the interpeduncular nucleus, bregma �6.84 mm) and a
second incision 10 mm from the front of the brain (at the mammil-
lary nucleus, bregma�4.96 mm). This will result in the isolation of
a coronal section of 2 mm thickness. This section should then be
placed face up on the glass dish and a cut made 1 mm from the base
of the section to remove the substantia nigra. A further cut of 1 mm
off the base of the section will isolate the VTA.

3.4.2 NAc Isolation To isolate the NAc, first mark the section 5 mm back from the front
of the brain at the optic chiasm (bregma �0.24), but do not cut all
the way through. Next, make an incision 3 mm back from the front
of the brain (bregma�1.68mm) and cut through. Cut through the
brain at the optic chiasm and you will again be left with a 2 mm
coronal section. This section can then be placed face up and the
rhinal fissure (RF) used as a landmark to locate and isolate the NAc,
which is 1 mm above the RF (Note 5). This method has been used

BACK

Mammillary Nucleus

Cerebellum 

FRONT

Optic Chiasm

Fig. 2 Photograph of the ventral base of the brain indicating the key landmarks
used for identifying starting points for dissection of the individual brain regions
(NAc and VTA)
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in numerous publications in our laboratory [10, 13, 23, 24] and is
based on a previously published work by Bell and colleagues [25] as
well as the rat brain atlas [26].

While it is possible to isolate these regions from the whole brain
after it is fully frozen, this is much more difficult and we therefore
recommend that this be done at the time of tissue collection. Once
the brain regions are isolated, standard extraction methods can be
used to obtain RNA, DNA, and/or protein from these sections. In
our previous studies we have measured gene expression of key
components of the opioid/dopaminergic pathways in the VTA
andNAc using real-time PCR in offspring of junk food-fed mothers
as young as 3 weeks of age [10, 13]. The PCR primers that have
been validated for use in our laboratory include the mu-opioid
receptor, proenkephalin, D1 receptor, D2 receptor, tyrosine
hydroxylase, and the dopamine active transporter (see Table 1 for
primer sequences).

3.5 Identifying the

VTA and NAc in

Neonatal Rat Brain

Sections

The use of downstream applications involving brain sections, such
as in situ hybridization (for mRNA) and immunohistochemistry
(protein), can be particularly informative for determining changes
in development of brain pathways, since they make it possible to
visualize precisely where genes/proteins are localized. Immunohis-
tochemistry, in particular, makes it possible to examine the density
of projections between brain regions which are known to be influ-
enced by prenatal exposures [27, 28]. The use of section-based
approaches is especially useful in neonatal offspring younger than
3 weeks as it is difficult to isolate specific nuclei such as the VTA

Table 1
Primer sequences for μ, PENK, D1, D2, TH, and DAT

Sequence
Size
(bp)

Accession
number

Working
concentration

μ F
R

50-GTA GTG GGC CTC TTC GGA AAC-30

50-GTT GGT GGC AGT CTT CAT TTT G-30
75 NM_001038598 300 nM

PENK F
R

50-GGA CTG CGC TAA ATG CAG CTA-30

50-GTG TGC ATG CCA GGA AGT TG-30
126 NM_017139 100 nM

D1 F
R

50-CGG GCT GCC AGC GGA GAG-30

50-TGC CCA GGA GAG TGG ACA GG-30
86 NM_012546 60 nM

D2 F
R

50-AGA CGA TGA GCC GCA GAA AG-30

50-GCA GCC AGC AGA TGA TGA AC-30
96 NM_012547 900 nM

TH F
R

50-GCC CCC ACC TGG AGT ATT TTG-30

50-AGA CAC CCG ACG CAC AGA GC-30
83 NM_012740 300 nM

DAT F
R

50-AGC TGG CTC TCG GAC AGT TC-30

50-GTG CCC ATG CGA TGA TGA C-30
141 NM_012694 600 nM
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from the developing brain. Importantly, using frozen sections cut
along the sagittal plane, it is possible to examine the gene/protein
abundance of key opioid and dopaminergic genes in both the VTA
and the NAc within the same section, and also visualize the projec-
tions between these two brain regions.

3.5.1 Sectioning Frozen

Brain Tissue (Sagittal

Sections)

If starting with a whole brain, begin by cutting the brain in half
vertically along the midline. Then place the hemisected brain face
down into a 15 mm � 15 mm � 5 mm cryostat mould and fill the
mould with optimum cutting temperature (OCT) compound. This
mould can then be attached to the chuck of the cryostat (using
OCT) to facilitate the cutting of 15 μm sagittal sections which
should be mounted onto Menzel-Glaser Super Frost Plus slides
(25 � 75 � 1.0 mm, Menzel-Glaser, Braunschweig, Germany).
The optimal cutting temperature for brains is between �10 and
�15 �C. In our studies, we typically mount three individual sections
on each slide and cut sections in blocks of eight slides. Thus, the
first eight sections cut for an animal in each individual block are
mounted on eight separate slides, the second set of eight sections
are mounted consecutively below the first, and the third set of eight
sections below this (Fig. 3). This approach means that each of the
eight slides (each containing three individual sections) is roughly
equivalent in relation to the brain regions they contain and can be
used as replicates in subsequent experiments, thereby allowing for
the measurement of up to eight different genes. It is recommended
that you cut at least 120 sections per animal to ensure that the area
of interest is included.

The mRNA expression/protein abundance of key genes within
the reward pathway can vary markedly between different areas
within the same brain region in the same experimental animal. As
a result, selecting sections from equivalent regions in all animals is

1 2 3 4 5 6 7  8

17 18 19 20 21 22 23 24

9 10 11 12 13 14 15 16

SLIDE No. 1 2 3 4 5 6 7  8

Fig. 3 Schematic diagram representing the approach used for mounting individual brain sections on slides for
downstream in situ hybridization and immunohistological procedures. The numbers on the sections (1–24)
indicate the order in which the sections are cut from the block. The subsequent 24 sections should be
mounted on the next block of 8 slides
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critical to achieving reliable and meaningful results. While it is
possible to rely on stereotaxic coordinates and gross landmarks to
some extent, we have found it more reliable to use stained sections,
in conjunction with a rat brain atlas specific for the age group
involved, to select sections. To do this, one slide can be selected
at random from each block of eight slides and stained with either
hemotoxylin and eosin or cresyl violet, using standard methods. In
relation to the reward pathway, we have found the hippocampus
and the anterior commissure to be the most reliable landmarks for
selecting representative sections. In these sections, the NAc can be
located by following along the line of the corpus callosum towards
the base of the brain, whilst the VTA is located above the inter-
peduncular fossa.

3.5.2 Sectioning Fixed

Brain Tissue (Sagittal

Sections)

Fixed paraffin-embedded brain tissues should be cut at ~4 μm
using a microtome and mounted on Menzel-Glaser Super Frost
Plus slides (25 � 75 � 1.0 mm, Menzel-Glaser, Braunschweig,
Germany). Paraffin sections are generally cut in “ribbons” rather
than individually like frozen sections; however the same criteria for
selecting appropriate tissue sections for subsequent analyses apply.

Methods for determining gene expression in the reward path-
way by in situ hybridization and visualizing proteins by immuno-
histochemistry have been published by others, and will not be
discussed further here. It is worth noting, however, that while in
situ hybridization, in particular radioactive methods, can be used to
provide a quantitative measure of the expression of key reward
pathway components in specific brain regions/neurons (Note 6),
immunohistochemistry is not truly quantitative.

3.6 Assessing

Functional Effects

on the Reward

System

While changes in gene/protein expression in the reward pathway
induced by maternal cafeteria diets can provide insights into the
underlying mechanisms, it is also important to assess whether such
changes have functional consequences. Following on from our
finding of reduced mRNA expression of the mu-opioid receptor
in the VTA in offspring of junk food dams at 3 weeks of age, we
developed a protocol for assessing opioid sensitivity of the offspring
in relation to feeding behavior. The activation of opioid signalling is
associated with the drive to consume palatable foods, and opioid
receptor blockade is typically associated with a reduced intake of
these food types [29, 30]. We therefore reasoned that an opioid
receptor blocker would be less effective at suppressing the intake of
a palatable cafeteria diet in offspring of junk food-fed dams (who
had lower opioid receptor levels) compared to the offspring of
controls.

In order to do this, offspring of both control- and junk food-
fed dams were given a daily intraperitoneal injection of either
naloxone hydrochloride dihydrate (5 mg/kg) (Note 7) or an equiv-
alent volume of saline for 10 days after weaning, and the intake of a
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cafeteria diet was assessed over this period. Immediately prior to
each injection it is important to weigh the pups to ensure accurate
dosing. Following the administration of the naloxone/saline injec-
tions, the pups can be returned to their home cage and provided
with free access to both the control and the cafeteria diet. The food
intake of the rats should be recorded as described above at both
2 and 24 h post-injection. The 2-h time point is important, since
naloxone (at the dose administered) only persists in brain at con-
centrations capable of inhibiting food intake for this time [31].
Comparing the specific food, macronutrient and energy intake of
the offspring in the 2-h period following injection between the
saline- and naloxone-treated offspring in the same maternal treat-
ment group provides an indication of the extent to which naloxone
can suppress palatable food intake (Note 8). Comparing the magni-
tude of this effect between the treatment groups enables you to
determine if there are differences in the sensitivity of opioid signal-
ling between offspring of control- and junk food-fed dams. Using
this approach, we have previously demonstrated that offspring of
junk food-fed dams are less sensitive to naloxone’s suppressive
effects on fat intake, supporting the hypothesis that the down-
regulation of opioid receptors has functional consequences for the
regulation of reward signalling [13].

There are now a large number of compounds which can be used
to inhibit or activate specific signalling pathways within the meso-
limbic reward system, which could be used to undertake similar
experiments to our naloxone study, and thereby provide new infor-
mation as to the relative role of different signalling systems within
the reward pathway to the early life origins of food preference and
reward function.

3.7 How Much Time

Is Required?

The use of rodent models allows the long-term effects of a maternal
junk food diet on the offspring to be determined within a relatively
short time frame, since the gestation and lactation periods in
rodents are much shorter than in larger mammals and humans
and rodents are generally considered adults for the purposes of
feeding behavior studies from about 3–4 months of age [32]. The
total time that it will take to complete a study similar to those
described in this chapter is heavily dependent on the number of
experimental animals required (i.e., can all animals be included in a
single cohort) and at what age the assessments in the offspring are
conducted (i.e., neonate, juvenile, or adult). In determining the
total time required for the experiment, it is also important to
consider the number and complexity of any analyses you wish to
do on the blood/tissues from the animals after collection. On the
basis of our previous studies in Albino Wistar rats, an experiment
which includes 20 dams and aims to determine food preferences
and gene expression in the reward pathway using qRT-PCR at two
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offspring time points (neonate and adult) in both sexes would
require at least 18 months for full completion (Fig. 4) (Note 9).

3.8 Data Analysis To analyze the data standard statistical analyses can be applied.
Before commencing analysis, it is critical to ensure that the raw
data have been carefully checked for errors, and that outlying values
are investigated and either corrected, repeated, or excluded from
the analysis. The Grubbs test is a free online tool that can be used to
identify statistical outliers. Note that you should always retain a
copy of the original spreadsheet/database which includes all out-
liers and provide a justification for exclusion of any values. The
process of data cleaning is vital for minimizing the potential for
erroneous results. Once data are cleaned and checked, they can be
entered into an appropriate statistical package. We recommend that
you check that the mean and standard deviation values which are
obtained using the statistical package are the same as those in your
original spreadsheet before proceeding with any data analysis—to
ensure that all data are entered correctly and in the correct column.

The first step in the data analysis process is to determine
whether the variables of interest are normally distributed. A num-
ber of tests of “normality” are available; however we strongly
recommend reviewing the actual normality plots rather than relying
only on the values that these tests provide.

Where there are only two groups for comparison (e.g., when
comparing control- and junk food-fed dams), group differences can
be determined using a Student’s unpaired t-test. In the case of
offspring measures, we have consistently found marked differences
in the effect of the maternal junk food diet between sexes. There-
fore, all analyses of offspring outcomes should include sex, as well as
treatment, as a factor, in a two-way ANOVA. In the case of assessing

Acclimatization 

and mating
Pregnancy and Lactation Offspring measures

Post-mortems and tissue removal 
RNA extraction and 

reverse transcription
Real time PCR

1 month 18 months 

Fig. 4 Example timeline for an experiment. For a cohort of 20 dams, at least 18 months should be allocated for
the completion of the study. Acclimatization and mating will take approximately a month, whilst pregnancy
and lactation in the dams take 6 weeks; however as mating should be spaced out across 2 weeks, allow at
least 8 weeks for this process. It should be noted that significant delays will arise if the dams have difficulty
getting pregnant; in a cohort of 20 dams our experience suggests that 3–4 dams will either fail to get pregnant
or not produce a viable litter; this should be considered when planning final animal numbers. Measuring
offspring outcomes until adulthood will require an additional 3 months at minimum. The length of time
required for molecular analysis depends on the number of tissues and offspring time points investigated; for a
study in which we examined the VTA and NAc of male and female offspring at 3 and 12 weeks of age
9–12 months were needed between the collection of brain tissue and obtaining the final results
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the effect of naloxone treatment on food intake in the control and
junk food offspring, a 3-way ANOVA, including maternal diet, sex,
and injection group, should be used. In both of these cases, both
main and interaction effects should be explored. For comparing
longitudinal measures obtained in the same dam/pup, such as body
weight gain and food intake, a repeated measures ANOVA, with
treatment and offspring sex (if applicable), should be performed. In
all analyses, the dam should be used as the unit of analysis, rather
than the individual pup, and if there are multiple male or multiple
female pups per litter assessed at a given time point, then a nested
analysis will need to be performed in order to account for this.

4 Notes (Troubleshooting)

This section offers tips, advice, and modifications to the methods
that are designed to help you achieve optimal results.

1. The fertility of the dams fed the cafeteria diet prior to mating is
generally lower than controls, particularly if they have gained
an excessive amount of weight prior to mating, and we have
rarely achieved pregnancy success in dams who are >450 g in
weight (average weight of control dams at the time of mating is
~300 g). To improve the success rate, ensure that the dams are
mated with older, proven males that are larger in size. We also
recommend limiting the length of time that the dams are
maintained on the cafeteria diet prior to mating to 2 weeks
or less to limit any negative impact of the diet on maternal
metabolic/reproductive health before pregnancy. In addition
to difficulties in conceiving, excess weight gain before mating
makes it difficult to definitively establish if the dam is pregnant,
since the increased weekly weight gain which occurs during
pregnancy is often difficult to separate from the diet-induced
weight increases. Therefore, it is particularly important that
clear amounts of sperm are seen in post-mating vaginal smear
of junk food-fed dams to be confident that they are pregnant.

2. Several studies have suggested that the junk food diet, particu-
larly if it has a low micronutrient content, has the potential to
lead to a heightened maternal stress response. For this reason,
it is particularly important to take extra care to minimize other
external forms of stress to ensure the continued viability of the
pregnancy. Make certain that the dams are provided with suffi-
cient nesting material (shredded newspaper, cardboard boxes,
etc.), that the area in which they are housed is as quiet as
possible, and that food intake is monitored (loss of appetite is
a clear sign of stress). After the pups are born, we recommend
that you wait for 24 h before disturbing the cage to weigh/cull
the pups, to give extra time for maternal bonding. If there are
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prolonged issues with pup cannibalization (a symptom of
maternal stress), it might be useful to investigate the micronu-
trient content of the cafeteria diet provided and if there is a
notable deficiency provide the dams with a limited amount of
standard rodent chow which can assist in correcting micronu-
trient deficiencies and therefore improving pup viability.

3. When removing brain tissue from very young offspring (less
than 2 weeks of age), partially freeze the whole head before
cutting into the skull. This will harden the brain tissue and help
minimize any accidental damage that may be caused when
attempting to detach the skull. In these very young offspring
a scalpel blade and forceps rather than scissors are the best tools
for skull removal.

4. In older animals (more than 3 months of age), the skull
becomes quite thick and difficult to cut. In these animals, it
may be easier to use the scissors to make a small cut in the
middle of the base of the skull and then use forceps to pull the
two halves of the skull away from the head, rather than cut
around the side of the skull as described in the methods.

5. When isolating the NAc, if the rhinal fissure cannot be located,
instead cut 0.5 mm below the anterior commissure. The ante-
rior commissure is a small oval shape approximately 1/3 of the
way from the base of the coronal section.

6. Before using any in situ hybridization protocol, ensure that it
has been designed for use on frozen sections and optimized for
use with your specific samples. Many in situ hybridization
protocols for fixed sections and some for frozen include a
Proteinase K protein digestion step, to break cross-links and
allow better probe binding. However, for fresh frozen sections
cut at 15 μm as described in the methods, this step should
either be omitted or replaced with a less stringent enzyme to
maintain the integrity of the sections.

7. Naloxone hydrochloride dihydrate is a restricted drug, so when
planning experiments ensure that sufficient time is allowed to
obtain the appropriate licenses. The naloxone should be stored
away from light and kept at 4 �C for the duration of the experi-
ment. Prior to administration dissolve the naloxone in sterile
saline at the appropriate concentration for the dose required.

8. When investigating the effects of naloxone on feeding behav-
ior, it is best to administer the drug at the onset of the dark
cycle, since this is the time when rodents naturally increase their
food intake, making the appetite-suppressive effects of nalox-
one easier to detect. This is particularly important when
observing the effects of naloxone in newly weaned offspring
that only consume relatively small amounts of food.
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9. The length of time a study takes to complete naturally depends
on the specific experimental outcomes being investigated.
However, when planning experiments involving animal models
it is important to note that they will often take longer than
originally planned. Common delays that are faced include the
need to wait for approval from an ethics committee, difficulty in
getting the dams pregnant, litters that are too small to be
included in the study, and delays in acquiring reagents for
molecular analysis.

5 Conclusion

In the context of the current epidemic of obesity and metabolic
disease, it has become important to understand the biological
mechanisms, which can increase an individual’s susceptibility to
overeating and obesity. There is compelling evidence from clinical,
epidemiological, and experimental animal studies that the origins of
obesity can begin very early in life, and that the nutritional environ-
ment an individual is exposed to before birth and in early infancy is
a key determinant of their later metabolic health. In this chapter, we
have described methods and approaches which can be applied to
determine the impact of perinatal exposure to highly palatable
“junk food” diets on food preferences and the reward pathway in
the offspring. While we are beginning to understand more about
the importance of perinatal nutrition in determining subsequent
food preferences, and in directing the development of the reward
pathway, more studies in this area are required to improve our
understanding of the role of specific components of the reward
pathway in these programming effects and thus identifying poten-
tial targets for intervention. The methods described in this chapter
can be modified to focus on the role of specific components of the
mesolimbic reward system on these programming effects, e.g., by
the use of targeted antagonists or agonists, or to begin to test to the
efficacy of nutritional/pharmacological interventions to reverse
these effects. By understanding the effect of a maternal junk food
diet on reward pathway development in the offspring and designing
targeted interventions, we may be able to prevent the continuation
of what has become an intergenerational cycle of obesity.
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Chapter 9

Perinatal and Postnatal Determinants of Brain
Development: Recent Studies and Methodological Advances

Sarah J. Spencer and Trisha A. Jenkins

Abstract

Perinatal diet is an important factor in programming brain development and susceptibility to obesity. There
are currently several elegant and simple prenatal and postnatal animal models in use to mimic the effects of
early life overfeeding and to study its impact on brain and metabolic development. In this chapter we will
discuss the background to some of these models, with a specific focus on manipulating rodent litter sizes to
alter the early life nutritional environment.

Key words Diet, Fostering, Hypothalamic–pituitary–adrenal axis, Lipopolysaccharide, Litter size,
Obesity, Perinatal programming, Suckling

1 Introduction

1.1 The Importance

of Perinatal Diet in

Programming Obesity,

Metabolic Dysfunction,

and Appetite in the

Offspring

Obesity has become epidemic in our society and, as such, obesity in
parents at conception and throughout pregnancy has become very
common. Around 60 % of women of childbearing age are classified
as overweight or obese in the US and Australia [1, 2]. In addition
to the effects of diet and obesity at conception and during preg-
nancy, a baby may also have to contend with an inappropriate diet in
the days, weeks, and months following birth. Diet during these
vulnerable early programming stages of life can have significant
influences on feeding, satiety, and metabolic circuitry in the brain,
but also on brain development in general, including on cognitive
function [3, 4].

The first dietary influence to potentially affect baby’s brain
development is an indirect one; the effect of paternal diet on the
sperm. There is currently limited evidence for the extent of this
effect on brain development, but we do know paternal obesity in
humans influences sperm concentration and motility and can dam-
age spermDNA [5]. When other factors are controlled for, paternal
obesity at conception leads to increased adiposity in daughters (but
not sons) when they reach adolescence [6]. In rat models, paternal
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obesity is linked to pancreatic beta-cell dysfunction and a predis-
position to diabetes, with, again, these effects being manifest in
female but not male offspring [7].

Perhaps more intuitively obvious is the maternal effect on the
offspring. Maternal metabolic state during pregnancy can have
pronounced effects on offspring brain development. Overweight
or obese mothers are significantly more likely to have or develop
type 2 or gestational diabetes and these conditions predispose the
baby to abnormal pancreatic development, insulin resistance, dia-
betes, and obesity [8–11]. Even in the absence of diabetes, a “junk
food” diet, one high in fat, sugar, and salt, during pregnancy can
also influence a baby’s brain development [12–14]. For instance, a
maternal diet high in fat is linked with changes to central reward
processing, altering the way the rewarding aspects of food are
perceived throughout life, leading to a preference for fatty, sugary
foods [3]. Cognitive function in general can be altered in the
offspring of obese or high-fatdiet-fed mothers, with these children
having poorer psychomotor and cognitive development scores than
children from lean mothers [4]. These dietary influences from both
the father and mother can occur in the absence of or in addition to
any specific genetic effects. Thus, experimental animal models,
where the genetic variable is removed, consistently reveal an impor-
tant early life dietary influence on brain development.

Postnatally, a baby’s vulnerability to dietary influences con-
tinues. Obese and overweight babies and children are significantly
more likely to grow to be obese and overweight adults [15, 16].
There are a variety of factors that contribute to this. Potentially, the
most important dietary contribution to a baby’s brain development
is the speed with which it gains weight after birth [17–19]. Partic-
ularly in, but not restricted to, small for gestational age babies,
intensive feeding immediately postnatally is important in ensuring
appropriate brain and lung development, but can also lead to
increased risk of obesity and its associated central dysfunction
[17–19]. Stettler and colleagues have found for every 100 g a
baby gains in weight in the week after birth, its chances of develop-
ing obesity as an adult are increased by 28 % [20]. Factors influen-
cing weight gain include the baby’s general health as well as the
composition of its diet. Maternal diet can influence the composi-
tion and amount of breast milk available. For instance, there are
indications that a maternal diet high in conjugated linoleic acid
isomers (found in organic meats and dairy) may reduce adiposity
and the likelihood of obesity in the baby. At least, conjugated
linoleic acid isomers in diet can reduce fat accrual in adults [21,
22] and can also be passed on to the baby through the breast milk
[23]. Maternal breast milk omega-3 levels are even significantly
correlated with better performance in mathematics tests in the
offspring [24]. Similarly, baby formula content may also be impor-
tant in programming a baby’s development throughout life.
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High-protein, but not low-protein formulas are associated with
obesity long-term [25], and formulas fortified with long-chain
polyunsaturated fatty acids are associated with faster processing
speeds in cognitive tests later in life than standard formulas [26].
Feeding frequency and the timing of introduction of solid foodmay
also influence a baby’s brain development and its propensity to
develop obesity [27].

While there are indications that factors such as breast versus
formula-feeding and timing of solid food introduction in humans
are very important in a baby’s development, research in this area is
clouded by the huge number of additional variables inherent in any
human study of this kind. Socioeconomic and other environmental
factors, parental age, definitions of exclusive breast-feeding, breast
versus bottle versus different types of formula-feeding, and social
stigma encouraging reporting errors all make it difficult to draw
solid conclusions from the data [28]. Animal models are therefore
essential for us to delineate the effects of early life overfeeding as
well as the mechanisms for these changes.

2 Models of Perinatal Overfeeding

Several animal models of perinatal overfeeding are in routine use to
study the programming influence of diet on brain and metabolic
development [29–33]. These include:

1. Paternal high fat diet prior to and/or at conception.

2. Maternal high fat diet prior to and/or at conception and/or
during pregnancy.

3. In utero growth restriction.

4. Maternal high fat/high protein diet during lactation.

5. “Pup-in-a-cup” artificial rearing.

6. Sucking pups in small litters.

7. Combinations of any of the above.

2.1 Equating

Developmental Ages

and Stages

It is difficult and controversial to accurately equate developmental
stages between species. However, higher order mammals do
undergo significant development of brain pathways contributing
to feeding regulation, satiety, and metabolism in the third trimester
of gestation. The rodent reaches a similar stage of development of
these pathways in the first and second week of life. For instance, the
projections from the arcuate nucleus to the paraventricular nucleus
of the hypothalamus (PVN) are essential for body weight regula-
tion and these are functional in primates and other higher order
mammals but immature in the rodent at birth [34]. It is thus
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generally considered that late gestation and the early postnatal
period in the rodent are roughly equivalent to the third trimester
of pregnancy in the human, particularly with regard to metabolic
systems. For this reason, we will concentrate on postnatal rodent
models of early life dietary intervention in this chapter. In particu-
lar, we will discuss the impact of suckling rodent pups in small litters
to induce neonatal overfeeding.

2.2 Postnatal Models

of Overfeeding;

Manipulations in

Maternal and Pup Diet

Alteration of the maternal diet is a well-recognized technique of
changing the nutritional content of milk for lactating rodents.
Nutrients can be directly administered to the mother or added to
the maternal diet during pregnancy and/or pre-weaning [35]. A
well-established model of postnatal overfeeding involves feeding
the mother a high fat diet. This causes excessive weight gain in the
pup, which is, considering variability due to diet composition and
strain, generally maintained until adulthood [36].

Within the literature many diets have been investigated, rang-
ing from chow altered to contain increased amounts of fats and/or
carbohydrates to the high-fatcafeteria-style diet diet [37]. Each has
their own advantages: the chow diet can be made to contain varying
concentrations and types of fats and sugars so consumption of
different components is easily calculated; while the cafeteria-style
diet, which is the feeding of “human” food, such as pies and cakes,
to rodents, is seen to be much more palatable and perhaps more
similar to the human condition, but absolute amounts of ingestion
of the various elements are sometimes difficult to assess [38].

The effect of maternal obesity on the offspring has been inves-
tigated from gestation through to lactation. Offspring from obese
mothers gain more weight and exhibit increased adiposity, glucose
intolerance, and increases in blood pressure and other metabolic
markers, than those from lean dams [39, 40]. Central disturbances
in the development of hypothalamic feeding circuits are also appar-
ent [41]. Moreover, this excess weight gain and metabolic distur-
bance is carried through to adulthood, and is independent of
post-weaning diet. Meanwhile, pups born to lean mothers then
nursed by obese dams exhibit increases in weight and plasma tri-
glyceride levels compared to pups born and nursed by lean mothers
[42]. This example demonstrates the complicated nature of mater-
nal dietary influences, that is maternal obesity at both pregnancy
and the time of nursing have influences on programming obesity
and metabolic dysfunction in the offspring.

The rodent pup-in-a-cup artificial rearing model allows the
researcher to have complete control of dietary content and quantity
in the immediate postnatal period. This neonatal overfeeding pro-
cedure allows the lipid, protein, and carbohydrate composition of
milk to be manipulated by artificially rearing pups in foam cups in a
temperature-controlled bath and feeding via tubes implanted
directly into the gut [43, 44]. Studies have been performed from
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neonatal day one, though results should be considered in the
context of the underlying influence of loss of normal maternal
and sibling interactions during pre-weaning, absence of ano-genital
licking to stimulate digestion, and some suggestion of reduced
brain growth [45].

3 Postnatal Models of Overfeeding; Litter Size Manipulation
to Induce Overfeeding

An alternative well-accepted rodent model to mimic human over-
feeding during the perinatal period is to manipulate the litter size in
which the pups are suckled. Pups are suckled in either small litters,
where they have greater access to their mother’s milk, or in stan-
dardized control litters. This type of overfeeding during the early
postnatal period leads to increased weight gain and body fat in early
life that persists throughout the juvenile period and into adulthood
[46–48].

3.1 Materials and

Methods

Suckling rat (or mouse) pups in small litters is an extremely simple
and effective method of inducing changes in neonatal diet. It will be
discussed here for Wistar rats but can be adapted for use in mice and
other animals. It requires:

1. At least three time-mated pregnant dams (scheduled to give
birth on the same day).

2. Spare cages labeled with the dam’s identification code.

3. Scales for weighing.

(a) Observe all dams periodically on the date of birth and
commence litter size manipulation 2–3 h after birthing is
complete. This timing avoids additional pups accidentally
being added to the litter after manipulation and limits stress
placed on the dam during birth.

(b) Gently remove all pups from their nests and place them in
whole-litter groups in labeled clean cages. Ensure pups
remain together in a bunch so they retain as much heat as
possible. At this point it is useful to track numbers of pups
born and numbers stillborn.

(c) Randomly pick one male and one female from litters other
than the natural litter of the foster-dam until the desired
litter size is reached. We use small litters of 4 and control
litters of 12 [46–49]. We also use this model to induce
neonatal underfeeding by creating large litters of 20 pups
[49–51].
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(d) Weigh the pups in a group and return them to the nest,
taking care to disturb the nest site as little as possible.
Excess pups should be euthanized in a different room.

(e) Leave the dams and pups undisturbed for as long as possi-
ble before cleaning cages or otherwise disturbing them.
Cage cleaning, feeding, and all other procedures should
be standardized between cages. Pups are generally weaned
into same-sex littermate pairs at postnatal day (P)21.

While these litter manipulations are designed to manipulate the
amount of food the pup has access to, they are well within the
normal physiological range. Wistar rats give birth to an average of
12–15 pups but are known to regularly give birth and raise as many
as 18 or as few as 2.

3.2 Troubleshooting Pup temperature during manipulation: As young neonates, pups
behaviorally thermoregulate in the nest, circulating closer to the
dam and the centre of the nest to stay warm [52]. Prolonged
periods away from the dam lead to a significant drop in body
temperature that should be avoided as it potentially contributes to
pup rejection by the foster-dam [53]. Keep the pups together as a
birth-litter during manipulation and conduct the procedure as
quickly as possible to avoid excessive cooling. We typically manipu-
late only three to six litters at one time to reduce the time the pups
are away from the dam to approximately 5 min. If excessive cooling
is anticipated and unavoidable, an incubator or heating lamp can be
used. Heating blankets are not recommended due to the possibility
the pups may overheat.

Pup attrition:Unanticipated pup death occasionally occurs, even in
untouched litters, and this can be due to a variety of factors.
Occasionally pups are born with congenital abnormalities that
mean they are either not viable for long after birth or are less
competitive for food and maternal attention. When selecting pups
for reallocation, take care to avoid those that are weaker, smaller, or
paler in color than their siblings to minimize the chances of select-
ing an individual with an existing abnormality.

Severe stress can, in some cases, induce the dams to kill and
cannibalize healthy pups [54, 55]. One should take extreme care
when removing pups from the nest and introducing the new pups
to minimize contact with the dam and to avoid disturbing her
nest-site. Cages should be left unchanged for as long as feasible
after birth/litter manipulation. This will depend upon animal facil-
ity policy, cage size, cage ventilation, etc., but we have found careful
cage changes 3 days after birth do not adversely affect the dams or
their litters.

Fostering issues: Fostering eliminates pregnancy-related variables
from the model. Wistar rats are very good foster parents [53, 56]
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and we have seen no cases of refusal to care for a new litter. We have
also found no differences in crude measurements, including weight
and fat pads, in litters that were not fostered but were culled to
small size ([46], unpublished). There is some suggestion foster
mothers may give more attention to their own pups in a mixed
litter or otherwise treat foster-pups differently [57]. For this rea-
son, we ensure no dam receives any of her naturally born pups.

Greater difficulties with fostering may present with other rat
strains and with mice. One can minimize rejection by taking great
care to not stress the dam. It has also been suggested that rubbing
bedding material onto the experimenter’s gloves and onto the new
pups to disguise foreign smells assists with acceptance [53].

3.3 Comments and

Considerations on the

Model

Gender balance: The size and gender composition of the litters will
depend upon the experimental protocol, but for a standard model
to induce overfeeding during the neonatal period we ensure a 50-
50 balance of males and females within a litter. There is some
evidence dams offer differences in attention to males and females
[58, 59] and, although it might be desirable to generate all-male
litters when all-male studies are being designed for, we chose to
eliminate this variable as it is not possible to do this for small and
control litters equally.

Litter representation for statistical analysis: Typically when a whole-
litter manipulation is conducted, that litter is then regarded as an
“n” of one for the purposes of group composition and statistical
analysis [60]. In this regard, one also needs to consider the ethically
appropriate use of animals in research and how to avoid maximizing
information obtained from each animal. We can also consider all
our pups are fostered and are therefore not from the same preg-
nancy. For our experiments we typically take one to two males and
one to two females from each litter for allocation to each experi-
mental group, thereby controlling for mothering effects but max-
imizing appropriate animal use.

Maternal attention and other non-nutritive elements to the model:
This model is certainly effective at increasing the food available to
the pups suckled in the small litters. Previous studies have shown
rats suckled in small litters receive more milk and milk that is higher
in fat than those from control litters, despite the dam reducing her
milk production [29]. We should note, however, that this model
has elements independent of food intake that could also contribute
to weight gain and brain development.

Rats raised in small litters are, for instance, given more oppor-
tunities for interaction with their dam [29]. Maternal attention is
an important component of an animal’s development that can
permanently influence brain function long-term. For instance, sem-
inal studies by Meaney and colleagues have shown that pups that
receive more licking, grooming, and intensive (arched back)
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nursing during their suckling period have hyperactive hypothala-
mic–pituitary–adrenal (HPA) axes [61–64]. These effects of mater-
nal care are likely to be due, at least in part, to the tactile stimulation
inducing thyroid hormone and serotonin responses that stimulate
nerve growth factor inducible factor A expression, which increases
histone acetylation of the glucocorticoid receptor [65]. Increased
maternal attention therefore leads (in otherwise untreated pups) to
comparatively enhanced glucocorticoid receptor transcription,
more efficient glucocorticoid negative feedback onto the HPA
axis, and attenuated HPA axis responses to stress [65, 66].
Although there is no question pups raised in small litters receive
more maternal attention, it is clear that this is not sufficient to
override the nutritive and other effects of the model with respect
to its effects on HPA axis function. Thus, neonatally overfed rats
have exacerbated, not attenuated, HPA axis responses to stress and
immune challenge [46, 47, 67]. How the overfeeding is able to
override the long-term effects of maternal care in this way is not
known.

Other factors that should be considered with the model are the
potential for differences in body temperature regulation in a small
litter with respect to a control one. In addition, neonatally overfed
pups will receive a diet that is higher in several nutritional elements,
not just fat. For instance, they will also receive proportionally more
leptin, which can act as a trophic factor in the brain in early life
[68–71].

3.4 Typical/

Anticipated Results

Neonatal overfeeding from being suckled in a small litter leads to
accelerated growth and weight gain that persists into early adult-
hood. Thus rats from small litters weigh significantly more as early
as P7 and maintain this elevated weight into adulthood of 12
[46–49]. Those from large litters have the opposite phenotype
[49–51] (Fig. 1).

Animal models of early life overfeeding have shown us postna-
tal diet can be extremely important in programming brain develop-
ment. For instance, rats raised in small litters, where they have
greater access to their dam’s milk than those in control litters do,
have accelerated maturation of their HPA axes. In this case, the
excess milk, fat, and other nutrients leads to an adult-like profile of
adrenocorticotropic hormone and corticosterone in small litter
rats, as well as increases in PVN glucocorticoid receptor mRNA
[67]. They also respond with a greater hormonal and central
response to stress than controls do [47, 49]. It is likely that this
change in HPA axis maturation contributes long-term to the way
the animal responds to stress and immune challenge. Thus, neona-
tally overfed adult female rats have exacerbated neuronal activation
in the PVN, the apex of the HPA axis, in response to psychological
stress compared with control rats [46]. Neonatally overfed male
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and female adult rats have a similar exacerbated PVN response to an
immune challenge with the bacterial endotoxin lipopolysaccharide
(LPS) [47]. This latter is likely to be a reflection of slower gluco-
corticoid negative feedback, culminating in less suppression of the
HPA axis response to the immune challenge and also less, or slower
glucocorticoid-mediated suppression of nuclear factor κB-dependent
cytokine transcription. In short, these changes mean neonatally over-
fed animals have dysregulated central and peripheral responses to stress
and immune challenge. Again, neonatally underfed (large litter) rats
have the opposite responses [50, 51].

Neonatal overfeeding in animal models may also contribute to
aberrant development of brain pathways regulating feeding, satiety,
and metabolism. In the rat and mouse, connectivity between vari-
ous parts of the hypothalamus occurs at critical stages of develop-
ment [68–71]. The growth of these connections is stimulated by a
surge in circulating leptin. In early life, leptin is obtained principally
from the diet. Excessive leptin, as occurs with neonatal overfeeding
by raising rats in small litters [48], can potentially signal this hypo-
thalamic connectivity to start developing too soon, or to overde-
velop. In either case, the result is a potential impairment in satiety
signaling.

This potential for central changes in satiety signaling in neona-
tally overfed animals is reflected in changes in feeding, and metabo-
lism in these rats. Thus, many groups have seen neonatal overfeeding
leads to hyperphagia [72–75]. We have also seen changes in

200

250

300

350

400

50

100

150

200

250

M
al
e
w
ei
gh

t(
g)

Small litter
Control
Large litter

Fe m
a le

w
e igh t(g)

0 7 14 21
0

10

20

30

40

50

60

70
Small litter
Control litter
Large litter

Age (days)

W
ei
gh

t(
g)

CA

B Large li�er Control li�er Small li�er

Males

Females

Fig. 1 Representative data showing how litter size affects long-term body weight. (a) Pre-weaning weights. (b)
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metabolism [48], and it has been suggested alterations in brown
adipose tissue thermogenesis contribute to the phenotype [76].

4 Conclusion

Obesity has become a significant problem in the developing world,
and the impact of early life diet on how our children develop is an
important factor to explore. There are now several simple and
replicable rodent models available that allow us to investigate this
question. Litter size manipulation is one of these. This relatively
non-invasive technique to alter early life nutrition, as outlined here,
allows us to interrogate the neurological changes that occur with
early life diet and, ultimately, test strategies to ameliorate the effects
of an overweight/obese phenotype initiated in early life.
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Chapter 10

Maternal Obesity in Pregnancy: Consequences for Brain
Function in the Offspring

Harold A. Coleman and Helena C. Parkington

Abstract

It is perhaps not surprising that an inhospitable intrauterine environment can result in neurodevelopmental
disorders, given the enormous changes in brain development that occur during gestation. Here we discuss:
(1) Obesity is a state of low-grade inflammation and is thus a candidate for having an unfavorable impact on
brain function in the offspring. (2) Maternal obesity has recently been associated with offspring attention
deficit hyperactivity disorder and autism spectrum disorder. A recent study found differences in amniotic
fluid mRNA for 20 genes in fetuses of obese versus lean women, and several of these genes impact on brain
sculpting. (3) The balance between excitable and inhibitory neural function can be disturbed as a conse-
quence of maternal obesity and can lead to hyperexcitability-linked cognitive decline later in life. (4) While
most studies of brain development and function have focused on neurons, inflammation and oxidative stress
have major effects on microglia and astrocytes, key cells in the sculpting of synapses, neural plasticity, and
the formation of neural networks. (5) Animal models are, of necessity, widely used and the temporal
trajectory of neurodevelopment to accommodate the requirements of the different species has recently
been modeled. While detailed studies are essential for understanding mechanism, it is critical to test the
outcomes of manipulating the system on behavior. In this regard considerable care is required to ensure that
the most appropriate behavioral test and animal model are used. Thus, there is considerable scope for
consolidating our understanding of the effects of maternal obesity on brain function in the offspring.

Key words Fetal origins of neurodevelopmental disorders, Hippocampal hyperexcitability, Inflamma-
tion, Astrocytes, Microglia, Excitatory/inhibitory balance, Maternal obesity

1 Introduction

Optimal pregnancy outcomes rely on a supportive intrauterine
environment. The population is becoming overweight and obese
and this has resulted in an increase in obesity in pregnancy. Obesity
is a low-grade inflammatory state, which constitutes an inhospitable
environment not only for the pregnant woman but also for the
fetus she is carrying. Maternal obesity contributes to complications
of pregnancy, which include increased incidences of diabetes,
hypertension, preeclampsia, prolonged pregnancy, and failure to
progress in labor necessitating emergency caesarean delivery.

David W. Walker (ed.), Prenatal and Postnatal Determinants of Development, Neuromethods, vol. 109,
DOI 10.1007/978-1-4939-3014-2_10, © Springer Science+Business Media New York 2016

203



A recent Australian report on 75,432 Queenslanders, over a period
of just 12 years, found a correlation between maternal obesity and a
twofold increase in morbidity needing neonatal intensive care and a
threefold incidence in neonatal deaths [1]. In addition, offspring of
obese mothers are further at increased risk of obesity in childhood
and beyond, thus transmitting the problems of obesity to the next
generation, condemning them to a vicious cycle. In adults, high
BMI and metabolic syndrome are associated with a reduction in
grey and white matter volumes [2], lower cognitive performance,
and poor memory and executive function [3]. These problems are
now emerging in the young (from mid-teens) [2–4]. Intellectual
disability and neurodevelopmental abnormalities, e.g., reduced
cognitive capacity, developmental delay, attention deficit hyperac-
tivity disorder (ADHD), and autism spectrum disorders [5, 6] are a
significant emotional burden on the individuals involved and their
families, and to society in general.

2 Fetal Gene Regulation in Obese Pregnancies

For any maternal obesity effects that result in inappropriate brain
architecture, neuron identity or density, then behavioral outcomes
in the offspring might be anticipated. A recent study by Edlow,
Bianchi, and colleagues used cell-free fetal RNA analysis of amniotic
fluid during the second trimester of human pregnancy and reported
significant changes in 20 genes in obese pregnancies compared with
age-matched lean counterparts [7]. Genes for brain-specific apoD
protein (involved in lipid metabolism and oxidative stress), presyn-
aptic synaptotagmin, and carbonic anhydrase 11 (involved in
blood–brain-barrier function and microglial activation) were signif-
icantly upregulated, whereas presynaptic cytomatrix protein was
downregulated. In addition, genes involved in the control of apo-
ptosis (e.g., anti-apoptotic Bcl 2/3) and inflammation (e.g., Bcl,
canopy 3 homolog) were upregulated, while genes encoding ser-
ine/threonine kinase (STK) 24 and ATPase class VI (involved in
metabolism) were downregulated compared with gene expression
in the lean controls. During gestation, some neurons go through
apoptosis, a process of programmed cell death, which is an impor-
tant mechanism determining normal brain architecture and fetal
neurodevelopment. Architectural disturbances and reduced prun-
ing are disturbed in autism [8]. STK24 levels in pyramidal neurons
are associated with epilepsy in humans and rats.

3 The Hypothalamus

The hypothalamus is the major brain region involved in the regu-
lation of feeding. Activity is influenced by hormones, important
among which are those released by peripheral organs involved in
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metabolic regulation, e.g., leptin produced by white adipocytes,
insulin secreted by β-pancreatic cells, ghrelin released from the
stomach. How the levels of these hormones change in the fetus
and the effects of maternal obesity are not always clear. Also, our
understanding of the timing of the development of feeding cir-
cuits remains incompletely understood. Neurons of the arcuate
nucleus in the hypothalamus are critically involved in feeding
circuits, and these neurons form important networks within
other hypothalamic nuclei and within limbic nuclei. Leptin, trans-
ported across the blood–brain-barrier into the brain, acts on arcu-
ate neurons to suppress feeding. This hormone also has a
stimulatory effect on arcuate neuron axon growth and networking
and, in adults, this effect is reversible. During a critical period of
development (within the first 1–2 weeks of life in rodents), the
stimulatory effects of leptin are not reversible and hence establish
feeding patterns that persist for the long term [9]. Rodents have a
spurt of leptin production in the first week of life, which has an
irreversible effect on feeding circuitry, and this spurt is exagger-
ated in pups of obese dams [10]. Insulin receptors are present in
hypothalamus, amygdala, cerebellum and hippocampus in fetal
rodents [11]. Although the origins of insulin, peripheral or
brain, remains a matter of debate, mRNA has been detected in
the hypothalamus and hippocampus [12]. Insulin enhances neur-
ite outgrowth and presynaptic activity in cerebellum and hippo-
campus [13]. Ghrelin stimulates neuron and astrocyte
proliferation in the late-gestation hypothalamus [14]. Sculpting
of neural circuits and networking involves cell death to balance
proliferation and axonal growth. Thus, of importance is the report
that failure of apoptosis in mice results in disruption of arcuate
nucleus networking and metabolic regulation [15], and hence the
changes in apoptotic mechanisms in the offspring of obese
women, mentioned above, is of concern. While feeding circuits
are not established in rodents until weeks 1–2 of life, they are
established before birth in humans. Studies focussing on indivi-
duals that had been gestated during the Dutch Famine
(1944–1945) have revealed critical windows for nutrient availabil-
ity in humans. Famine in early gestation resulted in obesity in
adulthood, while late gestation famine was associated with low
adult fat mass and reduced insulin sensitivity.

While the central importance of the hypothalamus in the regu-
lation of feeding control is recognized and the role of obesity
during development on this system has been reviewed very recently
[16], obesity and its consequences, elevated circulating glucose,
lipid, hormones, e.g., leptin, insulin, ghrelin, and inflammation
have effects in the brain that extend well beyond the hypothalamus.
These effects include reduced motoneurone excitability in vagal
circuits involved in gastrointestinal signaling of satiety, a result of
a high fat diet during the perinatal period [17]. Overall, these
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widespread effects are hardly surprising since the control of feeding
is so important to survival that it also incorporates hedonic mechan-
isms. The importance of the reward system and the involvement of
dopaminergic mechanism in the control of feeding was demon-
strated experimentally four decades ago [18] Reward systems are
widespread throughout the neocortex, including prefrontal cortex,
amygdala, basal ganglia, and hippocampus. The remainder of this
review will focus on the effects of maternal obesity on these brain
regions.

4 Hippocampus

The hippocampus is a major brain center involved in memory,
learning, and decision making, and it also provides important
input into emotional regulation, addiction and reward. Evidence
indicates that obesity can exacerbate brain aging and thereby pro-
mote the development of cognitive alterations including dementia
[19]. Hippocampal volume is negatively associated with BMI [20]
and hippocampal dysfunction is likely to be a key contributor to
age-associated memory impairment [21].

4.1 Hippocampal

Oscillations

A striking feature of the hippocampus is its ability to generate
strong oscillations in electrical activity due to powerful recurrent
collateral connections, particularly in the CA3 region. Oscillations
are critical for hippocampal function, with those in the gamma
(~20–80 Hz) and theta (~4–10 Hz) bands being particularly
important for learning and memory. Hypoactivity of the hippocam-
pus occurs in subjects with well-established Alzheimer’s disease
(AD) and is associated with impaired memory. Conversely, exces-
sive activity can result in uncontrolled, runaway oscillations that can
result in epileptic seizures. Thus the hippocampus is finely tuned by
a balance between excitatory and inhibitory mechanisms.

4.2 Effects of Obesity

on Seizures and

Epileptic Activity

Interaction between diet and epileptic seizures has long been appre-
ciated, and Hippocrates used fasting 2500 years ago to inhibit
epileptic seizures. However, very few studies have addressed the
issue of the effects of obesity on seizure activity. One of the diffi-
culties is that changes due to obesity may be imperceptibly slow
over many years or may not manifest until decades after the onset of
obesity in susceptible individuals, making it difficult to link neuro-
pathologic features with obesity [22]. Nevertheless, various studies
have shown increased rates of obesity in patients with seizure dis-
orders. Many of these associations were presumed to be secondary
to the seizures due to lifestyle issues including less exercise, and the
effects of antiepileptic drugs which can affect metabolism [22].
Thus, the issue of causality has been difficult to assess. For nearly
a century the ketogenic diet (high fat, low carbohydrate, adequate
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protein) has been used for refractory epilepsy, with various keto-
genic diets proven clinically effective by randomized or blinded
trials [22]. Since decreased calorie intake can be beneficial for
brain function, does the converse apply? Is a high calorie intake
detrimental to the brain?

Significantly, in a study of children, those with newly diagnosed
epilepsy had higher BMIs than controls [23]. Importantly, these
children were not using antiepileptic drugs, thus ruling out an
involvement of such drugs in contributing to the BMI. In adults,
the incidence of seizures in overweight or obese individuals was
more than double that expected for a normally distributed popula-
tion [23]. A study of UK adults found a trend for a higher rate of
seizures in the obese [24]. In Icelandic adults socioeconomic status
(SES) was a risk factor for epilepsy, with no evidence of downward
social drift [25]. Other studies indicate that the incidence of epi-
lepsy is now higher in the elderly relative to pediatric populations,
concordant with the rise of chronic diseases such as obesity, diabe-
tes, and cerebrovascular disease [22]. Laboratory studies show that
obesity is associated with enhanced kainic acid-induced seizures
[22]. Thus the small number of studies supports the idea that
obesity exacerbates the occurrence of seizures.

4.3 Limbic System Hippocampal oscillations are not necessarily restricted to the hip-
pocampus but can propagate to other components of the limbic
system such as entorhinal cortex and amygdala, structures typically
affected during temporal lobe epilepsy. These components of the
limbic system play an important role, not only in memory but also
in emotional behavior and reward, during which components inter-
act and affect each other. Dysfunction in these systems can contrib-
ute to depression and anxiety illnesses [26, 27].

4.4 Dementia A significant body of evidence has recently accumulated indicating
that, somewhat surprisingly, hyperactivity of the hippocampus is
associated with impaired learning andmemory. This excessive activ-
ity occurs in the CA3/dentate gyrus region of the hippocampus
[21, 28–30]. Aged rats with normal cognitive function have normal
hippocampal activity, whereas aged rats with impaired learning and
memory have hyperactive hippocampi [21]. Similarly, aged humans
with mild cognitive impairment (MCI) also display hyperactive
hippocampi [28, 31], as do hAPP mouse models of AD [32].
Indeed, it has been suggested that increased hippocampal activity
may be an early indicator of AD [31]. This is consistent with
observations that patients with MCI who have epilepsy, and
patients with AD who have epilepsy or subclinical epileptiform
activity, present with symptoms of cognitive decline ~7 years earlier
than those without epilepsy or epileptiform activity [33]. In rodents
and humans, suppression of hippocampal hyperactivity restored
learning and memory [28, 30, 32–35]. These results indicate a
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critical role of hippocampal hyperactivity in underlying the deficits
in learning and memory. Importantly, these results also demon-
strate proof-of-principle that targeting hippocampal hyperactivity
can have significant therapeutic value. Unfortunately, such
approaches currently have a number of side effects with, for exam-
ple, some antiepileptic medications affecting metabolism to
increase obesity [22].

4.5 Mechanisms

Underlying

Hippocampal

Hyperactivity

As discussed, hippocampal activity involves a fine balance between
excitatory and inhibitory mechanisms. Thus, hyperactivity could
arise from increased excitatory and/or decreased inhibitory
mechanisms. Mechanisms impacting this balance can include
changes in expression of ion channels and transporters involved in
cellular excitability, synaptic transmission, and neurotransmitter
and substrate uptake and release processes by neurons and astro-
cytes. Genetic mutations can underlie hippocampal hyperactivity in
some epilepsies, but these are less likely to be important for obesity-
induced hippocampal hyperactivity. Inhibitory interneurons are
considered to be more vulnerable to dysfunction than excitatory
neurons [36, 37] and to be “exquisitely sensitive” to even minor
environmental perturbations [38], hence more recent studies have
tended to focus on these cells. Using GAD67 as a marker of
GABAergic neurons, Spiegel et al. [39] found no difference with
age in CA1, but age-related decreases in CA3 and dentate gyrus.
Aged rats with memory deficits and hippocampal hyperactivity had
significantly reduced numbers of somatostatin-positive (SOM)
interneurons in the hilar region of the dentate gyrus than young
or aged unimpaired rats. There was no change in hilar NPY immu-
noreactivity. Loss of hilar SOM neurons in aged impaired rats is
consistent with the loss of inhibition and excess dentate gyrus/CA3
activity commonly observed when memory loss occurs in aging.
The same group also reported hippocampal hyperactivity and
decreased expression of GABAA α5 receptor subunit in CA3 of
aged rats [29]. As these receptors are involved in tonic inhibition,
their loss is consistent with CA3 hyperactivity. Other changes
include decreased expression of chaperone/protein folding genes,
mitochondrion and oxidative phosphorylation groups, AMPAR
subtypes, and the Kv4.2 channel and its interacting protein [29].
A decreased excitability of GABAergic interneurons in the hAPP
mouse model of Alzheimer’s disease makes a critical contribution
to abnormalities in network synchrony and memory deficiencies
[35]. The defect was attributed to decreased expression of NaV1.1
sodium channels in parvalbumin interneurons.

Hippocampal synaptic plasticity and function have been com-
prehensively reviewed in Nature Neuroscience [26], including
dorsal versus ventral hippocampus. While it is clear that excitatory
neurons and inhibitory GABA interneurons are crucial for memory
processing and behaviors, the relative importance of various
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locations, hippocampus, or nearby subiculum, amygdala, entorhi-
nal, prefrontal, or sensory/motor cortices likely differ for different
facets of memory and behavior.

4.6 Treatments

That Suppress

Hippocampal

Hyperactivity

Treatments aimed at decreasing hippocampal hyperactivity have
included the antiepileptic drugs. Levetiracetam and valproate are
effective in reducing hippocampal hyperactivity and improving
memory performance in aged rats [30], in the hAPP mouse
model of AD [32], and in humans with mild cognitive impairment
[28]. Positive allosteric modulators of GABAA α5 receptors [34],
or overexpressing NPY13–36 have been successful in enhancing CA3
inhibitory activity in aged impaired rats [30]. However, many of
these agents have significant side-effects and a greater understand-
ing of mechanisms is needed to ameliorate or prevent obesity-
induced hyperactivity in the brain.

5 Astroglia

Astrocytes contribute to normal neural electrical activity in a num-
ber of critical ways. They play a major role in neurotransmitter
uptake, with GABA and glutamate being particularly relevant. It
has been estimated that 80–90 % of extracellular glutamate is taken
up by transporters located on astrocytes. In this way, astrocytes can
influence extracellular levels of GABA and glutamate and thereby
levels of tonic inhibition or excitation and excitotoxicity, respec-
tively. Once taken up by astrocytes, GABA and glutamate are con-
verted into glutamine by glutamine synthase within the
glutamate–glutamine cycle and the glutamine is then transported
out of the astrocytes and taken up by transporters on the glutama-
tergic and GABAergic neurons. The glutamine is converted into
glutamate, and in GABAergic cells, on to GABA by glutamate
decarboxylase (GAD). Astrocytes may also contribute to refueling
the neurons by taking up glucose, converting it into lactate, and
exporting the lactate to the neurons where it is used to fuel neuro-
nal metabolic processes. These functions of astrocytes mean that
any malfunctioning of astrocytes can have a major influence on
neural activity in a number of ways as discussed above. Of relevance
in this context, astrocytes are targets for leptin [40], insulin [41]
and ghrelin [42] and these hormones have been reported to influ-
ence function of the astrocyte transporters discussed above, ion
channels and to result in excessive stimulation.

5.1 Microglia Microglia are very sensitive to perturbations by environmental
challenges [43]. Microglia play an important role in learning and
memory as a result of their interactions with the synapse [44], and
may be involved in cognitive dysfunction associated with aging
[45]. Some aspects of their function are likely to be due to their
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multiple fine processes that are dynamically extended and retracted,
particularly in the region of synapses [45]. Microglial function is also
mediated via the release of the neurotrophin BDNF (brain-derived
neurotrophic factor). BDNF interacts with TrkB signaling in neu-
rons to influence synaptic function and learning and memory [44].
Effects of microglial-derived BDNF can also include influences on
inhibitory mechanisms [45, 46]. More traditionally, microglia are
viewed as the primary immune responsive cells within the brain and
the most likely source of pro-inflammatory cytokines [43, 45, 47].
As discussed below, an inflammatory state can have significant influ-
ences on cognitive function.

6 Inflammation

Obesity is a low-grade inflammatory state. While acute inflamma-
tion is essential for survival, chronic low-grade production of
inflammatory cytokines plays a pivotal role in many diseases. Toll-
like receptors (TLR) are plasma membrane receptors central to the
initiation of inflammatory cascades. Nuclear factor κB (NF-κB) is
disinhibited and enters the nucleus to activate production of
inflammatory cytokines. NF-κB can be activated by intracellular
stress (endoplasmic reticulum and oxidative stress). A number of
inflammatory cytokines contribute to brain damage [48]. Cyclo-
oxygenase is central to prostanoid production, important in neu-
rovascular coupling. Nitric oxide synthase (NOS) results in NO
production, toxic to glutamatergic neurons. Interleukins IL-1, IL-
6 suppress neurogenesis, interfere with synaptic networking, result-
ing in abnormal brain electrical activity [49], and impair cerebral
blood flow. Tumor necrosis factor α (TNF-α) has been linked to
memory loss in adults [50]. Also, STK24, downregulated in second
trimester amniotic fluid, is involved in immune defense. Inflamma-
tory cytokines, oxidative stress, and protein nitrosylation via ongo-
ing NO exposure have been linked to schizophrenia and depression
in humans [51]. In adults, a high-fat diet is associated with inflam-
mation in the brain and impairment of cognitive function [52, 53].
More recently, it has been concluded that obesity per se is not
sufficient to precipitate neurological decline, but that it is due to
pro-inflammatory mediators, particularly NOX2 (NADPH oxidase
2) [54]. Obesity and/or neuro-inflammation are associated with a
range of effects on neural activity that can involve not only changes
in synaptic plasticity, but also changes in the excitation/inhibitory
balance that can result from effects on the astrocyte glutamate–glu-
tamine cycle [55].

Astrocytes are sensitive to inflammation, with TLRs occurring
in astrocytes [56] as well as in neurons [57]. While brief activation
of TLRs can stimulate signaling that is protective, e.g., upregula-
tion of ion channels, receptors, and calcium signaling [58],
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over-activation (during prolonged inflammation) stimulates
NADPH oxidase and the production of reactive oxygen species
(ROS) [59]. Increased ROS production [60] can also result in
destabilization of the astrocyte/cerebrovascular relationship result-
ing in impairment of regional blood flow regulation and the
blood–brain barrier. In astrocytes and neurons, ROS cause mito-
chondrial dysfunction, disruption of calcium homeostasis, altered
function of redox-sensitive proteins, with disturbed signaling,
DNA damage, and cell death (demyelination and neurodegenera-
tion). Disruption of their function is associated with many pathol-
ogies [55]. Over-activation results in changes in astrocyte shape
and rearrangement of processes servicing synapses. Thus, the sup-
port provided to neurons is reduced following activation of
astrocytes [61].

An important process that is impaired in reactive astrocytes is
the glutamate–glutamine cycle. This cycle is relied upon by
GABAergic signaling to a much greater extent than glutamatergic
synapses, which may depend more on direct uptake of glutamate
into neurons and/or have a higher basal cytoplasmic reserve of this
amino acid than interneurons. Consequently, dysfunction of the
glutamate–glutamine cycle has deleterious effects on inhibitory
before excitatory synaptic responses [55, 62]. The inhibitory defi-
cits associated with reactive astrocytosis can be sufficient to result in
hyperexcitability of hippocampal networks [55]. Astrocytosis,
inflammation, and significantly reduced levels of glutamine synthe-
tase are often prominent features in some forms of epilepsy, includ-
ing temporal lobe epilepsy (TLE) in humans [47, 62, 63].
Epilepsies are characterized by recurrent, unpredictable seizures
that involve hyperexcitability and hypersynchronous neuronal
activity. TLE is one of the most prevalent forms of localization-
related epilepsies in humans and is characterized by spontaneous
recurrent seizures that involve structures such as the hippocampus,
amygdala, and entorhinal cortex [62]. It has recently been sug-
gested that the glutamate–glutamine cycle plays such an important
role in brain function that diminished glutamine synthetase can
cause TLE [62].

Mitochondrial dysfunction occurs in obesity [54], epilepsy
[64], and AD [65], and may be caused by oxidative stress. Mito-
chondria can also be a significant source of oxidative stress, though
this is not necessarily detrimental to cells [66]. Mitochondrial
dysfunction increases with age and may be increased by some anti-
epileptic drugs, e.g., valproic acid, phenobarbital, carbamazepine,
phenytoin [67]. Diminished mitochondrial function predisposes to
disrupted calcium handling with consequences for neurotransmis-
sion and excitability, and hence with the potential to influence
hippocampal excitatory/inhibitory balance.
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7 Gender

The brains of females and males are not the same, with differing
expression of 1680 genes in the hippocampus alone! [68] Processes
involved in synaptic plasticity feature significantly in sexual dimor-
phism, with some differences also occurring between “male” and
“female” astrocytes [69]. Prenatal stress reduces the number of
differentially expressed genes to just 191 genes in hippocampus
[68]. Following decades of research in this area, McCarthy has
recently written that “our understanding of the how, when, and
why steroids direct brain development remains rudimentary” [70].
Sex steroids, synthesized in the brain, are differentially distributed
between the sexes, brain regions, and during critical developmental
periods in pregnancy and early life [71], and estradiol masculinizes
the brain [70]. STK24 and docosahexaenoic acid, the only omega-
3 fatty acid in brain, are influenced by estrogen. The extent of
neuronal dendritic arborization is determined by estrogen in
some neurons [72]. In cortical and hippocampal pyramidal cells,
dendritic spine number is decreased by estrogen, and the estrogen
receptor β (ERβ) has been implicated [73]. ERβ activation increases
GAD, the enzyme responsible for synthesis of the inhibitory trans-
mitter GABA, and enhances astrocyte projection density [73]. ERα
reduces excitatory NMDA receptor levels. These observations
could explain the gender bias in early life disadvantage [74], peri-
pubertal anxiety [75], and some neurological disorders [4].

8 Stress

As with inflammation, acute stress is essential for survival, but
chronic stress plays a major role in many diseases and, although
cardiovascular disease is prominent, stress has also been implicated
in cancers and neurological dysfunction such as depression, some
epilepsies, and post traumatic stress disorder (PTSD). The major
players are cortisol/corticosterone, which act on the genome via
high-affinity mineralocorticoid receptors (MR) and low-affinity
glucocorticoid receptors (GR). GR and MR are highly expressed
in hippocampus but some aspects of the stress response are inde-
pendent of these receptors. Putative membrane-bound MR/GR
may be involved but a role for noradrenaline (NA) is a possibility.
Normal NA levels in the prefrontal cortex (which interconnects
intimately with the hippocampus) are critical for optimal working
memory, whereas high levels of NA suppress working memory,
effects achieved via glutamatergic transmission [76].
Corticotrophin-releasing hormone (CRH) can also influence neu-
ral structure and function, and is a potent convulsant in infant rats
[77]. The stress and inflammatory systems interact. Glia produce
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IL-1β, IL-6, and TNF-α in response to stressors [47, 78]. Acute
stress can suppress the immune system and anxiety responses to
stress can be suppressed under conditions of chronic inflammation,
likely involving reduced brain-derived neurotrophic factor (BDNF)
[79, 80]. A recent behavioral study has demonstrated that just
1 week of fat feeding triggered anxiety-like behaviors and impaired
learning and memory in young mice post weaning, associated with
decreased hippocampal and cortical BDNF and nerve growth factor
(NGF). The question remains as to the situation during early
development, in utero, and the mechanisms involved.

9 Some Important Methodological Considerations

9.1 Recent

Developments

The presence of fetal cell-free mRNA in the mother was first
described in 2000 by Lo and colleagues [81]. This technique is
very powerful as it permits monitoring of gene expression in the
living fetus from around the 15th week of pregnancy. In addition to
informing on fetal genetic abnormalities, analysis of cell-free
mRNA may also provide information on developmental processes,
as in the very recent study of high BMI pregnancies by Edlow [7].
In that study new information on events in the fetal brain was
provided and thus approaches such as this have powerful potential.

Most studies of brain development and function have focused
on neurons. However, it is well established that microglia and
astrocytes provide considerable support in the adult brain [82].
Microglia defend the brain under attack and their processes contin-
uously scan, removing debris and dead cells. They also sculpt
synapses, augmenting or reducing both pre- and post-synaptic
elements eg terminals, dendritic spines. Inflammation activates
glia, and obesity is a pro-inflammatory state. It has recently been
demonstrated that microglial progenitors present in the yolk sac
invade the developing brain in a narrow time-window, via the
meninges and ventricles at E6.5 and via the early establishment of
the cerebral vasculature at E7.2-7.5 in mice [83]. In human fetuses,
invasion via the meninges and ventricles occurs around week 5 [84]
and intravascular influx occurs during week 10 [85]. Maternal
obesity predisposes to autism spectrum disorders (ASD) in the
offspring [5], and a greater density of activated microglia has
been reported in ASD [86]. A mechanistic link requires
investigation.

While the housekeeping role of astrocytes at synapses is well
accepted, the possibility that astrocytes may also influence synaptic
efficiency has been suggested [87], and even release of “neurotrans-
mitter” has been mooted very recently [88, 89]. This possibility of
a direct role for astrocytes in synaptic transmission is currently
under vigorous debate [90, 91]. Calcium plays a major role in
astrocyte function and approaches to recording changes in
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astrocyte calcium levels with a view to shedding greater light on this
debate has been critically reviewed [92]. The role of astrocytes, or
not, in the establishment of neural networks during development
requires study, as is their potential involvement in attention deficit
hyperactivity disorder and ASD.

9.2 Methodological

Integration

Translation of knowledge to prevent or ameliorate human disease is
a major aim of biomedical research and an important step in achiev-
ing this is to perform studies in animal models using approaches
that can also be tested in human subjects. So, while in vitro slice
electrophysiological techniques can be invaluable in providing
insights into complex mechanisms at a significant level of detail,
and the potential of this approach can be enhanced by the use of
genetically modified animals, knock-down of signalling agents
using transfection methods, the use of siRNA, and optogenetic
technologies, integrating observations from these approaches
with prior behavioural testing of the intact animal is critical for a
more complete understanding of potential therapeutic strategies.
Considerable care is required so that the most appropriate beha-
vioural tests are used and considerations and pitfalls have been
thoroughly reviewed and require careful attention [93, 94].

Combining detailed mechanistic studies with prior imaging
technologies may also provide more tangible links towards transla-
tion. Magnetic resonance imaging (MRI) is widely used in clinical
practice and has also been used in non-human studies. While humans
remain fully conscious during MRI testing, laboratory species invari-
ably require anaesthesia in order to prevent movement, which would
invalidate measurements. MRI detects changes in blood oxygen
(deoxyhaemoglobin levels) or changes in cerebral blood volume and
all anaesthetic agents available influence basal blood flow and cerebral
volume [95]. Furthermore, available anaesthetics alter the responsive-
ness and/or sensitivity to most neurotransmitters in the brain [95],
confounding this method of enquiry. Attempts have been made to
circumvent these problems with non-human MRI measurements.
Restraint has been used but this introduces stress which, on its own,
has repercussions on brain activity (see above). Habituation to
restraint does not obviate this problem [96]. In a very elegant study,
Scott and colleagues trained rats to place their heads voluntarily into a
headport for 8 seconds which permitted quick clamping of the head
in a precise location and recording of changes in intracellular free
calcium of neurons in layers 2-5 of the cortex, using a two-photon
laser-scanning microscopy [97]. Further development of this system
will likely provide much-needed insights into cell signalling in intact,
conscious experimental animals.

9.3 Animal Models While epidemiological studies that report on the association
between maternal obesity and outcomes in the offspring in
human populations are critically important, more precise

214 Harold A. Coleman and Helena C. Parkington



manipulation of the system to directly address cause-and-effect
requires the use of non-human animal models. Brain development
does not occur in a regular homogeneous progression. Rather,
specific developmental events can occur rapidly or have specific
requirements such as to give rise to sensitive, critical windows of
vulnerability. Less than optimal conditions in the critical window
can result in long-lasting dysfunction and may underpin neurobe-
havioral deficits after birth [98]. As a result, one of the first con-
siderations when choosing a non-human animal model is the issue
of its critical window compared with that in humans for the neu-
robehavioral condition of interest. Dobbing and Sands [99]
provided a detailed description of the spurt in brain growth in six
most commonly-used laboratory species. However, the relationship
between this brain growth spurt and a critical window is not clear.
Some light has been thrown on this issue in a very elegant recent
study by Workman and colleagues [100]. They generated a model
of neural development in 18 species, including human, macaque,
several rodent species, sheep, cat and several marsupials. The model
included brain stem, cerebellum, limbic system, thalamus, striatum,
cortex, sensory peripheral system and retina, and these regions were
further divided. Developmental events such as neurogenesis, axon
extension, network formation, myelination, brain volume, beha-
vioural milestones were also provided. This repository will be
invaluable when choosing the most appropriate model when inter-
rogating the mechanisms underpinning specific neurobehavioral
problems and should result in faster translation from bench to
bedside.

10 In Conclusion

Maternal obesity appears to have wide ranging effects across a
broad range of brain regions and functions in the offspring. These
effects can include increases in the propensity for the offspring to be
obese through effects on circuitry controlling feeding and metabo-
lism, thereby reinforcing the obesity epidemic. A range of neural
disorders are likely to be exacerbated by maternal obesity, with long
term sequelae for the individuals affected and those around them.
Cognition is a major brain function that may be negatively
impacted by maternal obesity and this may contribute to enhanced
dementia in the affected individuals in later life. However, research
into the effects of maternal obesity on brain function in the off-
spring, other than in the hypothalamus, is very much in its infancy.
There is enormous scope for consolidating current concepts, and
for studies to determine in greater depth and breadth the effects of
maternal obesity and the underlying mechanisms in brain function
of the offspring.
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Chapter 11

Models of Perinatal Compromises in the Guinea Pig:
Their Use in Showing the Role of Neurosteroids
in Pregnancy and the Newborn

Hannah K. Palliser, Greer A. Bennett, Meredith A. Kelleher,
Angela L. Cumberland, David W. Walker, and Jonathan J. Hirst

Abstract

Placental progesterone production during late gestation has a major role in maintaining elevated neuro-
steroid levels during pregnancy. These levels of key neurosteroids, including allopregnanolone, are critical
for optimal brain development during late gestation and the early neonatal period. The long gestation
period (~70), in utero brain development and placental progesterone synthesis of the guineas pig makes this
species very suitable for studying the mechanisms by which pregnancy compromises impact neurosteroid
pathways. We have used models of intrauterine growth restriction and preterm birth to show that these
challenges may suppress neurosteroid action and this likely contributes to the adverse outcomes following
these conditions. Reduced allopregnanolone levels during late gestation result in reduced myelination and
injurious brain cell death suggesting supplementation treatments may improve outcomes following com-
promised pregnancy. Guinea pig models of episodic prenatal maternal stress have been used to examine how
these events lead to adverse behavioral outcomes for the offspring. We found that prenatal stress disrupts
the neurosteroid pathways between the dam and fetus. Together this work indicates that compromises and
stress during pregnancy and in the early neonatal period disrupt neurotropic and protective neurosteroid
pathways leading to deficiencies that contribute to the adverse neurological and behavioral outcomes
following these challenges. The use of neurosteroid-based supplementation therapies may represent a
future range of therapeutic approaches that could be used to improve outcomes following stressful events
in pregnancy and following premature birth.

Key words Stress, Neurosteroid, Cortisol, Fetus, Neonate, Growth restriction, Preterm birth

1 Introduction

The growing appreciation of the importance of pregnancy and the
perinatal period in determining the future vulnerability to adult
disease has highlighted the importance of using animal models in
which life events and their effects on adult health can be examined
in a manageable time frame. The timing of these adverse events
during pregnancy and in the perinatal period appears critical to the
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ultimate long-term outcome and this seems particularly so with
potential effects on brain development. The choice of animal mod-
els is particularly important in studies of neurosteroid actions in
pregnancy due to the marked differences in the endocrinology of
pregnancy between common laboratory species [1]. This further
indicates that the selection of the animal model has a major bearing
on the translatability of observations to long-term outcomes in
human health. We and others have used guinea pig models of
acute and chronic stress in pregnancy and the perinatal period to
examine effects of changes to the neurosteroid environment of the
developing brain [2]. In addition, how ongoing changes to
neurosteroid-regulated excitability may subtly influence behavior
and that potentially contribute to behavioral disorders after birth
and into adolescence.

The most important difference between the guinea pig, com-
pared to other laboratory rodents, is the long gestation period of
~70 days. This gestation period results in the delivery of a highly
developed fetus at birth, with the fetus undergoing major phases of
maturation, and importantly brain development while in utero [3].
Brain growth rates more closely approximates humans with rapid
myelination occurring in late gestation [4]. This also means devel-
opment is subject to the relatively hypoxic environment that typifies
fetal life and so is more similar to human developmental conditions.
Furthermore, the large size of the fetus and mass of the combined
litter creates considerable maternal load. Therefore, even marginal
interference with the uterine blood supply can lead to detrimental
effects on fetal growth [5]. This seems to occur normally to some
extent in the guinea pig as there is considerable pregnancy loss in
most colonies with stillbirth rates up to 20 % [6]. This suggests the
fetus is highly vulnerable to interventions that adversely influence
nutrient supply.

2 Key Endocrine Changes in Pregnancy and at Labor Onset in the Guinea Pig

The endocrinology of pregnancy in the guinea pig has important
similarities to human pregnancy, particularly the production of
progesterone by the placenta and the maintenance of relatively
high levels throughout late pregnancy until the time of birth [1].
This, as in the human, is accompanied by rising neurosteroid levels
in the plasma and brain during late gestation. These levels are also
maintained until term in the guinea pig and decline following the
loss of the placenta after birth [2]. Most colonies show a greater
spread of gestational ages at delivery compared to other rodent
species with this spread of ages both within colonies and between
colonies [7]. This suggests that the blocking of uterine activation
by progesterone is less powerful in this species. Indeed, like the
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human, labor in the guinea pig is initiated despite the high gesta-
tional progesterone concentration and is thought to involve loss of
uterine progesterone sensitivity [8]. In the human there is a decline
in progesterone sensitivity due to changes in progesterone receptor
(PR) expression in the uterine myometrium. Mesiano et al. [9]
showed that the ratio of the full-length receptor isoform (PRB) to
the truncated (PRA) isoform decreased toward term in human
myometrium. As PRB mediates the inhibitory effect of progester-
one and PRA reduced the effects of PRB, these changes lead to a
loss of progesterone action on the myometrium. We have found
that similar changes in numbers are seen in the guinea pigs with
overall PR concentrations falling near term, indicating that with-
drawal of progesterone-induced myometrial suppression leads to
labor onset in the guinea pig [8].

Similarities in PR changes and progesterone action during the
initiation labor in the guinea pigs have proved useful for studies of
the mechanisms contributing to these changes. We were first to
show that fetal placental insufficiency and the associated growth
retardation (see below) in the guinea pig resulted in a relatively
small (5 %) but significant reduction in gestation length [10].
Further studies showed that placental insufficiency was associated
with marked changes in the PR expression. However, in contrast to
a decline in receptor expression and resultant progesterone-
mediated inhibition of labor, we found total PR levels had increased
in myometrium following placental insufficiency. This rise may be
compensatory or protective to maintain pregnancies as long as
possible [10]. This intriguing finding suggests that the earlier
labor in these pregnancies is driven by potent mechanisms that can
overcome relatively greater progesterone-produced and -associated
inhibitory actions. These findings further support the guinea pig as
a useful species in which to examine the mechanisms that lead to loss
of progesterone-induced inhibition of myometrial activity.

Together the above studies show that the long gestation period
and the maturity of the fetus at birth as well as similarities in
pregnancy endocrinology mean that the guinea pig is useful for
studying the effects of pregnancy compromise on timing of labor.
In addition, the adverse effects of these compromises on the fetus
can be investigated as the large size of the fetus and placenta has
allowed the development of a number of models of pregnancy
compromise, and perinatal stress. We have longstanding interest
in the effect of adverse events in pregnancy on endocrine changes
and how changes effect placental function and in turn can influence
the interaction of neurosteroids and the development of the fetal
brain [2]. The guinea pigs and the models of compromises estab-
lished in this species are ideal for investigation of the role of neuro-
steroids in these processes.
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Neurosteroids are steroid hormones that modulate neurotrans-
mission in the central nervous system. These steroids have major
roles in regulating CNS development and setting the overall excit-
ability of the brain particularly during late gestation [11]. The most
potent neurosteroids known to regulate CNS excitability are allo-
pregnanolone (5α-pregane-3α-ol-20-one) and 5α-tetrahydrocorti-
costerone (THDOC), which are derived from progesterone and
deoxycorticosterone (DOC), respectively. These steroids do not
bind to progesterone or glucocorticoid receptors like their precur-
sors, but instead bind as agonists to a steroid binding site on the
gamma-amino butyric acid type-A (GABAA) receptor [11]. In
binding to these receptors allopregnanolone increases the action
of GABA and enhances GABAergic inhibitory transmission. Other
steroids including pregnenolone and some allopregnanolone iso-
mers have an antagonist action at the GABAA receptor reducing
inhibition and may also enhance excitatory glutamatergic activity
[12]. The lipophilic nature of these steroids and the extra synaptic
location of steroid-sensitive receptors results in a widespread action
within brain areas markedly influencing tonic excitability [11].
Together, the overall levels of these steroids regulate excitability
of the CNS, although little is know regarding these actions in
pregnancy.

3 Protective Role of Neurosteroids

During pregnancy, high progesterone production by the placenta
leads to commensurately high concentrations of allopregnanolone
in the fetal brain. These levels are the highest seen throughout life
and lead to tonic suppression of activities during late gestation
[13]. The adult brain contains all of the enzymatic mechanisms
required for the synthesis of progesterone and its metabolism to
allopregnanolone [14]. These include the 5α-reductase as well as
20α-hydroxysteroid oxidoreductase that are expressed in glial cell
and neurons [15]. However, we found that concentrations of allo-
pregnanolone in the brain decline markedly at birth suggesting a
supply of progesterone metabolites from the placenta is required to
maintain fetal brain concentrations. Indeed, progesterone treat-
ment of newborn guinea pigs raises allopregnanolone levels in the
brain [16]. These observations show that placental progesterone
production in long gestation species, including guinea pigs and
likely women, leads to increased availability of allopregnanolone
precursors (progesterone and 3α-dihydroprogesterone) in the fetal
circulation. This in turn leads to the remarkably high levels of
allopregnanolone seen in the fetal brain and which decline rapidly
after birth [17]. We were the first to show that allopregnanolone
has a major role in controlling CNS activity in fetus during the
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second half of gestation, and that this action continues into neona-
tal life [16, 18]. Furthermore, we have showed that appropriate
fetal concentrations of these steroids are required to maintain nor-
mal fetal excitability and behavioral state in late gestation [13].
Partial suppression of precursor availability increases excitability
and alters the incidences of fetal REM-like and non-REM-like
behavior and arousal and hence the sleep-like patterns that typify
late gestation fetal life [13]. Moreover, marked suppression of
allopregnanolone production leads to seizure-like activity [19].
Importantly, this action also reduces the vulnerability that may
result in hypoxic/ischemic episodes during pregnancy and at
labor onset.

Neurosteroids directly influence brain development, particu-
larly neurites, synaptogenesis and astrocytes and myelination [20,
21]. There is also growing evidence that changes in neurosteroid
exposure during pregnancy can have adverse effects on develop-
ment and lead to long-term changes in behavior, including hyper-
activity, anxiety, and depression [22, 23]. Fetal behavioral states are
important for normal late gestation brain development and changes
in behavioral states may contribute to the effects of premature
decline on neurosteroid levels that occur with preterm birth (see
below). Together these data suggest that loss of the normally high
neurosteroid environment in the fetus will adversely affect outcome
[24]. We have used the pregnant guinea pig model to mimic the
loss of neurosteroid exposure following premature delivery. In this
work the 5α-reductase inhibitor, finasteride, was used to suppress
allopregnanolone levels and thus highlight the importance of neu-
rosteroids to normal late gestation neurodevelopment. We firstly
showed that finasteride treatment markedly potentiated cell death
in the brain caused by an episode of hypoxia [24]. These data
showed that normal gestational neurosteroid levels reduce vulnera-
bility to hypoxia-induced damage and make up an endogenous
neuroprotective mechanism during late gestation. In further stud-
ies in the guinea pig we showed that finasteride treatment height-
ened the deficiencies in myelination and changes astrocyte
activation that were seen in growth-restricted pregnancies [5].
These studies support the contention that allopregnanolone in
the brain promotes normal development and may counter the
effects on growth restriction resulting from inadequate nutrient
supply in late gestation.

4 Evaluation of Outcome Following Growth Restriction in the Guinea Pig

Both rats and guinea pigs have a bicornate uterus and while the
litter size in the guinea pig is smaller typically 2–5 fetus [7]. How-
ever, in contrast to the rats, guinea pigs with smaller litter sizes may
have all fetuses in a single horn, with the remaining horn empty.
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Additionally, spacing of implantation sites is less organized with
small fetuses apparently close or crowned rather than an orderly
spacing. The blood supply to the uterine horns in both guinea pigs
and rats is by an arcade artery arising anteriorly from the utero-
ovarian artery and posteriorly from the iliac arteries [25]. Several
groups of investigators have used ligation of the posterior end of
the arcade artery to reduce uterine blood flow and create growth
restriction in the ipsilaterial horn. Rees et al. [26] successfully used
this approach to produce marked growth restriction in fetal guinea
pigs that also showmarked brain injury. The ligation procedure was
done at mid gestation in the guinea pig and resulted in marked
asymmetric growth restriction. This however was accompanied by
increased incidence of fetal death, with fetuses in the ipsilaterial
horn and nearest to the ligation most effected. Rees and colleagues
further showed that ligation of the uterine artery led to major
adverse outcomes including mark reduction in myelination [27].
Turner and Trudinger [28] modified this technique by using dia-
thermy to ablate a proportion of the branches of the uterine arcade
artery that tend to supply perfusion of the maternal side of each
placenta (Fig. 1). This procedure was performed between 31 and
35 days of gestation and was found to significantly reduce fetal
weight but with a reduced incidence of intrauterine death com-
pared to the arcade artery ligation procedure. However, given the
differences in spacing of the fetus and number of fetuses per horn
the reduction in fetal weight is variable, but more consistent than
the artery ligation procedure. We used a modification of this pro-
cedure to evaluate the effect of growth restriction on neurosteroid
pathways [5]. We consistently ablated every second artery branch to
each placenta of all fetuses. Although we were careful to include
small vessels, as these vessels may grow with advancing gestation, we
were mindful that some vessels that were not obvious to us may
expand with increasing demand over gestation. This approach pro-
duced growth restriction with marked reduction in total fetal weight
and individual organ weights (Fig. 2). Brain weight was also
reduced, but to a lesser extent, and there was pronounced brain
sparing compared to other organs suggesting the procedure resulted
in a good model of human intrauterine growth restriction (IUGR).

The growth restriction we produced resulted in reduced
myelination in the CA1 region of the hippocampus as shown by
reduced myelin basic protein staining [5]. There was also a marked
increase in the expression of glial fibrillary acidic protein (GFAP)
indicating greater activation of astrocytes typical of upregulation of
injurious or inflammatory processes (Fig. 3a). We further examined
the effect of reduced neurosteroid synthesis by treating the preg-
nant dams with finasteride. Finasteride treatment markedly reduced
allopregnanolone levels in the fetal brain [5]. This treatment led to
a significant reduction in myelination in the subcortical white mat-
ter and increase in activated astrocyte immunostaining (Fig. 3a) and
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Fig. 1 Diagram showing pregnant uterine horn and placental blood supply in the
guinea pig. The uterus that is supplied with arterial oxygenated blood from the
uterine-ovarian arcade artery, which branches into mesometrial (radial) and
uteroplacental (spiral) arteries to supply the placenta and fetus. At mid-gestation
placental insufficiency by the cauterization of ~50 % of the radial/spiral arteries
supplying each placenta with a typical site of radial artery ablation is shown.
Adapted from [25]
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there was also a marked reduction in myelination in the subcortical
white matter (Fig. 3b). These changes suggest that the treatment
reduced growth and potential raised vulnerability to cell damage.
The changes were also accompanied by trends toward reduced 5α-
reductase-2 enzyme expression in brain homogenates [5].
Together these findings suggest that loss of neurosteroid levels
may contribute to the reduction in brain development in growth-
restricted pregnancies. Furthermore, the studies suggest that
reduced exposure to gestational levels as occurs with preterm
birth may have major adverse effects on brain growth.

5 Preterm Birth and Progesterone Replacement in Guinea Pigs: Effects
on Allopregnanolone Levels and Neurodevelopment

Preterm birth (birth at<37 weeks gestation) is a major contributor
to the burden of disease and mortality in newborn infants. We have
shown that progesterone and allopregnanolone levels in the brain
remain at late gestation levels until loss of the placenta at birth and
that may be critical to the developing brain [16]. As indicated above
a reduction of allopregnanolone synthesis in the late-gestation
guinea pig reduces myelination and enhances the expression of
GFAP-positive astrocytes, suggestive of brain insult (Fig. 3) [5].
We have examined the effect of loss of normal allopregnanolone
levels and neurodevelopmental outcomes in preterm guinea pig
neonates [16]. We used the guinea pig, a species with precocial
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Fig. 2 The mean body and organ weights for fetal guinea pigs after artery ablation treatment with values
presented as a % of weights observed in sham-operated animals. Asymmetric growth restriction in fetuses is
shown by the lesser effect of the procedure on brain weight with animals that received artery ablation
treatment. Asterisks indicate significant differences between from the sham operated group (*p < 0.05)
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brain development [4], and relatively high concentrations of pla-
centally derived progesterone [29], to study the transition from
gestational allopregnanolone levels to those seen preterm neonatal
brain. The animals were delivered by cesarean section at 63 days of
gestation and maintained until 24 h of age. Postnatal care involved
the use of periods of continuous positive airway pressure (CPAP) to
establish regular breathing, an adequate tidal volume, and func-
tional residual capacity. We maintained the animals in a heated and
humidified camber. Preterm animals had a significantly greater
mortality rate of 60 % at 24 h following delivery, compared to a
3 % mortality rate in term neonates with male neonates making up a
higher proportion of those animals that did not reach 24 h (67 %)
[16]. Furthermore, it was not possible to deliver animals early than
62 days without a very marked fall in survival rate (unpublished
observations).

Fig. 3 Glial fibrillary acidic protein (GFAP) immunostaining (a) and myelin basic protein (MBP) immunostaining
(b) in the sub-cortical white matter of the guinea pig brain. Staining is expressed as percentage coverage of
total area. Fetuses were normally grown (sham operated) that were vehicle treated (sham, open bars),
intrauterine growth restricted and vehicle treated (IUGR, and open bars), normally grown and finasteride
treated (sham, and open bars) or growth restricted and finasteride treated (IUGR and black bars). Each bar
represents mean � SEM. Asterisks indicate significant differences between groups link by lines (*p < 0.05,
n ¼ 10–12 fetuses) (M Kelleher Ph.D. Thesis, University of Newcastle, 2013)
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Consistent with the immaturity of these animals, we found
lower myelin basic protein staining in the CA1 region of the hippo-
campus of both male and females guinea pigs, indicative of reduced
myelination, compared to term controls (Fig. 4). We have previ-
ously reported there was a dramatic drop in allopregnanolone levels
after birth in the sheep brain and we found a similar decline in
concentrations after term birth compared to late-gestation fetal

Fig. 4 Reduced myelination as measured by myelin basic protein immunostaining in the hippocampal CA1.
Values for term female and term male (grey bars) or preterm female and preterm male (open bars) fetal brains
and are expressed as mean percent area coverage � S.E.M (n ¼ 6). Asterisks indicate significant differences
between term and preterm groups (**p < 0.01, ***p < 0.001)

Fig. 5 Brain allopregnanolone concentrations in fetal (n ¼ 12, black), term neonatal (n ¼ 9, grey), and
preterm neonatal animals (n ¼ 11, open; left panel). Preterm neonates (open right panel) compared with
progesterone treated preterm neonates (n ¼ 10, hashed; right panel, note different scale). Each bar
represents mean � SEM. Asterisks indicate significant differences between groups indicated by lines
(***p < 0.001) [16]
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levels in the guinea pig (Fig. 5). Plasma allopregnanolone concen-
trations also declined after preterm birth although the fall was
somewhat less than that seen at term suggesting lower metabolism
rates in the preterm neonate [16]. In the brain however levels
declined rapidly after both normal and preterm birth (Fig. 5). In
addition, brain 5α-reductase-2 expression was significantly lower in
the preterm neonates at 24 h of age compared to expression levels
observed during gestation (Fig. 6). Interestingly, 5α-reductase-1
expression was not effected. However, previous studies of allopreg-
nanolone production in fetal sheep have shown 5α-reductase-2 as
the most important isoform in regulating allopregnanolone levels
within the fetal brain and in the early neonatal period [17]. These
data show that both allopregnanolone levels and synthetic capacity
are reduced after preterm birth. Furthermore, the work showed
that the transition from fetal to neonatal life in the preterm guinea
pig and the loss of placental progesterone result in a premature
decrease in allopregnanolone concentrations in the brain. The
finding that 5α-reductase-2 expression was also reduced within
the brain suggests that both the endogenous supply of progester-
one and the capacity of the brain to synthesize neuroactive proges-
terone metabolites are compromised in the preterm neonate. This
further shows that brain maturation in the preterm neonate from
delivery to term equivalent age takes place in a markedly lower
neurosteroid environment compared to animals that remain in

Fig. 6 Expression of 5α-reductase type 2 in brain from fetal (n ¼ 16, Fetal, black bars), from term neonatal
(n ¼ 11, Term, grey bars), preterm neonatal (n ¼ 12, Pre-T, open bars) and preterm progesterone treated
neonatal guinea pigs (n ¼ 8, +Prog, hashed bars). The neonatal guinea pig brains were obtained at 24 h of
age. Bars represent mean � SEM. Asterisks indicate significant differences between groups linked by lines
(*p < 0.05) [16]
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utero. Whether this deficiency accounts for the lower myelination
seen in these neonates or whether there is adequate catch up awaits
further study.

We have investigated the effects of progesterone replacement in
an additional group of preterm guinea pig neonates during the first
24 h after birth. Progesterone treatment did markedly raise allo-
pregnanolone concentrations in the brain (Fig. 5). This work sup-
ports the potential use of exogenous progesterone replacement to
increase allopregnanolone precursor supply. The findings demon-
strate that administration of progesterone to preterm neonates, in
amounts that elevated plasma concentrations [16], resulted in
increased levels of metabolites for allopregnanolone synthesis. In
addition, despite the reduced expression of 5α-reductase-2, the
exogenous administration of progesterone was sufficient to raise
brain allopregnanolone concentrations. This observation provides
support for the augmentation of allopregnanolone levels in the
brain via endogenous synthetic mechanisms, allowing retroactive
steroid concentrations to become re-established following preterm
birth. Short-term administration of progesterone to preterm neo-
nates over 24 h did not have an effect on neuropathological find-
ings our studies. Long-term progesterone replacement, however,
during the preterm postnatal period, warrants further examination
of effects on allopregnanolone concentrations and potentially brain
development and functional neurological outcomes.

These findings are also of interest in view of the existing use of
perinatal progesterone treatments. Progesterone and synthetic pro-
gestins have been investigated for use as preventative treatments for
preterm birth [30]. There is currently, however, little information
on the effect of such treatments on fetal and neonatal allopregna-
nolone concentrations. The finding that neurosteroid levels in the
preterm neonate are at least partially dependent on progesterone
concentrations suggest some caution is needed over the potential
effect of treatments on brain development. Together, these findings
suggest preterm delivery in the guinea pig resulted in reduced
myelination and a premature reduction in neonatal brain concen-
trations of allopregnanolone. Current observations indicate that
these alterations may be reversed by postnatal treatment with pro-
gesterone. Additionally, progesterone and its neuroactive steroid
metabolites may have particularly important effects on postnatal
processes of myelination, a key neurodevelopmental pathway
affected by preterm birth.

6 Neurosteroids and Prenatal Stress in a Guinea Pig Model

Psychosocial stress in pregnancy is a biopsychosocial factor that can
be defined as the “imbalance that a pregnant woman feels when she
cannot cope with demands, which may be expressed behaviorally
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and physiologically” [31]. Some common causes of maternal psy-
chosocial stress in pregnancy include anxiety and depression, family
disruptions and quarrels, spousal uncertainty, and pregnancy anxi-
ety. Physiological responses to prenatal stress may include neuroen-
docrine responses, particularly increased circulating cortisol. We
have previously shown that repeated doses of synthetic glucocorti-
coids markedly reduces 5αR2 expression in a sex-specific manner,
specifically reducing levels in male fetal guinea pig brains and
lowering allopregnanolone levels [32], suggesting the important
suppressive effect of these neurosteroid synthetic capacity. This
suggests that prenatal stress that chronically raises cortisol levels
may depress neurosteroid levels in the fetal brain.

The adverse consequences of maternal stress in pregnancy are
becoming more widely recognized and are associated with poor
pregnancy outcomes including neurodevelopmental consequences
in the offspring [33, 34]. Epidemiological studies have demon-
strated that maternal psychological stress during pregnancy has
marked effects on the fetus, adversely affecting neurological out-
comes and leading to behavioral problems in childhood [33, 34].
Maternal state anxiety has been found to be associated with hyper-
activity and inattention problems for the offspring at 5 years of age
[35]. Women reporting high anxiety in late gestation, and increased
cortisol, were found to be twice as likely to have children who
develop emotional and behavioral problems at 4 and 7 years of
age, particularly male infants with hyperactivity and attention dis-
orders [36] and decreased grey matter density at 6–9 years [37].
Furthermore, extensive studies have also shown that affected off-
spring demonstrates increased hypothalamo-pituitary axis (HPA)
activity [33, 36, 37], which has the potential to exacerbate those
who may be exposed to further stress in postnatal life. Both the
degree and timing of stress throughout the course of pregnancy is
influential to the risk of adverse outcomes. Interestingly, relatively
short episodes of acute anxiety appear sufficient to cause adverse
outcomes. For example, high levels of objective stress exposure in
pregnancies following the Quebec ice storm showed negative
effects on intellectual capacity, such as cognitive and language
abilities, in children born after this traumatic event [38, 39].
These studies also suggested vulnerability differed with gestational
age, with stress exposure during the first 28 weeks of gestation
having the greatest impact [33]. These events resulted in markedly
increased maternal cortisol, suggesting cortisol-induced suppres-
sion of neurosteroid synthesis may contribute to neurological per-
turbations and behavioral problems, although the potential linkage
pathways occurring in the infant are unclear [35, 40].

Clinical studies indicate repeated exposure to synthetic gluco-
corticoids may adversely affect neonatal outcome [41]. Animal
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studies have shown that repeated treatment with betamethasone
causes delays in maturation of neurons, myelination and glia and
reduced brain weight and head size [42–44]. In contrast to syn-
thetic steroids, the fetus is normally protected from the high con-
centrations of cortisol in maternal plasma by the placenta, due to
the presence of 11β-hydroxysteroid dehydrogenase type-2 (11β-
HSD2). This enzyme converts cortisol to the markedly less potent
glucocorticoid, cortisone, so that limited amounts of maternal
cortisol actually reaches the fetal circulation [45]. However, during
stress, elevated maternal cortisol concentrations may exceed the
metabolic capacity of the placenta allowing a larger proportion of
maternal cortisol to cross the fetal circulation [45]. Furthermore,
exposure to prolonged compromise may reduce the expression of
11β-HSD2 [46]. Despite the substantive evidence of adverse
effects of prenatal stress and associated increases in maternal corti-
sol, the mechanism by which these changes affect brain develop-
ment remains unclear [47]. The majority of studies assessing pre- or
postnatal stress and rises in cortisol have centered on the ongoing
effects on the HPA system of affected offspring. Whilst these animal
studies have identified that programming of the HPA axis has been
found to play an important role, we are interested in the effect of
elevated cortisol exposure on the neurodevelopmental and protec-
tive role of neurosteroids.

We used a guinea model of prenatal stress that was developed
by Kapoor and colleagues [48, 49]. This model involves the induc-
tion of stress by maternal exposure to brief periods of strobe light at
regular intervals during gestation (4 occasions in late gestation,
every 5 days from GA50; term GA71) [49, 50]). Strobe light
exposure consistently leads to activation of the maternal HPA axis
and increased cortisol concentrations in maternal plasma and saliva
[50, 51] and fetal plasma [52] (Fig. 7). Salivary cortisol is represen-
tative of circulating cortisol concentrations relieving the potentially
confounding effect of blood collection and guinea pigs readily
produce copious amounts of saliva enabling easy collection that
does not result in elevated cortisol levels (unpublished data). We
have shown that prenatal light stress in pregnant guinea pigs results
in reduced myelin basic protein (MBP), glial fibrillary acidic pro-
tein, and microtubule-associated protein-2 (MAP-2) expression in
late gestation male fetal hippocampi, suggesting reduced myelina-
tion, changes in astrocyte reactivity and fewer mature neurons at
term in pregnancies exposed to the following prenatal stress proce-
dure [50]. These sexually dimorphic changes were found to remain
at 21 days of age and were associated with increased anxiety as
assessed by open field analysis (unpublished observations). Mat-
thews and colleagues extensively studied the effects of prenatal
stress on offspring and found disruption of HPA function,
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endocrine and behavioral changes which exist into adulthood [40,
53]. The consequences of prenatal stress depend not only on the
frequency, type/severity, and timing of the stress episodes but also
on the sex of offspring and time at which they are assessed. For
example, chronic maternal stress in guinea pigs was found to
decrease ambulatory activity in PND25 male offspring, increased
activity in PND80 male offspring, and had no effect on the ambu-
latory activity of female offspring at either age [40, 53, 54]. Acute
periods of stress at 50–52 or 60–62 days of gestation did not alter
locomotor activity in young adult male offspring. Whereas, acute
periods of stress at either 50 or 60 days of gestation were found to
have sexually dimorphic effects on post weaning body weight, basal
cortisol and testosterone levels, and anxiety in guinea pig offspring
[48, 49]. These studies in guinea pigs have shown that critical
aspects of brain development occur in utero, as in the human, and
are sensitive to maternal endocrine perturbations caused by an
anxiety-like stress [51]. Moreover, these effects show sex differ-
ences with the most marked effects observed in male guinea pig
offspring [50, 55]. Consistent with these findings we observed
marked sex differences in behavior patterns following prenatal
stress in our guinea pig studies [56] and similar differences have
been reported in children; i.e., more marked hyperactivity problems
in boys compared to girls [35].
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Fig. 7 Maternal salivary cortisol before (open) and after (filled) prenatal strobe light stress at 65 days of
gestational age (Prenatal stress GA65 maternal saliva, n ¼ 11) and neonatal salivary cortisol before (open)
and after (filled) maternal separation at 5 days of postnatal age (Postnatal stress PND5 neonatal saliva,
n ¼ 10). Bars represent mean � SEM. Asterisks indicate significant differences between before and after
groups (*p < 0.05)
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We, and others, have proposed that suppression of neuroster-
oid synthesis and disruptions of neurosteroid action represents a
key mechanistic link by which maternal stress leads to neurodeve-
lopmental and behavioral abnormalities in offspring [23, 57]. As
indicated above our findings show that increased exposure to ele-
vated glucocorticoids caused suppression of neurosteroid synthesis.
Importantly, we found that repeated maternal synthetic glucocor-
ticoid treatment suppressed expression of key enzymes in allopreg-
nanolone pathway suggesting high glucocorticoids have a
disrupting effect on gestational neurosteroid production processes
[32].

These studies examining the effect of exogenous and endoge-
nous elevations in cortisol support the contention that the stress-
induced disruption of neurosteroid production adversely affects
key neurodevelopmental processes. Clinical studies show that allo-
pregnanolone concentrations in plasma increase transiently in
response to acute stress, but may be reduced with chronic anxiety
[58]. This is consistent with studies showing that repeated gluco-
corticoid exposure suppresses allopregnanolone levels [32, 59].
Reduced allopregnanolone synthesis would in turn rob the fetus
of a key endogenous neuroprotective mechanism and disrupt nor-
mal apoptotic processes in the brain, in a similar manner to that
seen when 5α-reductase-2 activity is inhibited [5]. Pharmacologi-
cally reduced neurosteroid levels in pregnancy have been shown to
impair cognitive ability in juvenile rats [60]. We contend that
stress-induced suppression of neurosteroids and disruption of
their receptor actions continue in the neonatal brain and contrib-
ute further to the hyperactivity and related adverse behaviors [58].
Ongoing studies by ourselves and others are now focusing on the
benefit of allopregnanolone replacement therapy, both pre- and
postnatally, in pregnancies affected by prenatal stress. In recent
studies [56], we administered allopregnanolone to maternal
guinea pigs after prenatal stress exposure in order to replace poten-
tially depressed levels. Interestingly, this treatment did not affect
postnatal behavior, however, the findings showed that while mater-
nal allopregnanolone levels were increased by allopregnanolone
treatment, there was an increase in fetal levels in control fetuses
(non-stressed dams), and there was no rise in levels in the stress-
exposed fetuses (Fig. 8, [50]). These results suggest placental
metabolism of exogenously administered allopregnanolone may
be increased in pregnancies exposed to prenatal stress. Further-
more, the findings suggest that there may be marked changes in
neurosteroid metabolic pathways in the placenta following expo-
sure to stress-induced elevation in cortisol concentrations. Our
ongoing studies are assessing the timing of stress during pregnancy
and how this affects neurosteroid levels in the fetus and potential
neurodevelopmental consequences.
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7 Potentiating Effects of Postnatal Stress

Many pregnant women suffer stress during pregnancy due to natu-
ral or manmade disasters, chronic interpersonal tensions, adverse
conditions in the home or work place or other factors frequently
associated with low socioeconomic status. Unfortunately, the
causes of the stressors often continue after birth so that the infant
also faces similar early life stress. Recent studies suggest effects of
such stressors continue into adolescence and may have additive
effects on stress experiences before birth [61] and make a major
contribution to the incidence of behavioral disorders such as hyper-
activity, anxiety, and depression in childhood and adolescence.

Identification of the mechanisms by which early life stress
(caused by maternal separation) leads to these behavioral disorders
and how this may be potentiated by maternal psychosocial stress in
pregnancy is important as the resulting behavioral disorders are a
major health problem [62]. There is now extensive evidence that
these stresses cause increased responsiveness of the HPA axis in the
newborn that persists into adult life [47]. The comprehensive
studies of Meaney and co-workers [63, 64] have demonstrated
that the amount and quality of the mother–neonate interaction
has a major influence over the long-term activity of the HPA axis;
there is marked up-regulation of postnatal HPA axis activity where
mothers display a low level of maternal care and nursing. Lower

Fig. 8 Fetal plasma allopregnanolone concentrations at the time of post mortem shown in males (a) and
females (b). Values are for non-stressed (Control) and prenatally stressed animals (Stress) that were treated
with vehicle (Veh) or allopregnanolone (Allo). Black bars indicted Control + Veh (males n ¼ 5; females
n ¼ 5), grey bars indicate Control + Allo (males n ¼ 6; females n ¼ 5), hatched bars indicate Stress + Veh
as hatched bars (males n ¼ 5; females n ¼ 5) and open bars indicate Stress + Allo (males n ¼ 6; females
n ¼ 6). Bars represent mean � SEM. Asterisks indicate significance difference in fetal plasma allopregna-
nolone levels in the Control + Allo treated group compared to all other groups [50]
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maternal care also has a major influence on glutamatergic pathways
with increased glutamate-NMDA receptor signaling [65]. Postna-
tal experience was further found to result in marked changes in
plasticity of the hippocampus, leading to effects on adult behaviors
such as learning, memory, and attention [64]. However, using rats
to study the mother–neonate interaction has some disadvantages,
because, unlike humans, GABAA receptors undergo transition from
excitatory to inhibitory status only after birth [66, 67], and there-
fore the effects of prenatal and/or postnatal stress on neurosteroid-
GABAergic inhibitory activity is unclear.

The guinea pig neonate is most appropriate for studies on the
effects of stress-induced disruption of neurosteroid pathways in the
perinatal period due to the maturity of GABAergic signaling which
exerts inhibitory actions from the second half of gestation [68]
similar to humans [69]. In addition, while these neonates are
more independent in terms of the absolute necessity for maternal
care compared to nest-bound rat pups, newborn guinea pigs do
demonstrate primate-like attachment [3] with maternal–neonatal
separation leading to a pronounced stress response. Indeed we have
seen a marked increased plasma cortisol concentration in neonates
following separation from their mothers, work that is supported by
previous studies showing strong attachment (Fig. 7). Matthews and
colleagues [70] have demonstrated that maternal stress in late
pregnant guinea pigs had the effect of increasing the hypotha-
lamo-pituitary-adrenal (HPA) axis activity, and this persisted after
birth so that these offspring showed higher cortisol responses to
stress as adults. Furthermore, they showed that this was due to
reduced negative feedback by glucocorticoids on the HPA, impli-
cating a long-lasting change in hippocampus–hypothalamus signal-
ing in these offspring. We have previously shown that acute stress
induced by episodes hypoxic stress raises allopregnanolone synthe-
sis in the newborn fetal sheep brain [18]. In contrast we have found
that chronic exposure to stress during pregnancy has a suppressive
action of synthetic capacity, but it is currently unclear if chronic
stress after birth also disrupts neurosteroid pathways [50]. The
sensitivity of GABAA receptors to modulation by allopregnanolone
is governed by the subunit composition (including: α4, α5, α6, and
δ; [11]) of the receptor. GABAA receptors present in the fetal brain
are highly sensitive to modulation by allopregnanolone with sensi-
tivity decreasing in adulthood [71], however, little is known regard-
ing the early neonate–childhood period. We have recently found
that prenatal stress resulted in marked changes in GABAA receptor
subunit expression, with offspring that were exposed to stress
showing markedly lower GABAA receptor δ-subunit and α6-sub-
unit mRNA expression after birth with the changes in the α6-
subunit still present at 21 days of age in the guinea pig [72].
These findings suggest that steroid sensitivity is also influenced by
stress and these changes can continue a considerable time after
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birth. Whether these changes can be further influenced by postnatal
stress is currently under investigation.

8 Conclusions and Directions

We contend that the pregnant guinea pig with its long gestation
and with the fetus undergoing major brain development in utero is
an appropriate model for examining the effects of compromised
pregnancy and preterm birth on neurosteroid pathways. We used a
model of intrauterine growth restriction to show this chronic stress
that raised cortisol levels tended to lower neurosteroid synthetic
capacity. This was in contrast to the marked increase in neurosteroid
synthesis which we have reported to occur with acute stress. We
have also delivered guinea pig pups prematurely and shown we can
maintain these preterm pups until 24 h of age and are now extend-
ing this out to term equivalent age. These studies showed that the
preterm pups undergo brain development in a neurosteroid defi-
cient environment between preterm delivery and term equivalence.
Previous evidence suggests that this deficiency will contribute to
suboptimal neurodevelopment during this time. We further
showed that progesterone replacement can restore allopregnano-
lone levels in the brain and has potential as a future neuroprotective
therapy following preterm birth. Prenatal maternal stress during
pregnancy can be readily modeled in the guinea pig by stress treat-
ments that raise salivary cortisol levels. We showed that repeated
prenatal stress exposure disrupted the transfer of allopregnanolone
to the fetus and this may involve changes to neurosteroid metabo-
lism in the placenta. The role of these neurosteroid changes in the
ongoing behavior problems seen in the offspring following prenatal
stress requires further investigation. Postnatal stress may potentiate
the effects of prenatal stress on neurosteroid pathways and the
effects of elevated cortisol levels in the neonatal period on these
pathways warrant further study. Overall, these findings suggest that
many perinatal compromises lead to disrupted neurosteroid signal-
ing. In addition, prenatal and postnatal stress events may also
potentiate suppression of neurosteroid pathways. These findings
suggest that neurosteroid supplementation or replacement therapy
may be a new therapeutic direction that should be explored as a way
to improve neurodevelopmental outcomes following these adverse
events.
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Chapter 12

Placental Transport and Metabolism: Implications
for the Developmental Effects of Selective Serotonin
Reuptake Inhibitors (SSRI) Antidepressants

Juan C. Velasquez and Alexandre Bonnin

Abstract

A host of neurodevelopmental processes are modulated by serotonin (5-HT), a molecule also implicated in
the etiology of diverse psychiatric disorders. Prenatal exposures that affect serotonergic signaling and the
developing 5-HT system are increasingly associated with multiple long-term repercussions for the off-
spring. Both maternal depression and antidepressant treatments have been shown to affect fetal neurode-
velopment during pregnancy, possibly through alterations of 5-HT levels that are otherwise precisely set by
placental and endogenous sources. The result of such dysregulation impacts a variety of critical signaling
pathways, and eventually leads to long-term effects on postnatal brain function. This chapter provides
investigators with details of recently developed methods that can be applied to the study of how mater-
nal–fetal transfer of therapeutic drugs, such as selective serotonin reuptake inhibitors (SSRIs), cross the
placenta and impact fetal brain circuit development.

Key words Placenta, Serotonin, Tryptophan, SSRI, Depression, Fetal programming, Placental
transfer

1 Background and Overview

Serotonergic signal transduction throughout the nervous system
involves 17 different serotonin (5-hydroxytryptamine; 5-HT)
receptors subtypes, each unique in cellular and molecular aspects,
tissue distribution, and gene expression [1, 2]. Despite innate
differences within the serotonergic receptor family, they all have
5-HT as their ligand in common. The structural and functional
features of the serotonergic system, namely its abundant and wide-
spread anatomical projections, along with diverse receptor sub-
types, provide great insight into how 5-HT is involved in almost
every imaginable developmental, physiological, and behavioral pro-
cess throughout life. It follows that altered 5-HT tissue concentra-
tion may potentially lead to generalized aberrant signaling through
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more than one receptor subtype simultaneously, having widespread
effects across several domains.

Many drugs indicated for the treatment of symptoms observed
in neuropsychiatric conditions such as major depression, anxiety,
schizophrenia and obsessive-compulsive disorder target serotoner-
gic mechanisms [3–6]. This befits the notion that 5-HT is impli-
cated in the regulation of multiple processes orchestrating
cognitive, behavioral, and physiological functions. Most interest-
ingly, before its role in adult neurotransmission, 5-HT signaling
plays critical functions during brain development—an idea that
stems from the early appearance of serotonergic neurons, axons,
and receptors in the brain [7–12]. Consistent with a potential role
in the fetal programming of adult mental disorders, basic and
epidemiological findings have linked developmental disruption of
5-HT signaling to diverse functional disorders in adulthood
[13–19]. In particular, animal studies have shown that prenatal
and early postnatal exposure to selective serotonin reuptake inhibi-
tors (SSRIs), which inhibit the 5-HT transporter (SERT; Slc6a4)
activity and reuptake of 5-HT in neurons and other cell types,
induces anxious behaviors much later in the adult offspring [8,
20–24]. As discussed in the next sections, the molecular mechan-
isms by which this early developmental exposure has long-term
consequences on adult brain function remain largely unknown. As
more mechanistic influences of 5-HT signaling on various aspects
of fetal brain development and their long-term consequences are
being uncovered, this signaling pathway will undoubtedly become
a central tenet of the developmental programming of adult mental
disorders [25–27].

This chapter also provides brief discussions on the development
of the serotonergic system and its relevance to the fetal program-
ming of adult mental disorders. Of particular interest is prenatal
exposure to maternal depression and antidepressants, both sug-
gested to alter fetal brain development. Additionally, it outlines
innovative techniques that can be applied to study the effects of
gestational exposure to therapeutic drugs such as SSRIs on placen-
tal physiology and fetal brain development.

1.1 Serotonin and

Fetal Brain

Development

Serotonergic development is a complex, multi-organ process with
specific spatial and temporal patterns of receptors expression, which
has emerged as a powerful influence on the causality of several
neuropsychiatric disorders [16, 17, 28]. This focus has increased
further in light of the early presence of 5-HT and the recent
discovery of the placental origin of 5-HT in the fetal brain [16,
29]. Serotonergic neurons generate one of the most ubiquitous
circuits in the mammalian brain. 5-HT cell bodies emerge early in
fetal development (~embryonic day (E)10 in mice) and cluster in
the raphe nuclei; over the following days of murine fetal develop-
ment, 5-HT neurons rapidly form vast axonal projections that
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essentially innervate all regions of the neural axis in a caudal-to-
rostral gradient [30, 31]. Intriguingly, 5-HT itself and several of its
receptors are already present in the rostral part of the fetal forebrain
before a single 5-HT axon has reached the area (prior to E14.5)
[28, 32, 33]. This led to the discovery that the fetal forebrain
accumulates placentally synthesized 5-HT during early pregnancy
[16, 29]. Thus, the placenta acts as an exogenous source of 5-HT
for the forebrain at a time when the endogenous 5-HT system has
yet to fully mature.

1.2 Prenatal

Exposures and Effects

on Fetal Brain

Development

5-HT is a key trophic factor during fetal and early postnatal devel-
opment, modulating critical histogenic processes such as neuronal
cell proliferation, migration, and brain circuit wiring [14, 32,
34–38]. Transient genetic (e.g., 5-HT1A receptor knockout) and
pharmacological (e.g., exposure to SSRIs) disruption of 5-HT
signaling during critical periods of fetal and early postnatal brain
development lead to long-term behavioral abnormalities, such as
increased anxiety in adulthood [39–41]. These far-reaching func-
tional consequences may arise due to abnormal serotonergic system
development leading to, or originating from, altered 5-HT concen-
tration and aberrant ligand/receptor interactions in fetal brain
tissue. Thus, genetic and environmental factors that alter tissue
levels of 5-HT during pregnancy may lead to abnormal signaling
in the developing fetal brain, a potential mechanism for the devel-
opmental origins of adult mental disorders. Such is a possibility for
about 15 % of pregnant women that are diagnosed with Major
Depression Disorder (MDD) during gestation, a leading cause of
disability worldwide [42–44]. Despite an unclear safety profile, a
lack of well-controlled safety studies, and assignments to Pregnancy
Categories C and D by the US Food and Drug Administration,
about 9 % of pregnant women diagnosed withMDD in the USA are
prescribed a SSRI antidepressant during all or part of their preg-
nancy, a figure that has been steadily on the rise [45, 46].

In the adult brain, SSRIs inhibit SERT-mediated 5-HT reup-
take activity, resulting in increased 5-HT concentration at the syn-
apse, which contributes to relieving symptoms of maternal
depression [47]. For the fetus however, since SERT is expressed
early in the brain (e.g., E12 in raphe serotonergic neurons and E14
in thalamic neurons) [10, 48], early exposure to SSRIs is likely to
alter overall fetal tissue concentrations of 5-HT, resulting in broad
effects on 5-HT signaling [9, 11, 12]. Developmental alterations of
5-HT signaling in vivo have been shown to affect the formation of
major axonal circuits in the fetal brain. For instance, the genetic
manipulation of two Gi-protein coupled 5-HT receptors (htr1b and
htr1d) expression by in utero electroporation at E12.5, specifically
in developing thalamic neurons, led to abnormal thalamocortical
axon (TCA) pathway formation 4–6 days later [32]. This was
shown to arise from 5-HT receptor-mediated changes in
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intracellular cAMP in thalamic neurons, which modulates the
response of growing TCAs to guidance cues during initial pathway
formation. Together with the finding that the commonly pre-
scribed SSRI Citalopram directly affects the response of TCAs to
guidance cues in vitro independently of 5-HT signaling [49], these
results suggest that fetal brain exposure to SSRIs may directly or
indirectly alter the formation of TCA pathways. Thus, fetal brain
exposure to maternally ingested SSRIs may potentially lead to
functional alterations of the circuits that underlie social, emotional,
and cognitive higher functions in the offspring [49].

For the fetus, the maternal depressive state is one of the earliest
adverse experiences resulting in poor pregnancy outcomes and an
induction of long-term adverse effects [40, 42, 45, 50–53]
(Fig. 1a). The dilemma arises when both the pharmacological
intervention to alleviate the maternal condition and the illness itself
pose serious risks to fetal health, an unfavorable scenario in which a

E14 E17E12E10

EARLY EXPOSURE LATE EXPOSURE

B

C D
A

Placenta

maternal stress

Fig. 1 Effects of prenatal exposures to stress and SSRIs on the fetal brain. Effects of SSRIs on fetal brain
development may be through direct or indirect pathways. (A) In untreated maternal depression, the fetal brain
may be continuously exposed to maternal stress effects. (B) SSRIs may relieve maternal stress and indirectly
prevent its effects on fetal brain development. At the same time, SSRIs may transfer through the placenta,
reach the fetal brain, and alter (C) early (e.g., neuronal differentiation; or (D) late (e.g., axon growth and
guidance) phases of fetal brain development. SSRIs selective serotonin reuptake inhibitors, ctx cortex, DR
dorsal raphe, DT dorsal thalamus

248 Juan C. Velasquez and Alexandre Bonnin



risk-benefit decision must be made. Accumulating epidemiological
studies show increased risks for a variety of physiological, cognitive,
and developmental disorders (extensively reviewed here [17, 43]),
including the recent increased associated risk for Autism Spec-
trum Disorders [19, 54]. Although important, these studies
cannot delineate between the risks brought about by SSRIs
from those attributed to the underlying maternal depressive
disorder (Fig. 1a, b).

As with maternal depression, SSRI use during pregnancy has
often been associated with poor pregnancy outcomes [55–59]. To
explain how maternal SSRI therapy may affect brain development
in the offspring of mothers coping with depression, some studies
suggest that they cross the placenta into the fetal circulation,
although this evidence is based on drug measures taken from
umbilical cord blood at birth and transfer studies at term in the
human perfused placental cotyledon model [58, 60–62]. Like the
fetus, the placenta is in a state of developmental flux in both
structure and function, and its progressive remodeling has yet to
be considered in the context of transplacental transport earlier in
gestation when highly sensitive developmental milestones are tak-
ing place [63–65]. In any event, once in the fetal compartment,
SSRIs may directly target brain SERT and affect baseline 5-HT
levels and signaling, thereby impacting early (neuronal differentia-
tion) or late (axon growth and guidance) phases of brain develop-
ment (Fig. 1c, d).

Alternatively, SSRIs may impact placental physiology in such a
way that the effects indirectly impact the fetus. Since the fetal brain
acquires placenta-derived 5-HT during a critical period of wide-
spread axonal outgrowth, the effects of SSRIs on fetal brain devel-
opment may be through an indirect pathway that affects placental
tryptophan metabolism to 5-HT, resulting in downstream effects
on the fetus. Although it is not clear whether SSRI exposure
induces physiological changes in the placenta, its high expression
of SERT support the notion that SSRIs would have high binding
affinity in this organ [66–69]. If blocking SERT function alters
placental 5-HT synthesis and/or transport to the fetus, the placen-
ta’s key function of maintaining fetal homeostasis may be compro-
mised by SSRIs.

In summary, the impact of SSRIs on fetal brain development
may result from direct actions on the fetal brain, indirect actions on
placental or maternal physiology or, more likely, a combination of
all these routes. Exposure to SSRIs at a time surrounding critical
developmental milestones may very well have profound, long-
lasting implications on offspring brain function; most importantly,
these effects have yet to be considered in the context of the under-
lying maternal depression, which may significantly impact brain
development and function if left untreated. Thus, the question
arises as to whether SSRIs cross the placenta, and if so, to what
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extent do they access the fetal blood compartment and reach the
fetal brain at different stages of pregnancy? The next sections
describe innovative ex vivo and in vivo methods to explore these
questions and to begin to assess the mechanisms by which in utero
exposure to antidepressants may alter neurodevelopmental
processes.

2 Materials, Equipment, and Setup

One of the major challenges of studying how extrinsic factors
impact development during pregnancy is its physiologically
dynamic state. Developmental programs are precisely modulated
both in time and space; a particular developmental process may thus
be affected at certain time points and locations but not others. A
rigorous, multifaceted set of techniques, all done at various devel-
opmental time-points of interest, are necessary to gain meaningful
insight into gestational conditions. The ex vivo perfusion of the
mouse placenta procedure provides the framework for studying
placental drug transport, independently of maternal and fetal
metabolism. In contrast, in vivo studies of SSRI exposures are
designed to quantify the pharmacokinetics of drug transfer to the
fetal compartment, and the influences of maternal and fetal metab-
olism on these parameters. These observations can be correlated
with immunohistochemical analyses of fetal brain architecture. The
sections that follow detail experimental protocols for performing
perfusion of the mouse placenta, in vivo exposures of SSRIs, and
immunohistochemical analysis. Any animal tissue should be col-
lected in compliance with legislative and institutional requirements.

2.1 Ex Vivo Perfusion

of the Mouse Placenta

for Bidirectional Drug

Transport Studies

This procedure provides the framework for directly studying trans-
placental passive/active molecular transport and the downstream
consequences this might have for the developing fetus. Ex vivo
perfusion systems offer a reliable, reproducible method for study-
ing acute physiological responses of an organ to various environ-
mental manipulations while maintaining the cellular organization,
compartmentalization and three-dimensional structure intact. The
perfusion procedure, which can be completed in 4–5 h, allows for
integrated, physiological studies of de novo synthesis and metabo-
lism and transport of materials across the live mouse placenta.

The system can be used to measure the short-term maternal–
fetal transfer pharmacokinetics of individual SSRIs at different
stages of gestation, independent of maternal and fetal metabolism.
Following microcannulations of placental vasculature, perfusion
solutions of known composition are infused into the maternal and
fetal sides of an isolated mouse placenta that is maintained in a
thermostated, oxygenated chamber (Fig. 2). Peristaltic pumps keep
perfusion media flowing at steady, physiological rates uniquely

250 Juan C. Velasquez and Alexandre Bonnin



adapted to the maternal and fetal circulations. For maternal–fetal
transfer, the fetal perfusion output can be collected through the
umbilical vein for analysis (Fig. 2c).

The perfusion system theory and setup, along with a list of
equipment, materials, procedural notes, and troubleshooting
guidelines, have been extensively detailed in both a protocols pub-
lication [70] and a textbook chapter [71]. This chapter thus focuses
on customizing this technique for the pharmacokinetic study of
transplacental tranfer of SSRIs.

2.1.1 Reagents 1. M199 medium without phenol red (Corning Cellgro, Cat. No.
90-050-PB).

2. Bovine Serum Albumin (AMRESCO, Cat. No. 0332).

3. Heparin (Sigma-Aldrich, Cat. No. H3149).

4. Glucose (BDH, Cat. No. BDH8005).

5. Dextran40 (TCI, Cat. No. D1448).

6. Sodium bicarbonate (BDH, Cat. No. BDH0280).

Fig. 2 Schematics of the ex vivo dual perfusion system. The artificial maternal circulation consists of a
multichannel, fast-switching peristaltic perfusion system (pump #1) (a) connected to the uterine artery on the
maternal side of the placenta. The artificial fetal circulation consists of a single-channel peristaltic perfusion
system (pump #2) connected to the umbilical artery (b) and a multichannel negative-pressure peristaltic
collection system (pump #3) connected to the umbilical vein (c) on the fetal side of the placenta. SSRI,
selective serotonin reuptake inhibitor, HPLC-FLD high pressure liquid chromatography coupled with fluores-
cence detection
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7. L-glutamine (Alfa Aesar, Cat. No. A14201).

8. Fast green dye (Haleco, Cat. No. 19143).

9. Phosphoric acid (EMD Millipore, Cat. No. 4809391000).

10. Citalopram hydrobromide (Tocris, Cat. No. 1427).

11. Desmethylcitalopram hydrobromide (Sigma-Aldrich, Cat. No.
D-047).

12. Fluoxetine hydrochloride (Sigma-Aldrich, Cat. No. F132).

13. Norfluoxetine hydrochloride (Sigma-Aldrich, Cat. No. F133).

14. Paroxetine hydrochloride (Sigma-Aldrich, Cat. No. 1500218).

15. Antipyrine (Sigma-Aldrich, Cat. No. 10790).

16. Potassium phosphate monobasic (Sigma-Aldrich, Cat. No.
P0662).

17. Acetonitrile, HPLCGrade (EMDMillipore, Cat. No. AX0145).

18. Perchloric acid (EMD Millipore, Cat. No. 1005171000).

2.1.2 Equipment 1. SpeedVac Concentrator (Thermo-Savant SPD1010, Thermo
Fisher Scientific, Massachusetts, USA).

2. High Pressure Liquid Chromatography System (Eicom 700,
Eicom Corporation, Kyoto, Japan).

3. Fluorescence Detector (Shimadzu RF-20A-XS, Shimadzu,
Kyoto, Japan).

2.2 In Vivo Studies of

SSRI Transfer to the

Fetal Compartment

SSRIs given during pregnancy may reach the fetal brain and alter
various critical phases of fetal brain development. Direct drug
action on the fetal brain requires that SSRIs cross the maternal–fetal
placental barrier. In this context, the effect of SSRIs on brain
development largely depends on the transfer of SSRIs to the fetal
compartment. In vivo maternal–fetal transfer measures following
timed drug exposures are useful to measure detailed profiles of
maternal metabolism and the disposition of the drug of interest
and its metabolites to the fetus.

2.2.1 Reagents 1. Physiological saline (BD, Cat. No. 221819).

2. Citalopram hydrobromide (Tocris, Cat. No. 1427).

3. Desmethylcitalopram hydrobromide (Sigma-Aldrich, Cat. No.
D-047).

4. Fluoxetine hydrochloride (Sigma-Aldrich, Cat. No. F132).

5. Norfluoxetine hydrochloride (Sigma-Aldrich, Cat. No. F133).

6. Paroxetine hydrochloride (Sigma-Aldrich, Cat. No. 1500218).

7. Antipyrine (Sigma-Aldrich, Cat. No. 10790).

8. Perchloric acid (EMD Millipore, Cat. No. 1005171000).
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9. Potassium phosphate monobasic (Sigma-Aldrich, Cat. No.
P0662).

10. Acetonitrile, HPLC Grade (EMD Millipore, Cat. No.
AX0145).

2.2.2 Equipment 1. High Pressure Liquid Chromatography System (Eicom 700,
Eicom Corporation, Kyoto, Japan).

2. Fluorescence Detector (Shimadzu RF-20A-XS, Shimadzu,
Kyoto, Japan).

3 Methods

3.1 Ex Vivo Perfusion

of the Mouse Placenta

for Bidirectional Drug

Transport Studies

The placenta perfusion setup, method, and procedure should be
followed according to previous publications [70, 71]. This section
focuses on the media preparation customized for the simulated
maternal and fetal blood supplies for transfer studies, in addition
to instructions for perfusion sample preparation and analysis using
High Pressure Liquid Chromatography coupled with Fluorescence
Detection (HPLC-FLD).

3.1.1 Perfusion Solutions

Maternal Solution

1. M199 Medium without phenol red.

2. Bovine serum albumin (2.9 g/dL).

3. Heparin (20 IU USP/mL).

4. Dextran40 (7.5 g/L).

5. Glucose (1 g/L).

6. Sodium bicarbonate (2.2 g/L).

7. L-glutamine (100 mg/L).

8. Fast-green dye (0.001 %).

9. pH 7.3 with 1 M phosphoric acid.

Fetal Solution 1. M199 Medium without phenol red.

2. Bovine serum albumin (2.9 g/dL).

3. Heparin (20 IU USP/mL).

4. Dextran40 (30 g/L).

5. Glucose (0.5 g/L).

6. Sodium bicarbonate (2.2 g/L).

7. L-glutamine (100 mg/L).

8. Fast-green dye (0.001 %).

9. pH 7.3 with 1 M phosphoric acid.

Pharmacological substances of interest may be added to either
maternal or fetal solutions above according to the directional
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transfer study of interest. Unlike in vivo studies which would have
to rely on the use of radioactively labeled molecules, this technique
and detection method allow the versatility for maternal–fetal or
fetal–maternal transplacental transfer of native (unlabeled) com-
pounds. Antipyrine (1 μg/mL), a freely diffusible substance across
the placental barrier, should also be included as a measure of
perfusion efficiency and as an internal positive control [72, 73].

3.1.2 Perfusion Sample

Preparation and Analysis

Once perfusion samples have been collected at the desired intervals,
these can be stored at �80 �C until time of analysis. Investigators
should be aware of drug degradation resulting from freeze–thaw
cycles and length of storage (which should be measured indepen-
dently). This section outlines sample preparation procedure and
HPLC-FLD chromatographic conditions.

Sample Preparation 1. Thaw perfusion sample on ice.

2. Measure sample volume and add acetonitrile (1:1 v/v) to
deproteinate the sample.

3. Vortex sample and incubate at room temperature for 10-min.

4. Separate the precipitated proteins by centrifugation at 5000-
rpm for 10-min.

5. Collect and measure the supernatant volume.

6. Evaporate sample in SpeedVac concentrator at room-
temperature. Evaporation time will vary depending on sample
starting volume.

7. Using a 0.2 M perchloric acid with 100 μM EDTA-2Na solu-
tion, resuspend evaporated sample in half of the supernatant
volume (Step 5) following acetonitrile extraction (this corre-
sponds to the original sample volume).

8. Analyze sample by HPLC-FLD.

9. Standard calibration curves can be made using stock com-
pounds appropriately diluted in a solution composed of
0.2 M perchloric acid with 100 μM EDTA-2Na.

HPLC-FLD

Chromatographic

Conditions

HPLC-FLD analysis can be performed using an Eicom 700 system
coupled to a Shimatzu RF-20AX fluorescence detector. An Eicom-
pak SC-30DS C18 reversed-phase column packed with 3-μm silica
particles (3.0 � 100 mm I.D.) is used as the analytical column. A
10 μL aliquot of extracted sample is injected onto the column and
eluted with a mobile phase of 10 mMKH2PO4–acetonitrile (3:1 v/
v) (pH ¼ 4.0 with 1 M phosphoric acid), at a flow rate of 500 μL/
min. Using the same system, other analytic conditions can be
customized for each SSRI, each molecule having a specific chro-
matographic profile (Fig. 3).
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Determination of Antipyrine The perfusion samples can be assessed for antipyrine concentration
with the use of a spectrophotometer. Since the perfusion samples
consist of a modified cell culture medium, several endogenous
molecular species may generate interfering, background measures.
Therefore, to quantify maternal–fetal transfer of antipyrine, fetal
solution without antipyrine must be extracted and prepared as
above in the “Sample Preparation” section. This solution should
be used as a blank and to prepare the calibration standard dilutions
from stock antipyrine. The spectrophotometer detection wave-
length should be set at 240 nm. This method provides a quick,
reliable assay of antipyrine quantification with a limit of detection of
~10 ng/mL. If needed, higher sensitivity can be achieved with an
HPLC system coupled to ultraviolet (UV) detection [74].

Fig. 3 Chromatographic conditions for the detection of SSRIs. Different drugs in the SSRI class can be detected
by making minor modifications to the detection wavelengths of the HPLC-FLD system and the acetonitrile
composition of the mobile phase. Each compound will have a specific chromatographic signature varying in
retention time and sensitivity. The technique allows for highly sensitive assays that grant investigators great
versatility for quantifying different species of interest. SSRI selective serotonin reuptake inhibitor, NFLX
norfluoxetine, FLX fluoxetine, PRX paroxetine, CIT citalopram, DCIT desmethylcitalopram
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3.2 In Vivo Studies of

SSRI Transfer to the

Fetal Compartment

3.2.1 Treatment

Working with a timed-pregnant dam at a developmental time of
interest, administer drug of interest at a dosage shown to provide
efficacious therapeutic effects in mice. For the SSRI Citalopram,
our lab performs intraperitoneal (i.p.) injections with 20 mg/kg of
body weight resuspended and filter-sterilized in a physiological
saline volume of 0.01 mL/g of drug [75, 76]

3.2.2 Dissection Following a timed exposure to the drug, pregnant dams are
anesthetized with a lethal dose of isofluorane. Before performing
a cervical dislocation and caesarean section, the dam is assessed for
loss of corneal reflex and lack of responsiveness to toe pinch. A
midline incision is then made through the skin over the abdomen
using sterile scissors. Using a second pair of sterile scissors and
forceps, the underlying muscle layer is cut, exposing the uterine
horns, which are then carefully removed and placed in a sterile petri
dish with cold Phosphate Buffer Saline (PBS). As a secondary
measure to ensure euthanasia, the diaphragm of the dam is severed
following removal of the uterus. A cardiac puncture is performed
with a 25 G syringe needle to collect a maternal blood sample for
drug metabolism analysis (usually ~1 mL per dam). Using new
sterile instruments and under a dissection microscope, the fetuses
are removed from the uterine horns, placentas isolated and flash
frozen in liquid nitrogen prior to storage at �80 �C. The embryos
are then decapitated and the fetal blood collected through the
exposed carotid and jugular vasculature using a pipette; the blood
from at least ten embryos per dam is collected and pooled into a tube
on ice. The brains can then be dissected and flash-frozen before
storing at �80 �C. Both the maternal and the fetal blood should be
left on ice for 30-min prior to centrifuging at 2000 � g for 10-min at
4 �C. The sera (supernatant) is then collected and stored at �80 �C.

3.2.3 Sample

Preparation

1. Prepare extraction buffer, composed of 0.2 M perchloric acid,
100 μM EDTA-2Na and 100 ng/mL isoproterenol, to use as
an internal standard.

2. Add 0.5 mL of ice-cold extraction buffer per 100 mg of tissue.
For fetal blood serum, add equal amounts of sample and
extraction buffer (1:1 v/v). Maternal blood serum requires a
higher dilution with extraction buffer (1:3 v/v).

3. Tissue should be homogenized or sonicated until it is fully
suspended in a homogeneous solution. Time and sonication
power will vary depending on the age and tissue type, but
consistency across similar samples must be maintained.

4. Denature the protein by keeping the homogenate in an ice bath
for 30 min

5. Spin at 20,000 � g for 15-min at 4 �C.

6. Remove and measure the supernatant volume, analyze by
HPLC-FLD using the chromatographic conditions outlined
in Sect. 3.1.2 above.
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7. Standard curves can be made using stock compounds appro-
priately diluted in the extraction buffer solution (Step 1).

8. Quantify drug measures, adjust for sample dilutions and inter-
nal standard.

9. Measure protein concentration in each sample using a bovine
serum albumin (BSA) assay to normalize drug measures to
protein content.

4 Notes and Expected Results

4.1 Ex Vivo Perfusion

of the Mouse Placenta

for Bidirectional Drug

Transport Studies

Analysis of perfusion samples can be used to study the pharmacoki-
netic profile of bidirectional transfer of drugs across the placenta.
Following HPLC-FLD analysis, the transplacental transfer percent-
age (TPT) of each drug and associated metabolite is calculated using
the following equation: TPT ¼ C f � S f � 100ð Þ= Cm � Smð Þ;
where Cf is the concentration in fetal venous outflow, Sf is the fetal
flow rate (3–5 μL/min—depending on age [70]), Cm is the SSRI
concentration in maternal arterial inflow, and Sm is the maternal flow
rate (16–20 μL/min). The transplacental transfer index (TI) (i.e., the
ratio of transfer between SSRI and antipyrine—used as internal
standard) is calculated by dividing the TPT(SSRI) by the TPT(antipyrine).

Based on preliminary data obtained with the SSRI CIT ex vivo
(Fig. 4), we observe differential transfer between the parent drug
and its metabolite throughout the perfusion at E18. Ex vivo
maternal–fetal TPT measures can then be correlated to short-
term in vivo measures of fetal blood and brain tissue drug concen-
trations (see below) for the estimation of drug metabolism and
disposition to the fetal compartment.

Fig. 4 Transplacental transfer of CIT and DCIT. An E18 CD-1 mouse placenta was perfused with 1500 ng/mL of
CIT and 500 ng/mL of DCIT through the maternal input side (uterine artery) for 120 min. The fetal perfusion
outputs were collected through the umbilical vein and analyzed for quantification of CIT and DCIT. Transpla-
cental transfer (TPT) ratios were measured every 10 min for 120 min after a 30 min stabilization period (lower
traces). Upper traces: steady input of CIT and DCIT measured simultaneously through the output side of the
uterine artery; n ¼ 2 independent perfusions. CIT citalopram, DCIT desmethylcitalopram
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4.2 In Vivo Studies of

SSRI Transfer to the

Fetal Compartment

Measures of in vivo maternal–fetal transfer from our lab show that
maternal CIT and its metabolite DCIT reach the fetal blood stream
and fetal brain within 15-min following i.p. injection of 20 mg/kg
CIT at E18 (Fig. 5). This technique can be applied to obtain a
comprehensive pharmacokinetic profile of maternal metabolism
and transfer to the fetus across several time points. Furthermore,
it can be used to assess gestational differences in terms of drug
disposition to the fetal compartment.

While the determination of SSRI concentrations in the fetal
blood and brain is an indication of in vivo exposures, the question
of the biological impact that different exposure paradigms and
maternal treatment regimens have on fetal development still
remains. Examination of the fetal brain architecture is one way to
determine how SSRIs and maternal stress affect the development of
the serotonergic system and TCA formation. Immunohistochemi-
cal (IHC) imaging studies (Fig. 6) and quantification of immuno-
fluorescence distribution allow high-resolution visualization and
accurate identification of 5-HT neurons (5-HT+) and axons and
TCAs (netrin-G1a+) throughout the rostro-caudal extent of the
fetal brain [32]. These measures can be done in 20 μm-thick

Fig. 5 In vivo maternal–fetal transfer of CIT and DCIT. A CD-1 timed-pregnant mouse was injected i.p. with
20 mg/kg of Citalopram (CIT). After 15-min, maternal and fetal blood serum along with placental and fetal
brain tissue was harvested. These samples were prepared for HPLC-FLD analysis for quantification of CIT and
its metabolite desmethylcitalopram (DCIT). i.p. intraperitoneal, HPLC-FLD high pressure liquid chromatography
coupled with fluorescence detection
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coronal and sagittal sections encompassing the whole fetal brain, as
previously described [29, 32, 77]. Specific regions of interest can be
delimited for quantification: relevant structures include (1) from
the medial cortex to the claustrum (for netrin-G1a+ TCAs), and (2)
from the hypothalamus midline to the internal capsule, including
the medial forebrain bundle (for 5-HT+ axons) (Fig. 6).

5 A Concluding Perspective on the Effects of Prenatal Exposures on Fetal Brain
Development

Transient disruptions of essential signaling events during critical
developmental periods may have lasting effects that are expressed
throughout life. The ubiquitous role of 5-HT signaling in brain
development and adult brain function befits that early perturba-
tions of the serotonergic system are increasingly implicated in the
etiology of several neuropsychiatric conditions. In particular, devel-
opmental perturbations of serotonergic signaling by in utero expo-
sure to maternal depression and SSRIs may affect the formation of
functional somatosensory circuits such as thalamocortical axon
pathways. The techniques described in this chapter were designed
to provide direct functional correlation between in utero exposure
to therapeutic drugs such as SSRIs and developmental perturba-
tions resulting in abnormal formation of serotonergic/thalamocor-
tical axon pathways that may ultimately have far-reaching functional
consequences throughout life.

Fig. 6 Immunohistochemistry of the fetal brain. Antibody staining for 5-HT (red) and Netrin-G1a expressing
thalamocortical axons (TCA; green) of CD-1 fetal mouse brain at E18. After dissection, brains were fixed
overnight and dehydrated through sucrose gradients prior to embedding. The fetal brain was then sliced in 20-
μm sections and stained. Netrin-G1a signal has been amplified with a Tyramide Signal Amplification (TSA) kit.
In the rostral forebrain, 5-HT-positive axons can be visualized in the medial forebrain bundle (MFB). The path
of thalamocortical axons from the thalamus (Th), through the internal capsule (IC) to the cortex (Ctx) is clearly
visible. Relative immunofluorescence distribution analysis can be used to quantify the effects of drug
treatment on 5-HT and TCA axonal pathway formation
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Chapter 13

Studies on the Effects Prenatal Immune Activation
on Postnatal Behavior: Models of Developmental Origins
of Schizophrenia

Udani Ratnayake and Rachel Anne Hill

Abstract

Human epidemiological studies have indicated an association between infection during pregnancy and an
increased risk of neurodevelopmental disorders such as schizophrenia in offspring. As infections arising
from various causes have a similar debilitating effect in later life, it is thought that the maternal response,
common to most infections, may be the critical factor altering fetal brain development. In this chapter,
we discuss various animal models of prenatal exposure to an infection, that have aimed to cause neuro-
biological, pharmacological and behavioral abnormalities in offspring comparable to those seen in
schizophrenic patients. We propose that one such model, the prenatal treatment with the viral mimetic,
polyriboinosinic-polyribocytidylic acid (Poly I:C) successfully demonstrates critical features of the
human disorder. Therefore, this model is ideal to further investigate the neurodevelopmental basis of
schizophrenia and, importantly, may provide a useful tool for testing treatment strategies.

Key words Prenatal immune activation, Poly I:C, Behavior, Schizophrenia, Symptoms, Animal model

1 Background

Schizophrenia is a debilitating disease that affects 1 % of the popu-
lation worldwide [1]. Although it is known that genetic and envi-
ronmental factors can predispose an individual to this disease, the
exact etiology of schizophrenia remains unknown, as these factors
alone cannot account for its prevalence [1, 2]. It has been suggested
that schizophrenia is a neurodevelopmental disorder, with aberra-
tions in fetal life thought to increase the susceptibility of individuals
to the disorder [3, 4]. Considerable epidemiological evidence sup-
ports this hypothesis. For example, researchers investigating the
long term impact of exposure to the 1964 rubella epidemic, using
serological testing and clinical examination, have shown an associa-
tion between prenatal infectious exposure and the development of
mental retardation in postnatal life [5, 6]. Also, a significant num-
ber of epidemiological studies that focused on the ‘1968 Hong
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Kong’ influenza epidemic, showed an association between expo-
sure during fetal development and an increased risk of developing
mental illness in later life, specifically schizophrenia [7–12], with
second trimester exposure being of particular significance [7, 10,
13]. Prenatal exposure to other infections, such as herpes simplex
virus type 2 [14], toxoplasmosis [15, 16], poliovirus [17, 18],
measles [18], varicella-zoster [18] and maternal genital and repro-
ductive infections [19], have also been linked with the development
of neuropsychiatric disorders in postnatal life. As varying infections
during pregnancy can lead to similar outcomes, it has been sug-
gested that factors common to the immune system, and induced by
any pathogen, viral or bacterial, may be affecting fetal brain devel-
opment. Specifically, research has suggested maternal induction or
a change in the balance of pro- and anti-inflammatory cytokines
may be a key mechanism involved in altering the normal course of
fetal brain development [20].

2 Animal Models of the Prenatal Immune Activation Hypothesis of Schizophrenia

Due to the debilitating nature of schizophrenia, the relatively high
incidence worldwide, and public health burden on society, it is
important to understand the mechanisms and factors involved in
the etiology of this disease in order to develop interventions or
treatments. Schizophrenia is characterized by a spectrum of symp-
toms including positive symptoms such as hallucinations and delu-
sions and negative symptoms such as social withdrawal.
Schizophrenia is also associated with severe cognitive deficits, spe-
cifically working memory, executive function, and verbal memory.
Although no animal model of a complex human disorder is ever
likely to replicate the deficits in all aspects of structure and function
observed in patients with a neuropsychiatric illness, animal models
that demonstrate individual mental illness-like behavioral symp-
toms and neuropathology can be nonetheless useful for under-
standing the etiology of the disease and testing treatments. As
such, studies have attempted to demonstrate the association
between exposure to a prenatal infection and the development of
schizophrenia in later life by investigating long-term behavioral
outcomes, and neuro-molecular and morphological changes in
rodents infected either with live viruses, or a viral-mimetic agent.

2.1 Human Influenza

Virus

As exposure to influenza epidemics during prenatal life have been
identified as a risk factor for the development of schizophrenia in
later life [7–11], animal studies have attempted to demonstrate this
association. It is possible to argue this model is epidemiologically
relevant; however, the use of a live human virus requires stringent
biosafety practices, and therefore makes the establishment and
study of this model difficult. Studies that administered influenza
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to pregnant rodents predominantly focused on the impact of
maternal human influenza virus on the brain of offspring, finding
morphological alterations in neuronal and glial cell types [21–23],
similar to changes found in the brains of schizophrenic patients
[24]. However, a study found that offspring prenatally exposed to
human influenza virus present with behavioral abnormalities that
are similar to those that characterize schizophrenia in human
patients, including hyper-anxiety in novel or stressful situations,
deficiencies in social interaction, and deficits in sensorimotor gat-
ing, which could be attenuated with the treatment of antipsychotics
[25]. It is important to note that the response by the maternal
immune system to influenza-specific pathogens may be critical in
determining the outcomes mentioned above. Studies have shown
that viral RNAs for influenza do not pass the placenta and are not
found in the brain of offspring where the mother had been exposed
to influenza [26, 27]. In a nonhuman primate study, which used
magnetic resonance imaging to show a reduction in cortical grey
matter, authors concluded that direct exposure of the fetus to
influenza virus does not occur as immunoglobulin M, an antibody
associated with an initial exposure to a pathogen, were not present
in these brains. These studies support the idea that it is not the virus
that directly infects the fetal brain, but a substance released in either
the maternal or placental compartments that enters the fetal com-
partment and alters fetal brain development.

2.2 Bacterial

Endotoxin, LPS

To evoke a bacteria-induced immune response without having to
use live bacteria, administration of lipopolysaccharide (LPS) has
been commonly used in pregnant rodents. Recognition of LPS by
the innate immune receptors toll-like receptor (TLR)-2 and TLR-4
elicits a strong inflammatory response including the production of
cytokines in maternal serum, amniotic fluid and the fetal brain
[28–31]. As previously mentioned, TLRs are a family of innate
pathogen recognition receptors, recognizing the structures present
on microbial pathogens and inducing antimicrobial immune
responses [32]. The activation of these receptors by LPS in a
pregnant rodent has been shown to alter the production of cyto-
kines, including IL-1β, IL-6, and TNF-α in maternal serum, amni-
otic fluid and the fetal brain [28–31]. Similar to influenza, LPS was
only detected in maternal tissue and the placenta, but not the fetus,
and therefore, authors concluded that the actions of LPS on the
developing fetal brain were not the direct actions of LPS, but
indirect actions that were initiated at the level of maternal circula-
tion or mediated by the placenta [31].

Studies that investigated the behavioral outcome of offspring
prenatally exposed to LPS identified deficits in auditory and visual
prepulse inhibition (PPI) [33, 34], and learning and memory def-
icits [28, 35, 36], which are abnormalities also seen in
schizophrenic patients. PPI deficits in offspring prenatally exposed
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to LPS were found to be less when the offspring were treated with
antipsychotics, thus providing predictive validity for this model
[33, 34]. Neurological abnormalities associated with schizophrenia
have been identified in the brains of adult offspring prenatally
exposed to LPS, including glial activation [34, 35], and alterations
in dopaminergic function [33, 34, 37, 38]. It is important to note
that many of these studies involved chronic administration of LPS
during gestation [33–37], with up to 20 daily injections [33]. In
addition, there is a high rate of preterm delivery with the use of LPS
during pregnancy [30], and therefore, this model may not appro-
priately replicate outcomes that follow a clinically manageable
infection in pregnant women.

2.3 Exogenous

Cytokines

As cytokines are thought to play a critical role in the development of
schizophrenia, studies have determined postnatal behavioral and
neurological dysfunctions in offspring following the administration
of the cytokine interleukin(IL)-6 to pregnant rodents. Offspring
prenatally exposed to exogenous IL-6 demonstrate deficits in
learning and memory, PPI and latent inhibition (LI), and altered
exploratory behavior in an open field [39–41]. Although these
studies are worthwhile in identifying key mediators, they do not
model the full spectrum of the human paradigm, such as activating
receptors of the innate immune system, and therefore may not be
the ideal models to investigate the developmental origins of human
disorders.

2.4 Viral Mimetic,

Poly I:C

Perhaps the most commonly used and well established model of
prenatal immune activation involves the administration of
Polyinosinic:polycytidylic acid (Poly I:C) to pregnant rodents.

Poly I:C, a synthetic analogue of double stranded RNA, is
referred to as a viral-mimetic as most viruses produce double
stranded RNA during their replication phase [42]. Poly I:C is
recognized by the mammalian innate immune receptor TLR-3
[43]. The activation of the TLR-3 induces an acute, time-limited
cytokine response in the maternal host a critical link between
maternal infection and the disruption of fetal brain development.
Furthermore, studies have shown clear dose-dependent alterations
in cytokine levels due to Poly I:C administration [44, 45], in-
dicating that it is possible to control the level of activation of
the maternal immune system. In adult animals, Poly I:C has been
shown to cause an increase in inflammatory cytokines and
plasma corticosterone, induce sickness behaviors including a
febrile response, decrease in body weight, and reduced appetite
[42, 45, 46].

Poly I:C administration during pregnancy is a highly appropri-
ate model to investigate the impact of immunological mediators,
specifically inflammatory cytokines, as the critical mediator altering
fetal brain development and leading to neuropsychiatric disorders
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in later life. Numerous studies have shown increases in maternal
serum cytokines, including IL-1β, IL-6, IL-10 and TNF-α, by 6 h
after Poly I:C administration in pregnant animals [44, 47–50].
Studies have also shown alterations in protein levels of the same
inflammatory cytokines and others in the fetal brain within 12 h
after Poly I:C administration of the pregnant rodent [44, 47–49,
51]. In a study which found increased protein levels of cytokines in
the fetal brain, gene expression of some cytokines (IL-1β, IL-6, IL-
10 and TNF-α) were increased at 6 h after Poly I:C exposure [49],
showing that these cytokines are transcribed rapidly after Poly I:C
exposure. In pregnant animals, a single dose of Poly I:C (5 mg/kg)
is able to produce a greater severity of sickness behaviors compared
to 3 days of LPS administration [52]. Cytokine levels in maternal
serum and the fetal brain were generally increased in the studies
mentioned, even though the dose of Poly I:C, time of administra-
tion in pregnancy and species used were different between the
separate studies. These differences may account for the different
times and duration of cytokine increase between studies, and sug-
gests that small changes in experimental design will have significant
effects on cytokine expression in the fetus compared to the mother,
and possibly, explain the resulting phenotype of the offspring due
to these factors.

The use of Poly I:C has the advantage that it is able to elicit a
nonspecific immune response, without the production of specific
antibodies that arise with the use of alternative virulent pathogens
such as the influenza virus, and it leads to more consistent responses
and outcomes compared to the volatile actions of infectious agents
and the unpredictable response to pathogens by different species
[51]. Although this can also be considered to be a disadvantage as
prenatal Poly I:C administration does not mimic the full spectrum
of a viral infection. However, as the effects of Poly I:C are time-
limited, lasting approximately 48 h [53], it allows the effects of
prenatal immune activation to be studied at specific stages of fetal
development, and therefore, it is a valuable tool for investigating
neurodevelopmental disorders.

Neuroanatomical, neurochemical, and morphological disrup-
tions that have been previously implicated in the neuropathology of
schizophrenia have also been found to be altered in various brain
regions of offspring prenatally exposed to Poly I:C. Briefly, changes
in neuronal cells, including cell death, cell loss, and altered neuro-
genesis, and glial cells, such as abnormalities in microglial and
astrocyte activation, have been found in the hippocampus, cortex,
and cerebellum of offspring prenatally exposed to Poly I:C [23, 35,
49, 54–59]. Altered development of neurotransmitter systems,
including dopamine (DA) levels [60–63], glutamate and gamma-
aminobutyric acid (GABA) [64, 65], have been found in offspring
prenatally exposed to Poly I:C. Finally, MRI studies have also
shown ventricular enlargement relevant to schizophrenia in adult
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mice and rats born to mothers treated with Poly I:C [66, 67]. In
addition to similarities in neuropathology to schizophrenia, prena-
tal Poly I:C studies have also found schizophrenia-like behavioral
and cognitive abnormalities in the offspring including changes of
sensorimotor gating, latent inhibition, anxiety, memory, and
learning, as detailed in the following section.

3 Modeling Symptoms of Schizophrenia in Offspring Prenatally Exposed to Poly I:C

Compared to other infectious agents, prenatal Poly I:C administra-
tion is able to produce a greater spectrum of schizophrenia-like
behaviors in offspring, as shown in Table 1. Similar to other animal
models of schizophrenia, studies characterizing the behavioral out-
come of offspring prenatally exposed to Poly I:C have attempted to
identify cognitive and behavioral endophenotypes of relevance to
schizophrenia, in the hope to investigate the underlying mechan-
isms involved. The aim of this chapter is to evaluate behavioral tests
of psychosis and cognition that can be used to assess specific symp-
toms of the human condition, with a focus on paradigms previously
used in prenatal immune activation models of schizophrenia.

3.1 Social Behaviors Abnormal social interaction and social withdrawal is one of the
most important negative symptoms of schizophrenia, but also
involves cognitive domains [68]. Offspring born to mothers trea-
ted with Poly I:C display abnormal levels of interaction with a
stranger mouse, suggesting a dysfunction in social behaviors,
regardless of species or dose [40, 57, 69]. These studies have
utilized the three chamber social interaction paradigm, where the
amount of time a subject mouse interacts with an enclosed age and
sex matched stranger mouse is compared to an empty enclosure, as
shown in Fig. 1. Although an important feature of the disease,
surprisingly few studies have fully examined this symptom in
rodent, prenatal immune activation models of schizophrenia.
Unlike rodents, a longer term study in rhesus monkeys found
juvenile offspring born to mothers administered with a modified
form of Poly I:C show an increase in their interactions with unfa-
miliar peers [70]. The authors of this study emphasize that exces-
sive social approach is in fact a non-stereotypical behavior of
nonhuman primates and a deviation from normal social protocol,
which is to approach after considerable evaluation at distance and
with caution. Therefore, the authors conclude that the nonhuman
primate prenatal Poly I:C model is comparable to rodent models, as
offspring display a deviation from normal social behavior. Although
a recent study showed that differences in social behavior in the
three chamber interaction test can be found between strains of
mice that were prenatally exposed to Poly I:C [71], other social
behaviors that could also be investigated in rodents, including
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home cage social interaction, nesting, and aggressive behaviors,
may provide a more consistent behavioral endophenotype in pre-
natal Poly I:C exposed offspring.

3.2 Memory and

Learning

Seven cognitive domains have been identified to be impaired in
schizophrenia including: verbal learning and memory, visual
learning and memory, working memory, attention and vigilance,
processing speed, reasoning and problem solving, and social cogni-
tion [72]. Although offspring of Poly I:C treated dams show a
normal ability to learn a spatial context [53, 73], they have been
consistently found to have deficits in reversal learning as assessed in
the Morris water maze [44, 49, 65, 73, 74], suggesting difficulties
in adapting to a change in a previously learned context and thus
executive dysfunction. A recent study found reversal learning is
altered in male but not female rats prenatally exposed to Poly I:C
[75], which supports consistent findings of sex differences in
human studies with men showing a more severe course of illness,
particularly with respect to cognitive impairments [76]. Abnorm-
alities in non-spatial memory, assessed in the novel object recogni-
tion test or alternatives of this test, have been found in offspring
prenatally exposed to Poly I:C [58, 69, 73, 77, 78]. Also a far
greater number of studies showed this memory deficit, than studies
which found no differences between groups [79].

3.3 Latent Inhibition Attentional deficits commonly found in schizophrenic patients can
be measured with the latent inhibition test (LI) in both humans and
animals. The LI test is an assessment of an organism’s ability to
ignore irrelevant stimulation, and is commonly used in animal and
human studies of mental illness. LI refers to a poorer performance
on a stimulus associated task, when that stimulus has been

Fig. 1 Social behaviors assessed in the three chamber social interaction test. The three chamber social
interaction test assesses the subject mouse’s interaction with an enclosed, age and sex matched stranger
mouse (a). Control (saline) spiny mice spend significantly greater time exploring the social enclosure
containing the stranger mouse compared to the empty enclosure; however, this is not found in male offspring
prenatally exposed to Poly I:C (b), suggesting an abnormality in social behavior. *p < 0.05 compared to
stranger chamber (Adapted from [69])
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previously conditioned [80]. A disruption in LI is generally consid-
ered as a positive symptom of schizophrenia; however, abnormally
persistent LI is thought to model a negative symptom of the disease
[81]. LI was abnormal in adult mouse and rat offspring following
Poly I:C treatment at early-mid and late gestation respectively [44,
53]. Zuckerman and Weiner [82] showed that a delay occurs in the
development of LI, with deficits not appearing until adulthood, an
important feature of schizophrenia. In addition, these abnormal-
ities were lessened when adult offspring were treated with antipsy-
chotic drugs. However, Meyer, Feldon [48] found that LI deficits
were only present in adult offspring that were prenatally exposed to
a single infection of Poly I:C between 6 and 13 days of gestation,
but not day 17, suggesting that the stage of brain development is
critical in determining the vulnerability of the fetus to injury caused
by maternal immune activation.

3.4 Enhanced

Locomotor

Hyperlocomotor

Activity

Drug-induced hyperlocomotion via administration of psychomi-
metics such as amphetamine and dizocilpine are commonly viewed
as animal models of psychosis and have been previously investigated
to determine if the dopaminergic and N-methyl-D-aspartate
(NMDA) systems have been altered by the Poly I:C treatments. It
is known that an abnormal modulation of dopamine and glutamate
neurotransmitter systems has a role in the psychotic symptoms of
schizophrenia. For example, increased dopaminergic release has
been found to correlate with the severity of psychosis in
schizophrenic patients. In addition, the administration of amphet-
amine, a dopamine agonist, is able to induce psychotic episodes in
healthy subjects, similar to those seen in schizophrenic patients [83,
84]. Therefore, an enhancement in amphetamine induced hyperlo-
comotor activity can be used as a measure of psychosis [85], as
shown by a prototypical example in Fig. 2a. Offspring from Poly I:
C treated dams have an enhanced sensitivity to dopamine releasing
drugs, displayed by their increased locomotor activity following
amphetamine treatment to control treated littermates. These stud-
ies suggest that the development of the dopaminergic system is
altered by this viral-mimetic treatment during pregnancy [44, 65].
This enhanced sensitivity to amphetamine treatment was found in
juvenile and adult offspring prenatally exposed to Poly I:C. Rat and
mice offspring prenatally exposed to Poly I:C also display increased
sensitivity to the effects of the NMDA-receptor antagonist, dizo-
cilpine, as these offspring show enhanced locomotor response to
the drug [53, 62, 65].

3.5 Prepulse

Inhibition

Another test commonly used in animal and human studies of
mental illness is the prepulse inhibition (PPI) test, an assessment of
sensorimotor gating, which is commonly impaired in schizophrenic
patients. Prenatal Poly I:C rodent studies have consistently found
deficits in PPI, despite the usual differences in dose, timing and
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species. Many studies which administered Poly I:C at early-mid
gestation, in varying doses, found PPI impairments in adult off-
spring [44, 86]. In addition, similar studies found that the timing
of Poly I:C administration is essential, as adult offspring exposed to
an early-mid gestation but not a mid-late gestation insult presented
with PPI deficits [65, 66]. However, in other studies where Poly I:
C was administered in late gestation in conventional rodents, not
only were PPI deficits present in adulthood, but in juvenile off-
spring as well [78, 87]. Unfortunately, the former studies, which
showed an early-mid gestation infection resulted in more severe
outcomes in terms of PPI, did not assess the behavior of the
offspring at an early postnatal age, and therefore, it is difficult to
make comparisons between these studies. PPI deficits have also
been found in juvenile spiny mice, that are born at a more advanced
stage of brain development compared to conventional rodents, and
that have been prenatally exposed to Poly I:C at mid gestation,
shown in Fig. 2b. Although full expression of schizophrenia symp-
toms generally appears clinically in early adulthood, the emergence
of these deficits in adolescence may present as the prodromal signs
of the disease. It is of interest that treatment with a dopamine
receptor antagonist such as SCH23390 and raclopride [61], or
with the NF-κB inhibitor pyrrolidine dithiocarbamate [50], are
able to normalize PPI deficits in adult offspring after the prenatal
Poly I:C treatment, suggesting possible pathways of injury.

3.6 Two-Hit

Hypothesis

It is thought that the full development of schizophrenia disease is
caused by the combination of a subsequent life event following an
early genetic or environmental event, i.e., the ‘two hit’ hypothesis.
After the “first hit” susceptible individuals may present with pro-
dromal signs and symptoms of schizophrenia, but will only develop

Fig. 2 Locomotor hyperactivity and prepulse inhibition (PPI) as paradigms of psychosis. A prototypical example
of hyperactivity induced by amphetamine (AMPH) treatment, that is greater than the normal drug induced
response (control), is suggested to model the positive symptoms of schizophrenia (A). A reduction in normal
PPI, an endophenotype of schizophrenia, has been found in juvenile spiny mice offspring (male and female
combined) prenatally exposed to Poly I:C. *p < 0.05 compared to Saline (B) (Adapted from [69])
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full expression of schizophrenia symptoms with a “second hit” in
later life, such as a social stressor, inflammatory insult or drug
abuse. As prodromal-like behavioral deficits have been identified
in juvenile offspring prenatally exposed to Poly I:C, this lead
researchers to believe that these offspring will present with exacer-
bated expression of schizophrenia symptoms in adulthood if
exposed to a subsequent insult.

A spectrum of schizophrenia-like behavioral abnormalities,
including deficits in prepulse inhibition and drug induced hyperlo-
comotor activity, as well as alterations in neurotransmitter levels
and glial cell expression in the hippocampus, were found in adult
offspring only if animals were exposed to both prenatal Poly I:C
and to repeated and unpredictable adolescent stressors [59].
A study which administered restraint stress for 3 consecutive days,
found prepulse inhibition deficits and neurotransmitter alterations
in the prefrontal cortex and striatum, only in prenatal Poly I:C
exposed offspring that also received the adolescent stress [88].
Prenatal Poly I:C exposure also increased the vulnerability of the
neonatal brain to an early hypoxic-ischemic insult, as shown by
more severe white matter injury [89].

4 Methodological Considerations for Establishing the Prenatal Poly I:C Model of
Schizophrenia

This section provides methodological details for establishing the
prenatal Poly I:C model of schizophrenia in a rodent model. We
suggest maternal treatment with a final dose of 5 mg/kg for mice
and 4 mg/kg for rats of Poly I:C as these doses have been previ-
ously shown to be effective in producing schizophrenia-like beha-
viors in offspring (Table 1). To prevent batch to batch differences in
potency, an amount of Poly I:C (Sigma-Aldrich) should be ordered
so that a singular batch should be enough to treat all animals for a
single study (at least an extra 10 % is required for unforeseeable
errors or factors). A stock solution should be made at a concentra-
tion of at least ten times higher than the working concentration.
Working solutions should be made for at least 10 % above the
predicted number of animals to be treated. In addition, the work-
ing solution should be made to a final volume (working volume)
that takes into account the maximum weight of a pregnant mouse
or rat at the chosen gestation age of injection plus 10 %. Working
sterile saline solutions should also be made to take into account the
number of animals treated and volume required to inject. All Poly I:
C working solutions and stock solution, as well as the working
saline solutions should be frozen at �20 �C until just prior to use.

An immunological challenge at different times during prenatal
development may have important, varying neurodevelopmental
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consequences. Epidemiological studies investigating various prena-
tal infections found that the risk of developing mental illness dis-
orders can be dependent on the timing of exposure to an infection
[9, 12]. Studies investigating the administration of the viral
mimetic, Poly I:C during gestation have also provided further
evidence that the time of prenatal exposure critically determines
the patterns of behavioral and neurological abnormalities displayed
in the offspring [48, 49, 65]. These studies found alterations in
latent inhibition [48], exploratory activity [49], and sensorimotor
gating [65] in offspring exposed to Poly I:C in early to mid-
gestation. Whereas reversal learning deficits [49] and impairments
in spatial working memory [65] were only demonstrated in mid-
late prenatally exposed offspring. As human epidemiological and
animal studies have highlighted that activation of the maternal
immune system in the second trimester is a critical risk factor for
the emergence of abnormal behaviors in later life, we suggest mid-
gestation as the timing for maternal treatment.

Pregnant animals should be handled and weighed prior to the
treatment day and an inclusion criterion for gestational weight
should be set, to reduce confounding factors. The route of admin-
istration varies between previous studies, with intraperitoneal injec-
tion being the most common. The route of administration selected
should be the least stressful; therefore, this may vary between
species and strains. Maternal treatment should always be conducted
at the same time of the day. After treatment with Poly I:C or saline,
pregnant animals should be returned to their home cage and
allowed to give birth naturally. During this time ensure to monitor
the pregnant animals for sickness behaviors.

Offspring can be left in their home cage until the time of
weaning or cross-fostered to other mothers to reduce the effect of
maternal sickness behaviors. Most studies behaviorally assess off-
spring at adulthood, as schizophrenia symptoms clinically appear in
late adolescence or early adulthood. Moreover behaviors such as
prepulse inhibition are still being established in juvenile animals and
are therefore difficult to accurately measure. However, the assess-
ment of other behaviors in juvenile animals can be useful to assess
the postpubertal emergence or exacerbation of schizophrenia-like
behaviors. Behavioral tests should be ordered from least to most
stressful, and an adequate break should be allowed between behav-
ioral testing days. It is recommended that all animals are habituated
in their home cage in the testing room at least 30 min prior to the
start of each test.

5 Conclusion

Modeling a human condition in an animal undoubtedly has limita-
tions. This is particularly challenging in the case of schizophrenia,
which is characterized by a wide spectrum of symptoms. Models of
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prenatal immune activation have identified behavioral endopheno-
types and molecular anomalies that strongly correlate to symptoms
and pathophysiology of schizophrenia. We propose that Poly IC
treatment during pregnancy is a robust and clinically relevant
model in which to study the basis of symptomology of schizophre-
nia. Furthermore, this model may be ideal for testing therapeutic
treatments and interventions, although for these studies, accurate
and appropriate behavioral characterization of Poly I:C offspring
will be essential.
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Part III

Brain Damage—Causes and Consequences



Chapter 14

Oligodendrocytes: Cells of Origin for White Matter Injury
in the Developing Brain

Mary Tolcos, David H. Rowitch, and Justin Dean

Abstract

A prominent pattern of brain injury in preterm born infants involves damage to white matter with impaired
oligodendrocyte maturation. This results in diffuse deficits in myelination that are associated with later
development of cerebral palsy. While numerous experimental animal models of perinatal white matter injury
have been developed, they show a spectrum of effects. This review proposes that adopting a more standard
approach to defining white matter injury is important for validating experimental findings against the bona
fide human condition. This chapter will describe the pathology of perinatal white matter injury and a
general methodological approach for assessing white matter injury experimentally.

Key words Oligodendrocyte, Perinatal white matter injury, Myelination, Neuropathology,
Astrogliosis, Microgliosis, Preterm, Immunohistochemistry, Histopathology, Methodology

1 Background

The white matter tracts of the brain comprise bundles of axons that
establish connections between different regions. The wrapping of
axons with a myelin sheath (myelination) is a cornerstone of human
neurodevelopment. Myelin acts as an insulator for axons, and
enables the rapid transfer of electrical information required for
normal brain activity including coordinated sensory, cognitive,
and motor functions. In humans, myelination begins in the second
half of gestation, and progresses from deep to superficial regions of
the brain in a caudal-to-rostral gradient [1]. After birth, the process
of myelination progresses rapidly and peaks during the first postna-
tal year, but continues into adolescence and adulthood [2].

In the central nervous system (CNS), myelin is produced by
oligodendrocytes. At least four stages of oligodendrocyte matura-
tion have been described in the human brain: oligodendrocyte
progenitor cells (OPCs), pre-oligodendrocytes (preOLs), imma-
ture oligodendrocytes and mature oligodendrocytes (Fig. 1)
[3–5]. OPCs are highly proliferative, and develop frommultipotent
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stem cells in sequential waves during fetal and early postnatal life
from restricted periventricular zones. OPCs first appear in the
ganglionic eminence around 9 weeks of gestation in humans, and
continue to be produced throughout intrauterine life, after birth
and into adulthood [6–10]. Thus, even where oligodendrocyte
development has been disturbed, an endogenous pool of OPCs
may remain available for therapeutic targeting of repair and remye-
lination. Once OPCs migrate to reach their final destination, they
can terminally differentiate into post-mitotic pre-myelinating oli-
godendrocytes, before finally forming mature oligodendrocytes
capable of producing myelin and initiating axonal myelination.

2 Pathology of Perinatal White Matter Injury

Injury to the cerebral white matter resulting in deficits in myelina-
tion is the major pattern of brain injury observed in survivors of
preterm birth, although white matter injury can also occur in term
born infants, typically in combination with overt grey matter dam-
age [11–14]. The classical pattern of perinatal white matter injury
involves focal regions of macroscopic and microscopic cystic necro-
sis, associated with reactive gliosis [15–20]. The myelination defi-
cits observed in these cystic lesions are related to degeneration of all
cellular elements, including oligodendrocytes and axons [5, 15,
21–24]. However, in more modern cohorts of preterm infants,

Fig. 1 Lineage and stage-specific antigens of oligodendrocytes. During development, oligodendrocytes are
generated by multipotent stem cells in the proliferative zones of the brain and spinal cord. These give rise to
oligodendrocyte progenitor cells that divide and migrate through the parenchyma to reach their final
destination. These progenitor cells terminally differentiate into pre-oligodendrocytes, pre-myelinating oligo-
dendrocytes and then mature myelinating oligodendrocytes that form the myelin sheath of axons
(Figure provided by Dr Anzari Atik). APC, adenomatous polyposis coli; CNP, 20,30-cyclic-nucleotide 30-phos-
phodiesterase; MAG, myelin-associated glycoprotein; MBP, myelin basic protein; MOG, myelin oligodendro-
cyte glycoprotein; NG2, NG2 chondroitin sulfate proteoglycan; Nkx2.2, NK2 homeobox 2; Nkx6.1/2, NK6
homeobox 1 and 2; O1, O1 antigen; O4, O4 antigen; Olig1, oligodendrocyte transcription factor 1; Olig2,
oligodendrocyte transcription factor 2; PDGFRα, platelet-derived growth factor receptor-α; PLP, proteolipid
protein; Sox10, sex-determining region Y-box 10
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imaging studies suggest that the incidence and overall burden of
cystic white matter lesions is very low [25, 26], while a pattern of
less severe but widespread diffuse white matter injury is now preva-
lent [17, 27–29].

Pathologically, diffuse white matter injury is characterized by a
pattern of diffuse myelination failure associated with reactive astro-
cytosis and microgliosis, without major primary axonal injury [17,
22, 30, 31]. While selective death of preOLs was previously consid-
ered the predominant mechanism leading to these diffuse deficits in
white matter myelination [32–34], the major consensus finding in
humans is that oligodendrocytes can become arrested in their
maturation, likely at the O4/O1 transition stage, and thus fail to
differentiate into myelin producing cells [16, 17, 35]. Maturation
arrest of oligodendrocytes has also been reported in several perina-
tal animal models of hypoxia-ischemia [30, 36, 37], chronic hyper-
oxia [38] or hypoxia [39–41], intrauterine growth restriction [42,
43], and infection/inflammation [44–46]. Thus, a role of loss of
oligodendrocytes in this chronic stage of injury is unlikely [17].
Indeed, experimentally, the acute loss of oligodendrocytes in
response to hypoxia-ischemia in neonatal rats [37] and preterm
fetal sheep [30] is recovered by a rapid proliferative response of
the OPC population. Further, the human neonatal brain exhibits
vast numbers of migratory OPCs that can easily repopulate the area
of injury to replace dying oligodendrocytes [47, 48]. Experimental
models of neonatal white matter injury have also shown OPC
proliferation and impaired maturation in the absence of acute oli-
godendrocyte cell death [40, 41, 45, 46]. Overall, these findings
suggest that understanding the mechanisms of arrested oligoden-
drocyte development should be a particular focus for studies exam-
ining the pathogenic basis of neonatal white matter injury and
therapeutic strategies.

3 Assessment of Experimental Perinatal White Matter Injury

As described, perinatal white matter injury is comprised of a spec-
trum of disorders that includes focal cystic micro/macroscopic
necrotic lesions, diffuse non-cystic lesions, axonal injury, astroglio-
sis, microgliosis, oligodendrocyte cell death, oligodendrocyte mat-
uration arrest, and deficits in myelination. Such injury can be
assessed using a variety of techniques including magnetic resonance
imaging (MRI), in particular diffusion tensor imaging (DTI), neu-
ropathological assessment using histochemistry and immunohisto-
chemistry, and electron microscopy, as well as molecular techniques
(qPCR and in situ hybridization) to examine mechanistic injury
pathways. The advantages and disadvantages of these common
techniques are listed in Table 1. Below we provide an outline of
neuropathological procedures that should be considered for
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complete assessment of experimental white matter injury, focusing
specifically on the use of histology, immunohistochemistry and
electron microscopy.

3.1 General

Considerations

3.1.1 Tissue Preparation

The most common brain fixation methods involve perfusion or
immersion fixation with 10 % formalin or 4 % paraformaldehyde
(PFA), followed by either (1) tissue processing (dehydration) and
paraffin embedding, (2) equilibration in sucrose solution (cryopro-
tectant) and sectioning using the cryostat or freezing microtome,
or (3) sectioning of fixed brains using a vibratome. The majority of
antibodies used to assess white matter injury (see Table 2) will work
successfully in tissues processed with any of these methods (e.g., see
[16, 30, 37, 42, 49]). However, staining for the stage-specific cell
surface antigens O4 and O1 can be markedly reduced by use of
formalin solutions (likely due to methanol impurities), alcohols,
solvents including xylenes, and antigen retrieval techniques,
making assessment of oligodendrocyte morphology and cell counts
difficult or impossible. Increasing time intervals in post-mortem
fixation can also markedly reduce immunostaining for oligoden-
drocyte O4 and NG2 markers due to postmortem autolysis [50,
51]. Immersion fixation of blocks of brain tissues or whole rodent
brains with fresh ice-cold 4 % PFA, followed by sucrose equilibra-
tion/cryostat cutting or direct vibratome cutting, then free floating
immunofluorescence provides excellent staining using O4/O1
antibodies, as well as the majority of other markers required to
assess white matter injury (see Table 1 and Sect. 3.5 for more
details) [30, 37–41, 49, 52–55].

3.1.2 White Matter

Assessment

White matter injury in the developing brain primarily occurs in the
deep dorsal and lateral aspects to the lateral ventricles at the frontal,
parietal and occipital levels, and may extend into adjacent external
capsule, corona radiata, corpus callosum, and centrum ovale [5]. In
rodents, the white matter constitutes only a small proportion of
total brain volume, and the connecting white matter tracts encom-
passing the corpus callosum, overlying supracallosal radiation, and
the external capsule at the level of the midseptal nuclei (frontal
white matter) and the anterior hippocampal formation/anterior
nuclei of the thalamus (parietal white matter) are typically used
for assessment of white matter injury [37, 42, 52, 56–58]. In larger
species such as sheep, white matter injury can be regionally divided
into deep periventricular and more superficial regions (e.g., corona
radiata, centrum ovale) at the frontal (e.g., mid-striatum) and
parietal (e.g., mid-thalamic) levels [36, 59–62], while a medial
versus lateral approach has also been reported [63]. Critically,
irrespective of species, given that oligodendrocytes develop in a
caudal to rostral direction, and can exhibit marked regional and
level differences in density, maturation, and myelination, it is key
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Table 2
Antibodies used for assessing perinatal white matter injury using immunohistochemistry

Antigen/marker Labels

Oligodendrocytes

Olig1 OPCs (nuclear) and mature oligodendrocytes (cytoplasmic)

Olig2 Nuclear pan-oligodendrocyte marker of OPCs, preOLs, pre-myelinating and
myelinating oligodendrocytes. Also expressed in multipotent neural stem
cells and some transit amplifying astrocyte progenitors.

O4 preOLs, pre-myelinating oligodendrocytes

O1 Pre-myelinating and myelinating oligodendrocytes

PDGFRα OPCs and preOLs

Nkx2.2 OPCs, preOLs, pre-myelinating and myelinating oligodendrocytes

Sox10 Nuclear marker for OPCs, preOLs

NG2 OPCs and preOLs

CC1/APC Myelinating oligodendrocyte marker; but can show overlap in cycling and
NG2-positive cells.

CNP Pre-myelinating and myelinating oligodendrocytes

NogoA Myelinating oligodendrocytes

Myelin proteins

MBP Mature myelin, myelinating oligodendrocytes

MAG Mature myelin, Pre-myelinating and myelinating oligodendrocytes

PLP Mature myelin, myelinating oligodendrocytes

Astrocytes

GFAP Astrocytes (cell body and processes), radial glia, Bergman glia

S100β Astrocytes

Glutamine synthetase Astrocyte cell body

GLT-1 Astrocytes (and neurons)

GLAST (aka ACSA-1) Astrocyte specific glutamate transporter; astrocytes, radial glia, Bergmann glia

AldoC Astrocytes (and Purkinje cells)

CD44 High levels in astrocyte precursors, astrocytes; expression in other cell types
including oligodendrocytes

Microglia

Lectin Microglia/macrophages (and blood vessels)

Iba1 Microglia/macrophages

ED1/CD68 Resting (low expression) and reactive (high expression) microglia/
macrophages

(continued)
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that white matter injury be assessed at equivalent levels and region
matched areas between groups.

3.2 Basic

Histopathology

If the experimental insult is severe, white matter injury may be
detected macroscopically at the time of tissue processing. However,
it is more routine and informative to assess the tissue sections
microscopically using a range of histochemical or immunohisto-
chemical methods. Tissue sections can be stained histochemically
using a neural specific stain such as thionine or cresyl violet (in
acetate buffer, pH 4); these stains will detect Nissl substance, or
RNA within the neurons and dendrites, but not in axons. However,
conventional hematoxylin and eosin (H&E) can be used and is
often beneficial for detecting the presence of other cell types within
the parenchyma or meninges such as blood and inflammatory cells.
Nissl stains and H&E also allow for the assessment of global injury
in the brain, rather than that specific to the white matter. Alterna-
tively, histochemical stains such as luxol fast blue (LFB) [64],
eriochrome cyanine R (also called chromoxane cyanine R, solo-
chrome cyanine R, or Mordant blue 3) [65], or Gallyas silver
stain [66] can be used to specifically stain myelin. However, caution
must be taken when interpreting a reduction in staining intensity as
a reduction in myelin content. Silver-staining methods such as
Bielschowsky or Bodian [67] identify axons within the white

Table 2
(continued)

Antigen/marker Labels

F4/80 Mature microglia/macrophages

CD40 Microglia/macrophages

CD45 Microglia/macrophages

CX3CR1 High levels in microglia/macrophages; lower expression in other cells types
including neurons

Axons

NF200 Phosphorylated and/or dephosphorylated 200 kDa neurofilament (high
molecular weight)

SMI 312 Phosphorylated neurofilament (medium and high molecular weight)

SMI 31 Phosphorylated neurofilament (high molecular weight)

SMI 32 Non-phosphorylated neurofilament (high molecular weight)

β-APP Damaged neurons/axons

Fractin Apoptotic neurons/axons

TubulinΔCsp6 Damaged neurites/axons
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matter, and provide a useful technique for the identification of
axonal pathologies (see Sect. 3.4 for more detail).

Tissue sections stained histochemically are used to assess overt
white matter injury in the form of necrotic lesions, focal or diffuse
non-destructive lesions, acute axonal injury and/or areas of pallor,
or for the determination of white matter volume. White matter
lesions can be scored based on severity (e.g., necrotic vs. non-
destructive), incidence (e.g., the proportion of experimental ani-
mals with lesions) and distribution (e.g., periventricular white mat-
ter, subcortical white matter, corpus callosum, external capsule,
cingulum). The neuropathological assessment of white matter
injury in human neonates is considerably more detailed [17], and
often requires review by a pathologist.

The volume of the white matter also provides a surrogate
measure of white matter injury and can be assessed quantitatively
using imaging processing software packages such as ImageJ or Fiji
(www.fiji.sc/Fiji). It must be acknowledged, however, that a reduc-
tion in the volume of the white matter (or regional volume reduc-
tions) can indicate a reduction in myelination or myelin thickness,
and/or a reduction in the number of myelinated/unmyelinated
axons. Therefore, to distinguish between these phenomena, further
assessment using electron microscopy (see Sect. 3.6.3 below) is
required.

3.3 Assessment of

Astrogliosis and

Microgliosis

Reactive astrocytosis and microglial activation are common features
observed in human and experimental postmortem studies of peri-
natal white matter injury. Identification of areas of white matter
gliosis also provides a basis for regional analysis of oligodendrocyte
survival, maturation, and myelination in the lesion environment (see
Sect. 3.5) [17, 30]. The classical antibodies used to assess astrocyte
morphology include glial fibrillary acid protein (GFAP; stains major
processes) and S100β (cytosolic protein), as well as glutamine
synthetase and the glutamate transporters GLT-1 (aka EAAT2)
and GLAST (aka EAAT1). Note that these markers do not all
selectively label astrocytes. For example, GFAP is also expressed
by radial glia within the cerebral cortex and Bergmann glial within
the cerebellum. Further, these markers are not selective for reactive
astrocytes, and thus morphological assessment is required to assess
reactivity. Nevertheless, a wide range of alternative markers of
normal and reactive astrocytes, including aldolase C (AldoC) and
CD44 [17, 68] have been reported [69–72].

The most common markers or antibodies used to assess macro-
phages/microglia include lectins (e.g., biotinylated tomato lectin;
lectins also stain blood vessels), ionized calcium-binding adapter
molecule 1 (Iba1), ED1/CD68, as well as F4/80, CD40, CD45,
and CX3CR1. It is important to note that these markers do not
differentiate between macrophages (such as those entering from the
periphery) versus resident CNS microglia, although new panels of
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unique microglia markers are being developed [73]. Further, only
ED1/CD68 is considered a marker of reactive microglia/macro-
phages, and morphological assessment is generally required to assess
reactivity. Interestingly, there is increasing evidence that microglia
can acquire multiple activation phenotypes that may have differing
functions in perinatal brain injury [74, 75], as observed in adults
[76–81]. The key phenotypes include the M1 classic phenotype
(cytotoxic), M2a alternate phenotype (repair and regeneration),
and M2b Type II-deactivating phenotype (immunomodulatory)
[82, 83]. Using panels of markers for these phenotypes validated
in vitro [84–86], it is possible to examine the temporal patterns and
roles of activated microglia phenotypes with respect to evolution and
mechanisms of perinatal white matter injury [87].

By single or double staining markers of astrocytes or microglia
(e.g., GFAP/Iba1), necrotic foci can be observed microscopically
as focal areas of dense astrocyte or microglial staining, with cells
typically exhibiting a reactive morphology [17, 30]. Similarly, dif-
fuse white matter injury can be characterized neuropathologically
by areas of diffuse accumulation of reactive microglia and astro-
cytes. In the early developing white matter, the expression of
GFAP-positive astrocytes is very low. For example, in our experi-
ence, widespread staining of GFAP-positive astrocytes is not pres-
ent in the normal brain until around postnatal day 7 in neonatal
rodents. Thus, brain lesions containing reactive astrocytes can easily
be identified at these younger ages. With increasing expression of
GFAP-positive astrocytes in the white matter with development, it
can become difficult to assess areas of reactive astrogliosis over the
normal dense astrocytic background. In such cases, low-power
image montages or digital scanning (e.g., Leica Aperio ePathology)
of entire brain sections can be useful in determining areas of gliosis.
Counting numbers of astrocytes in brain lesions is also difficult, as
astrocytes are intrinsically connected with other cell types, making
accurate selection of the astrocyte cell body problematic. Further,
astrocytes do not typically proliferate in response to injury, but
rather exhibit thickening of their main processes with elevated
GFAP expression [88]. Unbiased quantification of astrogliosis in
neonatal white matter lesions has been recently reported using
point-counting methods such as the Cavalieri approach [17]. In
this technique, the area fraction of GFAP-positive cell soma and/or
processes can be determined by overlay of a grid of known size onto
a microscope image, and then counting of the grid points that fall
on the item to be quantified [89].

In contrast to astrocytes, microglia can be easily visualized in
the white matter during early brain development, where they
exhibit an amoeboid morphology, before developing into a rami-
fied state. Microglia typically accumulate in areas of white matter
injury by migration and proliferation, and demonstrate a reactive
morphology. For quantification of reactive microgliosis, counts of
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numbers of microglia in white matter lesions can be determined,
although with excessive microgliosis this can be challenging. An
alternative approach is to use the Cavalieri approach described
above for astrocytes. More detailed assessment of the temporal
changes in reactive microglial phenotypes may also provide impor-
tant details on potential roles of microglia in the injury process.
Importantly, small clusters of amoeboid microglia can be found in
the white matter during normal development in patterns that may
resemble areas of injury. Thus, care needs to be taken to have
appropriate matched level controls sections for assessment of injury.

3.4 Assessment of

Axonal Injury

During human cortical development, growing axons (growth-
associated protein 43-positive) are detected as early as 20 weeks of
gestation, with extensive expression by 37 weeks [90]; thus, axons
are highly vulnerable to developmental injury in preterm infants.
Axonal injury is present within the focal cystic necrotic lesions in
human periventricular leukomalacia (PVL) and has been estab-
lished as a feature in experimental models of perinatal hypoxic-
ischemic brain injury. Using fractin as a marker of apoptotic
axons, degenerating axons have also been detected in diffuse non-
cystic lesions within human PVL [22]; however, this finding was
not replicated in a preterm fetal sheep model of global ischemia
[30]. It is still unclear whether the axonal injury associated with
diffuse non-cystic lesions occurs as a consequence of the underlying
injury (e.g., neuronal injury) or is the primary source of the injury.
Nonetheless, if axons degenerate it is reasonable to assume that
myelination would also be affected leading to cerebral hypomyeli-
nation and regional volume reductions.

3.4.1 Staining Methods One of the most well-known and utilized techniques for the path-
ological assessment of axonal injury is Bielschowsky’s silver stain,
which identifies argyrophilic axons, and is thought to stain all
neurofilaments regardless of their molecular weight. This method,
applied to paraffin-embedded tissue, has undergone numerous
modifications, but one of the most recognizable protocols is that
of Yamamoto and Hirano [91]. In models of perinatal brain injury,
Bielschowsky’s silver stain is used to identify regions of axonal
degeneration and the presence of axonal spheroids [92]. Antibodies
directed against the neurofilament proteins are also used to exam-
ine axonal pathology in human preterm brains [90] and models of
perinatal white matter injury [31, 59, 93]. Neurofilaments are
components of the axonal cytoskeleton and consist of a family of
three polypeptide subunits: NFL (low molecular weight neurofila-
ment; ~ 68 kDa), NFM (medium molecular weight neurofilament;
90–168 kDa), and NFH (high molecular weight neurofilament;
100–200 kDa). During axonal development, neurofilament subu-
nits, in particular NFM and NFH, are phosphorylated at the same
time that neurofilament is transported down the axon. Thus,
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phosphorylated NFH in particular, is a marker for axonal maturity
[94]. Listed in Table 2 are four antibodies used to label neurofila-
ments: SMI 31 recognizes phosphorylatedNFH; SMI 32 recognizes
non-phosphorylated NFH; SMI 312 recognizes phosphorylated
NFM and NFH and NF200, a pan-axonal marker that labels all
200 kDa neurofilaments (phosphorylated and dephosphorylated).
Other antibodies for axonal injury/degeneration include β-amyloid
precursor protein (β-APP), caspase-cleaved forms of the cytoskeletal
elements actin (fractin; N-terminal fragment of actin) and tubulin
(TubulinΔCsp6) (Table 2), or β-APP in combination with Caspase 6
[95, 96]. β-APP is a membrane glycoprotein present in low levels in
normal neurons, but is rapidly upregulated within axons following
neuronal damage [97, 98]. The fractin antibody recognizes caspase-
cleaved but not intact actin, and labels apoptotic but not necrotic
neurons/axons [99], and TubulinΔCsp6 labels degenerating neur-
ites in human hypoxic-ischemic injury [100]. In human diffuse non-
necrotic lesions, fractin-immunoreactivity is present, while β-APP
immunostaining is rarely seen [31, 90], highlighting the need to
use more than one marker of axonal injury.

3.4.2 Neuropathological

Analysis

Neuropathological assessment of axonal injury in perinatal white
matter injury involves analysis for the presence of reduced staining/
immunoreactivity, axonal swellings and axonal spheroids. Such
analysis is semi-quantitative and can involve the use of a grading
system to score the amount immunoreactivity, or the proportion of
cases/animals with axonal injury [22, 31, 90]. However, neither
method is quantitative and thus suitable for statistical analysis.
Densitometry of neurofilament immunoreactivity may be used
but must be interpreted with caution for reasons outlined in
Sect. 3.6.2 below.

3.4.3 Electron

Microscopy

The ultrastructural assessment of axonal structure and injury is
more informative and quantifiable using electron microscopy. The
processing of tissue for electron microscopy is different to that for
histochemistry or immunohistochemistry. Ideally, the brain is first
transcardially perfused with 2.5 % glutaraldehyde in 0.1 M cacody-
late buffer (pH 7.4). Alternatively, blocks (approximately 1 mm3)
can be dissected from tissue perfused with 4 % paraformaldehyde
for histology, and quickly immersed in 2.5 % glutaraldehyde in
0.1 M cacodylate buffer (pH 7.4), reducing the need for additional
animals. Briefly, tissue blocks are then post-fixed in 1 % osmium
tetroxide in 0.2 M cacodylate buffer (pH 7.4) and stained with
uranyl acetate in maleate buffer (pH 6), before being embedded in
epon-araldite. Semi- and/or ultrathin sections are then cut using an
ultramicrotome. These sections can be used to assess the areal
density of myelinated and unmyelinated axons in non-overlapping
fields from a number of sections using ImageJ software. Of note,
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osmium tetroxide treatment makes many epitopes unstable, and
reduces the efficacy of superimposed immunogold labeling of elec-
tron microscopy samples. New and more stable epitope tags, resis-
tant to effects of osmium tetroxide fixation, are therefore needed to
overcome this problem.

3.5 Assessment of

Oligodendrocyte

Stages, Death, and

Maturation

3.5.1 Stage Specific

Oligodendrocyte Markers

Oligodendrocytes express a range of cell surface and myelin-specific
antigens that can be used to precisely identify the various stages of
oligodendrocyte maturation (Fig. 1; Table 2) [4]. The pan-lineage
marker Olig2 is widely used for identification of oligodendrocytes
at all maturational stages. As a nuclear marker, it is particularly
useful for assessing changes in total numbers of oligodendrocytes
in the white matter in injury models. The OPC is the earliest stage
of the committed oligodendrocyte lineage, and exhibits a simple
bipolar morphology. For identification of OPCs, antibodies against
platelet-derived growth factor receptor-α (PDGFRα), nuclear
Olig1, Sox10, or NG2 chondroitin sulfate proteoglycan are com-
monly used, although some of these markers can also label a popu-
lation of preOLs. As described, OPCs often exhibit marked
proliferative responses in many models of white matter injury,
which can be assessed by combination with cell cycle markers such
as Ki67 or proliferating cell nuclear antigen (PCNA).

The next stage of oligodendrocyte maturation, the preOL, is
also mitotically active, and exhibits a simple multipolar morphol-
ogy. preOLs are most commonly identified by expression of the
O4, but not O1, antibodies, although they may also express a range
of markers similar to OPCs. Double staining using the mouse-
monoclonal O4 and O1 IgM antibodies has been achieved by
sequential primary/secondary antibody staining with a fixation
step between primaries, or utilizing a biotinylated O4 antibody
[3, 37, 52]. The immature oligodendrocyte is postmitotic and
exhibits a complex multipolar morphology. Immature oligoden-
drocytes express both O4 and O1 antigens, but lack the complex
myelinating morphology of mature oligodendrocytes, and do not
express myelin proteins such as myelin basic protein (MBP). The
progression to immature oligodendrocyte is also characterized by
expression of myelin-associated glycoprotein (MAG) and 20,
30-cyclic-nucleotide 30-phosphodiesterase (CNP). Mature oligo-
dendrocytes can be identified by expression of cytoplasmic Olig1
[101], adenomatous polyposis coli (APC, aka CC-1), and myelin-
associated markers, including MBP and proteolipid protein (PLP).
In human tissue, NogoA is also a useful mature oligodendrocyte
marker [49].

An important consideration when examining the oligodendro-
cyte lineage is that with advancing white matter myelination, it
becomes progressively difficult to identify oligodendrocyte cell
bodies using markers such as O4 and O1, due to the expression
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of these antigens in oligodendrocyte processes. In such cases, dou-
ble labeling using the mature oligodendrocyte marker APC with
Olig2 can provide an estimate of the number of mature cells [41].

3.5.2 Oligodendrocyte

Cell Death

Degenerating oligodendrocytes can be identified by cellular pykno-
sis (nuclear chromatin condensation) and karyorrhexis (nuclear
fragmentation). When stained with the nuclear marker Hoechst
33342 or 40,6-diamidino-2-phenylindole (DAPI), pyknotic cells
in the white matter are easily identified by intensely stained,
condensed nuclei. Cellular degeneration and DNA fragmentation
can also be assessed with the Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay. Confirmation of oligo-
dendrocyte lineage or specific developmental stage can be achieved
by double labeling with Olig2 or O4/O1 for example [17, 30, 32,
37]. In addition, markers of dying oligodendrocytes labeled with
O4 for example, will show morphological condensation of the cell
body, fragmentation of the processes, and O4-labeling of cell mem-
brane and cytoplasm due to loss of plasma membrane integrity
[57]. Note that these methods do not distinguish between apopto-
tic or non-apoptotic modes of cell death. Co-localization of oligo-
dendrocyte antibodies with apoptotic cascade markers such as
activated-caspase-3, along with assessment of cellular pyknosis or
TUNEL, can also be used to give a broad indication of the relative
contributions of different cell death pathways.

3.6 Assessment of

Myelination

The white matter within the CNS is composed of ~40–50 % myelin
(dry weight) [4]. Of this myelin dry weight, 70 % is composed of
glycolipids and the remaining 30 % is proteins; these myelin con-
stituents are formed within the oligodendrocyte. Oligodendrocytes
and myelin are rich in glycosphingolipids, in particular galactosyl-
ceramides (GalC/O1) and their sulfate derivatives (sulfatides/O4).
Each of these lipids can be localized immunohistochemically and
are used to identify stages of maturation of the oligodendrocyte
lineage (see Sect. 3.5.1).

3.6.1 Myelin Proteins There are numerous myelin proteins, which are located at different
positions within the lipid bilayer and play different roles in myelina-
tion. Thus, the choice of myelin marker is an important consider-
ation when assessing changes in myelination. MBP and PLP are the
two major CNS myelin proteins, and constitute 30 % and 50 % of
the total myelin proteins, respectively [4]. MBP plays a role in
myelin compaction and is localized to the major dense line, while
PLP spans the entire thickness of the lipid bilayer and is localized to
both the intraperiodic line and major dense line. Minor myelin
constituents include: 20,30-cyclic-nucleotide 30-phosphodiesterase
(CNP, 4 %) localized to oligodendrocyte membranes during early
stages of axonal ensheathment and not to compact myelin [102];
MAG (1 %) localized to periaxonal membranes of the myelin
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internodes, and is thus in direct contact with the axon; myelin/
oligodendrocyte glycoprotein (MOG), located on the oligoden-
drocyte membrane, in particular the oligodendrocyte cell processes
and on outer most lamellae of the myelin sheath; and myelin
associated oligodendrocyte basic protein (MOBP), located in
major dense lines and involved in myelin compaction. Interestingly,
MBP and MOBP mRNA are initially found within the soma of the
oligodendrocyte, but once myelination proceeds they move distally
into the oligodendrocyte cell processes [103, 104]. In human PVL
cases [16] and in an experimental model of intrauterine growth
restriction [42], MBP expression is retained with the oligodendro-
cyte cell soma, reflecting a deficit in the trafficking of MBP to the
processes for myelin sheath wrapping. Thus, aberrant cellular local-
ization of these two proteins should also be a consideration when
assessing perinatal white matter injury in experimental models.

The large majority of experimental studies investigating the
impact of perinatal insults on white matter development use MBP
as a marker of myelin, and thus, any reduction in expression or
aberrant cellular localization is interpreted as hypomyelination.
However, MBP is only one of many myelin proteins, and myelina-
tion should be investigated in combination with other markers such
as PLP or MAG. Indeed, in a model of intrauterine growth restric-
tion in the guinea pig, we have noted a striking lack of MBP
expression (i.e., trapping of MBP within the cell soma), which
could be interpreted as a lack in myelination, but the presence of
both PLP and MAG immunoreactivity, albeit at reduced levels
[42]. Thus, conclusions on the state of myelination should not be
drawn based on MBP staining alone.

3.6.2

Immunohistochemical

Analysis of Myelination

Immunocytochemistry is commonly used to detected changes in
the expression of myelin proteins. This can be performed using
tissue sections to assess for deficits in spatial distribution and locali-
zation, as well as potentially for changes in the intensity of myelin
proteins. Semi-quantification of myelin proteins localized to tissue
sections may be performed using densitometry, although the sensi-
tivity and reproducibility of this technique remain controversial.
The reaction between an antibody and its antigen is not stoichio-
metric; therefore, the intensity of the staining product does not
directly translate to the amount of that product (i.e., protein)
within the tissue. This phenomenon is particularly applicable
when assessing immunoreactivity using 30,30-diaminobenzidine
(DAB) as the chromogen, because DAB does not follow the
Beer–Lambert law; the brown reaction product does not absorb
light but rather scatters it. Despite this, studies have shown a
positive linear relationship between the intensity of immunoreac-
tivity and the antigen concentration [105], although this may not
apply to all antibodies [106]. Other chromogens such as Liquid
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Permanent Red show very similar spectral profiles at both high and
low levels of expression, and are considered more suitable for
densitometry [107]. It should be noted that densitometry is typi-
cally used to assess relative differences in immunoreactivity between
control and experimental cohorts rather than quantification of
absolute protein levels.

If densitometry is the chosen form of analysis, certain technical
steps need to be considered. First, it is imperative that all tissue is
fixed and processed in the same way, including fixative used, dura-
tion of fixation, and section thickness. Secondly, immunohisto-
chemistry should be performed on all tissue sections to be
compared at the same time and using the same protocol. This
often results in a large number of slides undergoing simultaneous
immunostaining, and it is thus important that incubation times
(particular of the chromogen) are consistent. Thirdly, if possible a
counterstain should not be used to prevent the need for spectral
unmixing [107]. Lastly, imaging should ideally be performed in a
single day to maintain identical microscope parameters (e.g., inten-
sity of light source, condenser position).

Densitometry is then performed on captured images using
software packages such as Image-Pro Plus (Media Cybernetics).
In preparation for densitometry measurements, the image analysis
system is first calibrated using an image of a blank section of the
glass slide (incident light) and an obscured section of the slide
(infinite optical density). Images are then taken from matched
regions of interest from immunostained tissue sections at compara-
ble levels of the brain, converted to greyscale and the optical density
(absorbance) determined. A correction is then applied to each of
these images by subtracting the optical density measurement of the
immunostaining from the optical density measurement from a
region of background staining. Optical density units have no
dimension and are logarithmic, and the value reflects the amount
of photons absorbed or transmitted; an optical density of zero
indicates all photons are transmitted, and an optical density of 1.0
indicates that 90 % of all photons are absorbed, while an optical
density of 2.0 indicates that 99 % of all photons are absorbed.

3.6.3 Electron

Microscopy

While immunohistochemical localization of myelin proteins (and
oligodendrocytes) provides essential microscopic data when asses-
sing white matter injury, electron microscopy is considered the
“gold standard” technique for assessing myelination as it detects
changes at the ultrastructural level. The methodology for preparing
tissue for electron microscopy is presented in Sect. 3.4.3. Semi-thin
and/or ultrathin sections can be used to assess the areal density of
myelinated and unmyelinated axons, as well as inner axon diameter
and outer axon diameter (axonþmyelin sheath) in nonoverlapping
fields from a number of sections using ImageJ software. The
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conduction velocity of an axon is closely related to the axon diame-
ter and myelin sheath thickness [108], thus dividing the inner axon
diameter by the outer axon diameter (known as the g-ratio) pro-
vides a measure of conduction velocity. It is thought that the g-ratio
of a myelinated axon is optimized to reach maximal efficiency and
physiological function. A theoretical g-ratio value of 0.6 was first
described by Rushton [109]; however, it is now acknowledged
that different central white matter tracts have different optimal
g-ratios [110].

While there is much focus on the myelinated axon, the assess-
ment of unmyelinated tracts should not be overlooked. In a recent
study in the rabbit model of cerebral palsy induced by antenatal
hypoxia-ischemia, a decrease in the number and function of unmy-
elinated fibers was associated with hypertonia, with the loss of
myelinated fibers occurring secondary to the motor deficits [111].

4 Conclusion

Here we have described a variety of methodological approaches
that should be considered for the detection and assessment of
perinatal white matter injury. Although not described in this chap-
ter, a wide range of molecular techniques (e.g., qPCR and in situ
hybridization) and transgenic animal models are available to com-
plement these methods, as well as provide detailed mechanistic data
of the pathogenesis of perinatal white matter injury, including
regulators of oligodendrocyte proliferation and maturation [49,
54]. Behavioral assessment should also be considered in order to
provide functional outcomes associated with experimental white
matter injury and treatment strategies. A battery of behavioral
tests, including motor, cognitive, and somatosensory paradigms,
that can be used in rodents to investigate long-term outcomes are
detailed in Chapter 11. Use of such combination approaches will
further our understanding of the cellular and molecular mechan-
isms of perinatal white matter injury, with the aim to develop
regenerative strategies to promote normal brain development and
function in this group of infants.
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Chapter 15

Prenatal Determinants of Brain Development: Recent
Studies and Methodological Advances

Stephen A. Back and A. Roger Hohimer

Abstract

Despite advances in neonatal intensive care, survivors of premature birth remain highly susceptible to
unique patterns of developmental brain injury that manifest as cerebral palsy and cognitive-learning
disabilities. Whereas preterm infants were previously at high risk for destructive brain lesions that resulted
in cystic white matter injury and secondary cortical and subcortical gray matter degeneration, contempo-
rary cohorts of preterm survivors commonly display less severe injury that does not appear to involve
pronounced glial or neuronal loss. Cerebral development in fetal sheep shares many anatomical and
physiological similarities with human. Thus, the fetal sheep has provided unique experimental access to
the complex pathophysiological processes that contribute to injury to the human brain during successive
periods in development. Recent refinements have resulted in models that replicate major features of acute
and chronic human cerebral injury and which have provided access to complex clinically relevant studies of
cerebral blood flow and neuro-imaging that are not feasible in smaller laboratory animals. We focus here on
emerging insights and methodologies from studies in fetal sheep that have begun to define cellular and
vascular factors that contribute to preterm white and gray matter injury. Despite the higher costs and
technical challenges of instrumented preterm fetal sheep models, they provide powerful access to clinically
relevant studies that provide a more integrated analysis of the spectrum of insults that appear to contribute
to cerebral injury in human preterm infants.

Key words Hypoxia-ischemia, White matter injury, Oligodendrocyte, Neuron, Dendrite, Cerebral
blood flow, MRI, Necrosis, Apoptosis

1 Introduction

1.1 Overview of the

Clinical Problems to be

Addressed in Preterm

Fetal Sheep

The last decade has seen a resurgence of interest in instrumented
preterm fetal sheep preparations to study the complex pathophysi-
ological processes that contribute to preterm brain injury and
mechanisms of regeneration and repair. The considerable merits
of a large preclinical animal model have become increasingly recog-
nized as it has become apparent that rodent models have significant
limitations to study injury to the developing human brain [1]. Not
only do preterm fetal sheep preparations closely replicate major
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features of acute and chronic human preterm brain injury, but they
also provide access to complex clinically relevant studies of cerebral
blood flow and neuro-imaging that are not feasible in smaller
laboratory animals.

Until recently, the extensive brain abnormalities in preterm
neonates appeared to be related mostly to destructive processes
that lead to substantial deletion of neurons, axons and glia from
insults that often resulted in cystic necrotic lesions. However,
advances in neonatal care have yielded a growing body of evidence
that preterm cerebral gray and white matter frequently sustain less
severe insults where tissue destruction is the minor component.
During the last decade, there has been increasing recognition that
cerebral injury in human preterm survivors has shifted from more
severe patterns of injury dominated by necrosis to milder forms of
injury that nevertheless affect motor control, cognition, language,
behavior, vision, and hearing [2].

Although now much less common, severe white matter injury
results in cystic periventricular leukomalacia (PVL), which mani-
fests as spastic diplegic cerebral palsy and visual dysfunction, as
well as deficits in cognition and learning. Necrotic injury to axons
and myelin is accompanied by secondary cortical and subcortical
gray matter degeneration [3], which provides an explanation
for the broad spectrum of neurobehavioral disabilities that accom-
pany PVL.

There is increasing recognition that following milder forms of
cerebral injury, cognitive deficits can occur in the absence of signifi-
cant motor impairments and cerebral palsy [4]. This diverse spec-
trum of neurocognitive and motor outcomes following preterm
birth, has supported the notion that more widespread cellular
maturational disturbances occur that target both cerebral gray
and white matter. These milder insults primarily result in cerebral
injury that involves aberrant cellular responses that disrupt the
maturation of certain populations of glial progenitors and neurons.
Late oligodendrocyte progenitors (preOLs) are highly susceptible
to early ischemic cell death that triggers a maladaptive regeneration
and repair response where the surviving progenitor pool expands
but fails to differentiate and myelinate [5]. By contrast, cortical
and subcortical immature projection neurons are much more resis-
tant to cell death [6, 7], but nevertheless fail to generate a normal
arbor of dendritic processes and spines [8, 9]. These emerging
findings suggest that a major component of brain injury in many
contemporary preterm survivors involves a primary cerebral dysma-
turation disorder that may ultimately be amenable to strategies
directed at promoting brain maturation and improved neurological
outcome [10].
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1.2 Hypoxia-

Ischemia (H-I) in Fetal

Sheep Generates

Pathological Features

of Human White Matter

Injury (WMI)

The ovine fetus offers significant advantages to analyze systemic
hemodynamic disturbances that regulate cerebral blood flow and
metabolism in preterm cerebral white matter. The sheep fetus dis-
plays cerebral hemodynamics similar to human and permits
repeated physiological measurements in utero in the unanesthe-
tized state. Measurements of blood pressure, electroencephalogra-
phy, blood oxygenation and other vital variables can be correlated
with acute changes in cerebral blood flow and metabolism. Impor-
tantly, like the human fetus [11–14], the fetal sheep displays a very
limited range of cerebral autoregulation under normal conditions
and a pressure-passive cerebral circulation when subjected to sys-
temic hypoxia and associated hypotension [15–19].

Multiple lines of evidence support a role for cerebral ischemia in
the pathogenesis of WMI in very low birth weight human infants
[20–22]. Given the limitations of human studies to directly link
blood flow disturbances with WMI, studies in fetal sheep have
greatly strengthened our understanding of the contribution of
cerebral H-I to WMI. These experimental studies support that a
complex interplay of factors related to cerebrovascular immaturity
predispose preterm cerebral white matter to injury from H-I. A
model of global cerebral hypoperfusion found that the mid-gesta-
tion animal displayed a predilection to subcortical WMI, whereas
the near term animal displayed predominantly parasagittal cortical
neuronal injury [23, 24]. A variable degree of WMI was also
detected after systemic hypotension arising from intermittent or
partial umbilical cord occlusion [25, 26]. By contrast, in the near
term animal, repeated umbilical cord occlusion produced injury to
both the periventricular white matter and the cerebral cortex [27].
Systemic hemorrhagic hypotension in the 0.75 gestation fetus
resulted in mostly necrotic WMI with focal necrotic lesions or
axonal swellings in the periventricular white matter [28]. Preterm
ovine white matter lesions were detected after repeated systemic
fetal endotoxin exposure that triggered both transient hypoxemia
and hypotension [29, 30]. The importance of cerebral ischemia is
supported by studies where WMI was detected only infrequently in
models of hypoxemia in which a restriction in uteroplacental blood
flow resulted in decreased oxygen delivery and mild acidemia to the
fetus without systemic hypotension or cerebral hypoperfusion
[31–33]. A model of fetal metabolic acidemia induced by maternal
hypoxemia similarly produced mild-to-moderate injury in midges-
tation and near-term sheep [34]. Hence, since cerebral hypoperfu-
sion in conjunction with hypoxia appears to be a critical factor to
generate significant WMI in the preterm fetal sheep, we will
describe below several global cerebral hypoxia-ischemia protocols
that model human WMI [35–37].

Fetal sheep have also provided an important model to define
mechanisms of oxidative injury from cerebral H-I. This is in part
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due to the large fetal cerebral hemispheres, which permit blood
sampling from the venous sagittal sinus and placement of intrace-
rebral probes for dialysis studies. Initial studies found that reperfu-
sion after cerebral ischemia was an important source of free radical
formation in the near term fetal sheep brain [38]. Partial umbilical
cord occlusion resulted in a delayed increase in lipid peroxidation in
frontal and parietal white matter in near term fetal sheep [39].
Dialysis studies in near term [40] and preterm [41] sheep have
both demonstrated the enhanced generation of stable adducts of
reactive oxygen species.

1.3 Spectrum of

Injury and

Dysmaturation in

Preterm WMI

Using the protocol described below, the WMI generated by global
cerebral ischemia in our preterm fetal sheep model reproduces the
spectrum of WMI (Fig. 1a) that we have observed in a series of
human preterm autopsy brains [42]. We have employed ex vivo
ultrahigh field (12 Tesla; T) MRI to align images of white matter
lesions at high resolution with white matter lesions defined by
histopathological data [35]. At this ultrahigh field strength, three
types of white matter lesions were observed during the subacute
phase of injury, at 1 and 2 weeks after hypoxia-ischemia. Each lesion
type displays distinct astroglial and microglial responses that corre-
spond to forms of necrotic or diffuse WMI that also occur in human
preterm neonates:

1. Diffuse WMI: In preterm fetal sheep, diffuse WMI is visualized
on ultrahigh field MRI as diffuse hypo-intense signal abnorm-
alities on T2W images (Fig. 1b). These diffuse hypointense
signal changes are observed in the early chronic phase of
WMI at 1–2 weeks after H-I and correspond to reactive astro-
gliosis and myelination disturbances related to maturation
arrest of preOLs on histopathology (Fig. 1c). In early diffuse
WMI, there is selective degeneration of late OL progenitors
(preOLs), while axonal degeneration is restricted to foci of
microscopic necrosis [37, 43]. Importantly, the imaging char-
acteristics of diffuse WMI differ substantially at clinical field
strengths compared to at high field. Unlike at ultrahigh field
strength where diffuse WMI lesions are large (>2.5 mm3) and
detected with high sensitivity and specificity, this spectrum of
WMI is not as directly evident on diagnostic MRI. At clinical
MRI field strengths, WMI is indicated by discrete focal or
multifocal areas of MR signal abnormalities. The importance
of diffuse WMI must be emphasized, as this is the major form
of WMI in autopsy studies of contemporary human cohorts
and in fetal ovineWMI. In chronic lesions in fetal sheep, diffuse
WMI comprised nearly 90 % of the total volume ofWMI.While
the extent of diffuse WMI is difficult to define by conventional
neuropathology, recent studies have quantified the extent of
reactive astrocytes and microglia in chronic human WMI and

306 Stephen A. Back and A. Roger Hohimer



Fig. 1 (a) Distinctly different pathogenetic mechanisms mediate abnormal myelination in necrotic lesions (PVL;
upper pathway) vs. lesions with diffuse WMI (lower pathway). Hypoxia-ischemia(H-I) is illustrated as one
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determined that these lesions displayed a robust inflammatory
reaction that extended considerably beyond the apparent lesion
boundaries defined by non-quantitative approaches [42].
These chronic lesions evolve from early WMI where the
human oligodendrocyte (OL) lineage is particularly susceptible
to oxidative damage [6] of a severity consistent with hypoxia-
ischemia [7, 44].

2. Cystic necrotic WMI: Banker and Larroche described cystic
necrotic WMI in the preterm neonate over 50 years ago and
defined the pathological features of periventricular leukomala-
cia (PVL) [45–51]. Cystic PVL describes foci of necrosis that
are typically larger than one millimeter in diameter with degen-
eration of all cell types including glia and axons on pathological
examination [37, 43]. In fetal sheep, pronounced necrotic
WMI is visualized on MRI (Fig. 1d) as hyperintense signal
abnormalities on T2-weighted images (T2W) or as volume
loss of major white mater tracts such as the corpus callosum
or optic radiations. These large necrotic lesions on MRI

Fig. 1 (Continued) potential trigger for WMI. More severe H-I triggers white matter necrosis (upper pathway)
with pan-cellular degeneration that depletes the white matter of glia and axons. Severe necrosis results in
cystic PVL, whereas milder necrosis results in microcysts. Milder H-I (lower pathway) selectively triggers early
preOL death. PreOLs are rapidly regenerated from a pool of early OL progenitors that are resistant to H-I.
Chronic lesions are enriched in reactive glia (astrocytes and microglia/macrophages) that generate inhibitory
signals that block preOL differentiation to mature myelinating OLs. Myelination failure in diffuse WMI thus
results from preOL arrest rather than axonal degeneration. Note that the lower pathway is the dominant one in
most contemporary preterm survivors, whereas the minor upper pathway reflects the declining burden of
white matter necrosis that has accompanied advances in neonatal intensive care. (b, c) Diffuse WMI in chronic
lesions. (b) Representative appearance and distribution of diffuse hypointense (D-hypo) lesions seen on a T2w
image at 1 week after injury. (c) Diffuse WMI had pronounced astrogliosis defined by immunohistochemical
staining of reactive astrocytes with glial fibrillary acidic protein (GFAP; green) and a lesser population of Iba1-
labeled microglia/macrophages (red) with a reactive morphology (inset). Nuclei in the inset are visualized with
Hoechst 33342 (blue). (d, e) Focal Necrotic WMI. (d) Representative appearance from the largest focal
hyperintense (F-hyper) lesion seen on a T2w image at 1 week after injury. These lesions typically localized
to subcortical white matter. Note the substantial difference in the F-hyper lesion relative to the diffuse gliotic
lesions, which appears much more hypointense (D-hypo). (e) A typical focal macroscopic necrotic lesion
defined by diffuse dense staining for reactive microglia and macrophages with Iba1 (red and inset) and a
paucity of GFAP-labeled astrocytes. Nuclei in the inset are visualized with Hoechst 33342 (blue). (f, g)
Microscopic necrotic WMI. (f) Representative appearance of a focal hypointense (F-hypo) lesion seen on a T2w
image at 2 weeks after injury. Note the substantial difference in the F-hypo lesion relative to a diffuse gliotic
lesion at 2 weeks, which appears more hyperintense (D-hyper). (g) A typical microscopic necrotic lesion
(microcyst) defined by a discrete focus of immunohistochemical staining for reactive microglia and macro-
phages with Iba1 (red and inset) and a paucity of staining for astrocytes with glial fibrillary acidic protein
(GFAP; green). Nuclei in the inset are visualized with Hoechst 33342 (blue). Bars in (c), (e), (g), 100 μm
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correspond to lesions highly enriched in macrophages and
activated microglia on histopathology (Fig. 1e).

3. Microscopic necrotic WMI: Whereas cystic PVL was previously
the major form of WMI in preterm survivors, the occurrence of
these large cystic lesions has markedly declined in preterm
survivors such that they are detected by MRI in less than 5 %
of preterm neonates at 24–32 weeks gestation—an almost
tenfold decline in some cohorts [52–55]. Despite this pro-
nounced reduction in cystic PVL, small foci of necrosis that
measure less than a millimeter continue to be evident on
human neuropathological examination (i.e., microcysts) [56].
As in the larger cystic lesions of PVL, in their mature stages,
human microcysts are enriched in cellular debris, degenerating
axons, and phagocytic macrophages [42]. The extent to which
microcyts contribute to disability or are clinically silent is
unclear, because they are poorly visualized by MRI at clinical
field strengths. However, in preterm fetal sheep, high fieldMRI
(Fig. 1f) identified microcysts in at least one third of brains
analyzed [35], which is similar to the incidence observed in
recent human autopsy cases [42]. Yet, because of their size and
extent, microcysts comprised only a small proportion, <5 %, of
lesion burden in sheep and human. These microcysts on MRI
correspond to lesions highly enriched in macrophages and
activated microglia on histopathology (Fig. 1g).

1.4 Mechanisms of

Degeneration and

Dysmaturation of

Oligodendrocyte

Progenitors

In early diffuse WMI, abnormal myelination is initiated by selective
degeneration of late oligodendrocyte (OL) progenitors (preOLs)
that are normally present in the white matter during the early third
trimester of gestation, which coincides with the high-risk period for
WMI [57]. The magnitude and distribution of acute WMI in
several experimental models corresponds to the spatial distribution
of these susceptible OL lineage cells. Unlike other stages of OL
lineage cells, preOLs are highly vulnerable to hypoxia-ischemia and
inflammation [5, 58].

Despite the pronounced selective degeneration of preOLs in
acute WMI, abnormal myelination in chronic WMI is defined by a
more complex process of cellular dysmaturation. Recent findings
suggest that myelination disturbances involve a potentially revers-
ible process linked to arrested pre-OL maturation rather than an
irreversible loss of pre-OLs. Despite substantial preOL degenera-
tion after hypoxia-ischemia, surviving preOLs in preterm-equiva-
lent rats [59] and fetal sheep [35] rapidly increased in number to
compensate for depleted preOLs. This response was driven primar-
ily by OL progenitors that proliferate locally at the sites of WMI
[59] or cortical injury [60] rather than from the subventricular
zone [59, 61–65]. A robust expansion of human preOLs is also
observed in chronic lesions [42] despite the significant loss of these
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cells during the acute phase of WMI [6]. However, these newly
generated preOLs fail to myelinate intact axons and display persis-
tent arrested differentiation, whether in human studies or experi-
mental models. Arrested maturation of preOLs is the main
contributor to myelination failure in diffuse WMI [35, 42]. Thus,
diffuse WMI is characterized by an aberrant response to acute
injury, whereby preOLs are regenerated but fail to mature.

1.5 Mechanisms of

Gray Matter Volume

Loss in Association

with Preterm White

Matter Injury

1.5.1 Gray Matter

Dysmaturation in Preterm

WMI

Brain injury in the preterm neonate involves both destructive and
developmental disturbances of the cerebral gray matter and white
matter [10, 66]. It is now apparent that gray matter abnormalities
are prevalent among preterm neonates and must be considered as
an important component of diffuse brain injury in this population.
Reduced volumes of cortical and subcortical gray matter structures
that include the basal ganglia, thalamus, hippocampus and cerebel-
lum are now recognized in preterm survivors, even in the absence
of significant overt focal WMI [67–71]. As discussed below,
necrotic WMI may be accompanied by impaired growth of cortical
or subcortical gray matter that results from primary neuronal
degeneration or secondary neuronal degeneration related to axonal
injury in foci of white matter necrosis. In more common diffuse
WMI, we have recently proposed that impaired cerebral growth
involves disrupted neuronal maturation of large distinct popula-
tions of neurons in multiple cortical and subcortical structures.

1.5.2 Neuronal

Degeneration in Preterm

WMI

Neurons in the neonatal brain at term are highly vulnerable to
hypoxic-ischemic death that is mediated by excitotoxic neuronal
necrosis and apoptosis [72–77]. In contrast, preterm neurons have
a more variable susceptibility to hypoxia-ischemia that is related to
the severity of the insult, as well as the severity of concurrent WMI.
White matter necrosis is accompanied by degeneration of neurons
in cerebral gray and white matter. In preterm fetal sheep, the
severity and extent of neuronal degeneration increases with the
duration of hypoxia-ischemia; prolonged hypoxia-ischemia triggers
widespread neuronal death related to cystic necrotic WMI [7]. In
the human preterm brain with necrotic WMI, significant neuronal
loss is recognized in the cortex, basal ganglia, thalamus and cere-
bellum [56, 78–80]. In addition to this primary neuronal death,
necrotic WMI may also be accompanied by secondary neuronal loss
from retrograde axonal degeneration [37, 43].

In contrast to necrotic WMI, diffuse WMI spares axons.
Despite similar degrees of ischemia in the superficial cortex and
periventricular white matter, diffuse WMI in preterm fetal sheep is
characterized by acute preOL degeneration but preserved neurons
in gray and white matter [7, 8]. In human preterm autopsy cases
with early diffuse WMI, neither the gray matter nor white matter
displayed significant degeneration of neurons or axons, despite a
significant magnitude of oxidative stress, comparable to that
observed in the term neonate with severe hypoxic-ischemic
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encephalopathy [6]. Thus, in the preterm neonate, neuronal loss is
primarily associated with destructive WMI, whereas neuronal loss
does not appear to be a prominent feature of diffuse WMI.

1.5.3 Neuronal

Dysmaturation in Preterm

WMI

Our preterm fetal sheep model of diffuse WMI has provided unique
access to the mechanisms of cortical and subcortical gray matter
volume loss that have been described in human preterm survivors.
Unbiased quantitative studies using stereology, found that volume
loss can occur in the absence of significant neuronal loss, but
involves an increased packing density of neurons [9]. This unex-
pected finding is explained by a significant reduction in the com-
plexity of the dendritic arbor of pyramidal neurons, the major
population of cortical projection neurons. In the cerebral cortex
of preterm sheep, pyramidal neurons are normally immature with a
simplified arbor. During normal cortical development in near term
animals, the dendritic arbor becomes highly arborized, which
accompanies a marked increase in cortical volume. The disruption
in the normal development of the dendritic arbor following cere-
bral hypoxia-ischemia was most pronounced closer to the cell body
where synaptic integration occurs.

Neuronal dysmaturation has also been observed in preterm
sheep in the caudate nucleus, which also displays reduced growth
without any apparent loss of GABAergic medium spiny projection
neurons or interneurons [8]. As with the cerebral cortex, reduced
growth of the caudate was not explained by loss of GABAergic
neurons, but rather by a reduced dendritic arbor of caudate projec-
tion neurons. Hence, widespread disturbances in maturation of
cortical and caudate projection neurons occur with diffuse WMI
even in the absence of significant neuronal loss.

1.5.4 Synaptic Activity

with Neuronal

Dysmaturation in Preterm

Neonates

Disturbances in maturation of dendrites are accompanied by
reduced numbers of spines on both projection neurons in the
caudate [8] and the cortex [9]. Neuronal dysmaturation in the
preterm cerebrum occurs during a sensitive window in the estab-
lishment of neuronal connections and may thus have long-lasting
consequences. In the fetal sheep model of diffuse WMI following
cerebral ischemia, significant abnormalities in excitatory synaptic
activity mediated by NMDA and AMPA receptors were observed in
electrophysiological studies of medium spiny neurons (MSNs) in
the caudate, consistent with reduced spine density on MSNs [8].
These disturbances in spine density and excitatory synaptic activity
of MSNs may impact the long-term maturation of the caudate’s
neuronal circuitry. Reduced afferent excitation of MSNs occurs
with a shorter time window for integration of multiple synaptic
inputs onto these projection neurons. Furthermore, disturbed
NMDA receptor mediated synaptic activity alters neuronal migra-
tion, synapse formation, and dendritic pruning [81–84]. Thus,
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neuronal dysmaturation may precipitate a vicious cycle with further
alteration of neuronal circuitry maturation. The resultant wide-
spread disturbances in neuronal maturation may contribute to the
global disturbances in cerebral connectivity and the diverse spec-
trum of neurodevelopmental impairment seen in preterm-born
children.

1.6 Advantages and

Disadvantages of the

Fetal Sheep to Model

Preterm Cerebral

Injury

Fetal sheep preparations require considerable cost and infrastruc-
ture to support the surgical instrumentation and post-operative
care of large laboratory animals. Fetal sheep studies require a highly
skilled surgical team, a large animal operating facility suitable for
sterile operations, specialized veterinary care, and access to reliable
breeders. Despite these challenges, many preparations have yielded
very reproducible results with low morbidity and mortality, thereby
limiting the number of animals required. Presently, the ovine
genome has not been fully sequenced and the molecular tools
available to study ovine brain injury are more limited than in
rodents. Rodent models, including transgenic rodents, are ideal
to provide more rapid, cost-effective access to cellular and molecu-
lar mechanisms that subsequently can be validated in a large pre-
clinical animal model, such as the instrumented fetal sheep.

Preterm (0.65 gestation or 95 days) fetal sheep models have
multiple distinct advantages relative to small fetal and neonatal
animals, which are limited by a lissencephalic brain that does not
resemble the gyrencephalic human cerebrum. In terms of its neu-
rodevelopment, the immature ovine brain is similar to preterm
human between approximately 24–28 weeks in terms of the com-
pletion of neurogenesis, the onset of cerebral sulcation, and the
detection of the cortical component of the auditory and somato-
sensory evoked potentials [85–88]. The long gestation of fetal
sheep (145 days) allows selection of an appropriate developmental
stage over which brain insults can be induced and evaluated.

The abundance of cerebral white matter and its anatomic simi-
larities to that of the preterm infant make the fetal sheep ideal for
neuropathological correlation with human [89, 90]. Rodents, have
a paucity of cerebral white matter that differs markedly from
human, whereas the fetal sheep generates acute [7] and chronic
[35] WMI that is very similar to human in histopathological fea-
tures. White matter maturation in fetal sheep can be defined relative
to human through assessment of oligodendrocyte lineage progres-
sion and myelination. Oligodendrocyte development in the 0.65
gestation sheep fetus is similar to that of 24–28 week human [7].
The late gestation ovine fetus (0.9 gestation; 135 days) displays
oligodendrocyte development similar to term human [91]. Thus,
the investigator can choose the appropriate developmental timing
for the insult to be given and evaluated.

In contrast to the fetal sheep, the cerebrovascular supply of the
rodent white matter is also structurally and physiologically very
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dissimilar to human, which is an additional factor that is likely to
contribute to the markedly different patterns of cerebral injury in
rodents and fetal sheep. Whereas the fetal sheep cerebrum has a
predilection for relatively selective WMI under conditions of mod-
erate cerebral ischemia [7], rodents have a propensity for mixed
cerebral injury such that substantial gray matter injury accompanies
WMI [44, 59, 92–95]. This shortcoming, for example, limits the
relevance of rodent hypoxia-ischemia models for the study of mye-
lination disturbances associated with chronic human WMI.
Necrotic injury to cerebral gray matter contributes substantially
to neuro-axonal degeneration as a cause of dysmyelination, which
is not a prominent feature of WMI in either fetal sheep [35] or
contemporary human cases of WMI [35]. In contrast to fetal sheep
preparations, the small size of rodents is also a major technical
limitation for a wide range of invasive physiological measurements
as well as for studies that seek to achieve high resolution neuroim-
aging by MRI [35, 96].

The size of the preterm sheep fetus allows for chronic instru-
mentation to enable hemodynamic measurements, repeated access
to blood and CSF and chronic electrophysiological recording of the
fetal electroencephalogram [97]. Thus, it is feasible to study well-
defined brain insults with reliable measurements of blood pressure,
oxygenation, and cerebral blood flow. Chronic instrumentation
also allows a wide range of practical and clinically pertinent cerebral
insults to be administered. These include global cephalic ischemia
[23], systemic hypotension or hypoxemia [17, 32, 98], single or
repeated cord occlusion [99–101], increased intracranial pressure
[102], and administration of infectious agents or exogenous
inflammatory mediators [29, 103, 104]. These insults can be
graded in intensity and duration to mimic the human situation. In
each case, the stressor can be well described if not regulated by
conventional monitoring measurements. Thus, a wide range of
pathogenetic events can be evaluated physiologically and correlated
neuropathologically with the distribution and extent of white mat-
ter damage. Moreover, the natural progression of various types of
WMI can be evaluated in a time frame ranging from days-to-weeks-
to-months after the insult.

From a practical standpoint, the availability, cost and ease of
breeding of the sheep makes it a more practical large animal model
than the nonhuman primate. In addition, the size and docile nature
of the sheep supports the feasibility of both in utero and ex vivo
neuro-imaging studies [35, 105]. Finally, fetal sheep preparations
provide powerful access to large animal preclinical testing as exem-
plified by preclinical studies in near term fetal sheep that lead to the
head cooling trials for neonatal encephalopathy [106].
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2 Materials and Setup

2.1 Catheters and

Other Materials

Each fetus has a non-occlusive polyvinyl carotid artery catheter
(0.02300 ID � 0.03900 OD), which is inserted at the inguinal branch
and advanced about 4 cm centrally; and an amniotic catheter
(0.03000 ID � 0.04800 OD) tied to the fetal skin. A 4 mm hydraulic
occluder is placed around the brachiocephalic artery or a 2 mm
occluder is placed around each carotid artery. V3 and V4 catheters
are 70 in length and are made from medical grade micro vinyl
manufactured by Scientific Commodities, Lake Havasu City, Ari-
zona. The occluders are silastic and manufactured by In Vivo
Metric, Healdsburg, California.

2.2 Animals Time-bred sheep of mixed western breed (88–91 days gestation;
term, 145 days) are raised on a farm from a reliable breeder before
being transported and housed in the animal care facility for 3–7
days to acclimate the animals prior to surgery. The large animal
facility is climate-controlled (ambient temperature 20 � 1 �C) with
a 12 h light/dark cycle (light hours 06:00–18:00). Twin pregnan-
cies are studied so that each experimental fetus has a twin control.
Digital X-rays are performed at 87 days of gestation to confirm the
ewe’s pregnancy. Loose-fitting collars are routinely used as part of
the preoperative procedure (to aid shearing surgical sites) and the
ewes take no special notice of the collars.

2.3 Biohazard

Precautions When

Handling Sheep

Pregnant sheep may be infected with the human pathogen,Coxiella
burnetii(Q-Fever), the organisms of which can be found in urine,
feces, amniotic fluid and placental tissue. Given that pregnant sheep
cannot be reliably tested for these organisms, we assume that all
pregnant sheep may be infected. A vaccine for Q fever has been
developed and used successfully in humans overseas, but the vac-
cine is not currently available for commercial use in the USA.
Several procedures should be implemented to minimize infection
with Q-Fever while working with pregnant sheep:

1. Animals are restricted to designated areas with Biosafety Level
2 practices for the containment of pregnant sheep. Specialized
carts (“Q carts”) are used for transport of animals outside the
designated containment area. “Q-carts” are used for the safe
transport of sheep between buildings, for example, between
the loading docks at the time of delivery from the farm to their
housing runs. The carts are fitted with air filters and are large
enough for the sheep to stand or lie down. These carts are used
for transport only and sheep are in the carts for the minimum
amount of time possible.

2. All personnel are required to wear protective clothing when
handling animals or their waste products. These include a
disposable gown and shoe covers, surgical mask, and exam
gloves.
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3. Procedure rooms and other items in contact with the animals
are routinely cleaned with a bleach solution (1 part 5 % hypo-
chlorite to 30 parts water, changed daily). These include all
equipment, carts, cages, and other items that need to be moved
outside of the designated Q-fever containment area. Animal
carcasses are “double bagged” before cremation.

2.4 Preoperative

Care and Anesthesia

At 90 days of their 145 day gestation time-dated pregnant sheep
with twin fetuses are prepared for sterile surgery. At ~15–18 h prior
to surgery, food is withheld but the pregnant ewe has free access to
water. The ewe’s jugular vein is cannulated with a 20 G intravenous
(i.v.) cannula and injected with atropine (7.5 mg i.m.), ketamine
(400 mg, i.v.), and diazepam (10 mg, i.v.) to allow tracheal intuba-
tion. If necessary, an additional half dose of each agent is given prior
to anesthesia. The ewe is placed in a U-shaped trough on the
surgery table in a supine position with its legs restrained caudally
and cranially to prevent rotation during surgery. Intubation is
performed with a 8.5 mm Mallinckrodt inflatable endotracheal
tube (Covidien-Nellcor, Boulder, Colorado) that is connected to
the anesthesia mixer and ventilator. Under positive pressure venti-
lation (Norkovet II Anesthesia machine with a Hallowell Veterinary
Ventilator, Hallowell EMC, Pittsfield, MA), isofluorane (1–2 % in a
70:30 mixture of oxygen and nitrous oxide) is initiated to maintain
anesthesia during surgery with the isofluorane concentration
adjusted to ensure a surgical level of anesthesia for the ewe and
fetus. A continuous isotonic saline drip (500 ml/h) is administered
to maintain maternal fluid balance.

3 Methods

3.1 Surgical

Procedures

3.1.1 Maternal and Fetal

Surgery for Fetal Global

Cerebra Ischemia Protocols

Provided here are details pertinent to the generation of preterm
fetal global cerebral ischemia. The maternal abdomen is shaved,
disinfected with betadine and the operative site covered with sterile
drapes. The abdomen is opened through a midline incision. A
purse-string suture is placed around the uterine incision and is
tightened to reduce amniotic fluid loss after the head and neck of
the fetus are exposed.

We have employed two different approaches to achieve global
cerebral ischemia. The first is to place an occluder on each of the
carotid arteries in the neck. The second is to place a single occluder
around the brachiocephalic artery in the chest. The relative advan-
tages and disadvantages of each approach are discussed below. For
placement of the carotid occluders, a small (less than 3 cm) midline
incision is made in the fetal neck to expose the carotid arteries. To
confine the cerebral blood supply to the carotid arteries, the
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vertebro-occipital arteries are ligated bilaterally. These anastomoses
connect the vertebral arteries, supplied by the thoracic aorta, with
the external carotid arteries that are fed by the brachiocephalic
[107]. Silastic hydraulic occluders (2 mm diameter) are placed
around each carotid artery. A non-occlusive indwelling polyvinyl
catheter is placed in one carotid artery. A catheter is also attached to
the fetal skin to allow subsequent measurement of amniotic fluid
pressure. The fetal neck incision is closed with suture.

For placement of the brachiocephalic occluder (4 mm diame-
ter), an incision is made at the second intercostal space on the left
side. The brachiocephalic artery is isolated and an occlude placed to
allow subsequent controlled reduction of fetal cephalic blood pres-
sure distal to the occluder in order to cause global brain ischemia.
The chest incision is closed in two layers.

After placement of either set of occluders, all catheters are
anchored to the fetal skin on the neck and head or back to prevent
them from pulling out or kinking off. The fetus is then gently
returned to the uterus with special care taken to preserve and reseal
the membranes. The uterine incision is closed and then oversewn to
prevent leakage. The twin fetus is either left as an un-instrumented
control or can be similarly instrumented. The maternal abdominal
incision is closed in anatomical layers, and all catheters are tunneled
subcutaneously to emerge on the flank of the ewe. Catheters are
bundled and stored in a pouch stitched to the flank of the ewe, to
prevent them from pulling out. One million units of penicillin-G
are administered to the amniotic fluid (through a catheter) for the
specific prevention of clostridia; no other antibiotics are routinely
necessary (post-operative cultures have amply demonstrated the
adequacy of this regime).

3.1.2 Placement of EEG

Electrodes and EEG

Recording Studies

EEG electrodes are placed via 2 cm scalp incisions on the fetal dura
by making small holes in the fetal skull. One or two pairs of EEG
electrodes (AS633-5SSF, Cooner Wire, Chatsworth, CA) are
secured on the dura over the parasagittal parietal cortex (5 mm
and 10 mm anterior to bregma and 5 mm lateral) with a reference
electrode attached over the occiput. The electrodes are connected
to high impedance amplifiers to provide a filtered input to a Stellate
Systems (Montreal, Quebec) digital EEG recording and analysis
system. We have recorded 2–5 channels of continuous EEG from
ten animals for up to 16 h before and after global ischemia [108].
Seizure detection was done both by visual analysis and confirmed
with a newborn seizure detection algorithm from Stellate Systems.

3.2 Postoperative

Care

After surgery, the ewe is returned to a recovery pen for at least 24 h.
The pen is covered with clear bedding material. The ewe is checked
at least every half-hour until the animal is standing and feeding,
usually within 0.5–1 h after surgery. Buprenex (buprenorphine,
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0.3–0.6 mg, s.c.) is routinely administered after surgery and for the
next 1.5 days, twice daily. The surgical incision site is assessed at
least once daily and post-surgical infections are treated, as required
in consultation with the veterinary staff. Fetal catheters are main-
tained patent by a daily infusion of 300 U/cc of heparinized saline.
Ewes are monitored daily for normal ruminal function and for signs
of pain and distress including a hunched posture, reluctance to
move around, unwillingness to lie down or decreased appetite.
Animals are assessed regularly for these signs after surgical proce-
dures and at least once daily thereafter. A requirement for paren-
teral fluids or electrolytes is unusual in our experience, but their
administration is at the discretion of veterinary staff, in consultation
with investigators. In the rare situation that pain cannot be ade-
quately managed, and treatments are proving to be ineffective, the
animal is removed from the study and euthanized.

3.3 Specific Study

Protocols

Restraint of the animals. After a minimum of 72 h of recovery, the
ewe is placed in a mobile self-contained rolling cart and taken to the
study room. In the cart, the ewe is loosely tethered to the cart via a
collar and chain and has access to food and water. Typically, the
maximum amount of time that the ewe is loosely restrained in the
cart is 3 h. If the ewe is uneasy in the cart, a second sheep is put in a
cart and brought into the study room for company. Alternatively, a
mirror is placed in front of the study cart so that the ewe sees
another apparent companion.

Cerebral hypoperfusion studies: bilateral carotid occlusion. Ani-
mals are typically studied no earlier than the third post-operative
day to allow fetal recovery from surgery. Pressure transducers are
connected to appropriate amplifiers (TA 6000; Gould Instruments,
Valley View, OH) to record mean arterial blood pressure (MABP)
in the fetal artery relative to amniotic fluid pressure using ADI
Powerlab software (Dagan Corp., Minneapolis, MN). Fetal heart
rate (HR) is calculated from triplicate measurements of the arterial
pressure pulse intervals over a continuous recording of >20 s.
Fetuses are studied only if they demonstrated normal oxygenation
(>6 ml O2/100 ml blood) and blood indices [109]. Sustained
cerebral hypoperfusion is initiated by bilateral carotid artery occlu-
sion after inflation of the carotid occluders. Cerebral reperfusion is
established by deflation of the occluders and was studied at either
15 or 60 min of restored flow. Verification of successful inflation of
the occluders is verified by measurement of in an increase in pres-
sure proximal to the occluders with an indwelling carotid or axillary
artery catheter. Fetal heart rate and MAP traces are monitored
continuously throughout the occlusion and arterial blood gas anal-
ysis is done at standard time points prior to, during and after the
occlusion to assess the fetal response.

Prenatal Determinants of Brain Development: Recent Studies and Methodological Advances 317



Cerebral hypoperfusion and hypoxia studies: brachiocephalic
artery occlusion coupled with reduced inspired oxygen. To reduce
fetal oxygen delivery, the ewe inspires a reduced content oxygen
mixture. After a basal period where room air is inspired, a clear
plastic bag is placed over the ewes head and the ewe inspires a
10–12 % oxygen mixture that flushes the bag at 20 l/min. Ewes
respond by increasing their ventilation and generally tolerate the
procedure well. After 4 min of lowered inspired oxygen, the fetus
also becomes moderately hypoxic. At this time the occluder, which
has been placed around the brachiocephalic artery, is inflated to
reduce the perfusion pressure to the fetal head and arms for 25 min.
Thereafter, the occluder is released to restore normal fetal cephalic
blood pressure. The bag is removed and the ewe returns to breath-
ing room air so that oxygenation of the ewe and fetuses oxygena-
tion returns to normal.

Blood analysis. One milliliter blood samples are taken anaerobi-
cally from the fetal carotid artery and analyzed for arterial paH,
PaO2, PaCO2 (corrected to 39 �C), hemoglobin content, arterial
oxygen content (CaO2), arterial oxygen saturation, glucose and
lactate (ABL 700 pH/Blood Gas Analyzer; Radiometer, Westlake,
OH), and hematocrit (capillary microfuge). Fetuses are only stud-
ied if they demonstrate normal fetal oxygenation, defined as >6 ml
O2/100 ml blood, at a 24 h recovery from the operation.

Microsphere injection protocol. Fetal brain blood flow is
measured spatially by the fluorescent microsphere distribution
and reference sample method [110]. Fluorescent microspheres
with four different colors (15 μm diameter; F-17047,F-17048,F-
17048,F-17050; Molecular Probes, Eugene, OR) have the follow-
ing peak excitation and emission: green (450/480) yellow (515/
534), red (580/605) and scarlet (650/685). Approximately
3 � 106 microspheres suspended in 1 ml of saline with 0.05 %
Tween are sonicated and then injected over 30 s into the fetal
hindlimb vein followed by a 2 ml flush with saline. Starting just
before and continuing 2 min after each injection, a reference blood
sample is drawn at 0.75 ml/min into a syringe mounted in a syringe
pump (Harvard Apparatus Co., Dover, MA).

Tissue handling. The ewe and fetuses are killed by intravenous
injection of the ewe with Euthasol (~10 ml/50 kg body weight.;
Virbac Inc., Ft. Worth, TX). After fetal brains are removed, we
employ a variety of protocols for tissue preservation depending on
the study criteria. These include immersion fixation at 4 � C in 4 %
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 for 2 days
followed by storage in PBS. Brains to be analyzed for microspheres
or for MRI-histopathological correlation are subsequently
immersed in 20 % sucrose until they sink and then rapidly frozen
in OCT for acquisition of frozen sections with a cryostat.
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4 Discussion

4.1

Pathophysiological

Mechanisms of

Preterm Cerebral

Injury Related to the

Brachiocephalic Vs.

Carotid Occlusion

Models of Global

Cerebral Ischemia

The dominant factors related to the generation of WMI in most if
not all models are: (1) the content of oxygen and glucose in the
blood; (2) the driving or perfusion pressure and hence cerebral
blood flow (CBF); and (3) the duration of the insult. In preterm
fetal sheep, it is often feasible for these important variables to be
manipulated and measured either in groups of animals or in single
individuals. The pathophysiological disturbances associated with
these factors are variously weighted depending upon the model
employed.

With models of maternal hypoxemia (e.g., high altitude or a
low inspired oxygen fraction) fetal oxygenation falls while blood
pressure (BP) rises transiently but then returns to normal and then
falls below normal [32, 34, 98, 111–114]. Likewise systemic
asphyxia models that utilize umbilical cord occlusion cause a
reduced fetal arterial oxygen tension and content [100, 115,
116]. In cord occlusion models, BP initially increases to compen-
sate for diminished oxygenation, but as systemic and cardiac hyp-
oxia progressively intensify, hemodynamic and cardiac
decompensation occurs with a resultant fall in BP. It appears that
significant brain damage occurs only when the hypoxia and hypo-
tension are allowed to progress until near death conditions occur.
However, as cardiovascular compensations fail with time, substan-
tial albeit variable reductions in BP occur. The residual brain blood
flow has seldom been measured, but for brain injury to occur,
pressures must fall below 1/3 normal for 10–15 min depending
on the animal’s age. The importance of the central autonomic
system as well as adrenal stress hormones remains unclear as do
systemic blood concentrations of metabolic substrates like glucose
and products like lactate. The fetal sheep brain, in particular when
immature and hypoxemic, has essentially no ability to autoregulate
[15, 16, 18]. Hence, in asphyxia models, the fall in BP exacerbates
the fetal brain hypoxia with a consequent reduction in CBF that
leads to partial ischemia.

Occlusive cerebral ischemia models differ from asphyxia models
in several significant ways. A major practical advantage of the occlu-
sive models is that the heart is largely unaffected. Essentially, cere-
bral damage can be reliably generated without the significant fetal
deaths and morbidity that are inherently associated with other
models that require near death conditions to ensure brain damage.
Injury in the umbilical cord occlusion models can be modulated by
adjusting the duration of occlusion relative to the onset of systemic
hypotension.

Unlike in utero systemic hypoxemia or asphyxia models, mod-
els that utilize carotid or brachiocephalic artery occlusions cause
an immediate fall in perfusion pressure and CBF, and thus have a
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well-defined onset of the insult [7, 23, 109]. Cerebral ischemia in
these models is generally global and severe but not complete,
especially when collateral circulation is left intact (discussed further
below). Importantly, some CBF persists and the oxygenation and
glucose levels of this residual flow have important influence on the
extent of damage. The residual blood flow is the most difficult
parameter to quantify. Even in fetal sheep models, CBF is only
infrequently measured and BP is often used as a surrogate marker
of CBF.

There are a number of considerations that guide the selection
of a model that utilizes carotid versus common brachiocephalic
artery occlusion. However, the differences between bi-carotid and
brachiocephalic artery occlusion are not as great as the difference
between either of those models and cord occlusion models. The
carotid arteries in the 0.65 sheep fetus are small and there is a
relatively greater risk that commercially available occluders can
inadvertently obstruct flow chronically if placement and routing
techniques are not optimal. By contrast, the brachiocephalic artery
is a larger and much more stable vessel for the placement of a single
occluder [19, 111]. In sheep, the brachiocephalic artery supplies
the entire head including the carotids as well as both axillary
arteries, which supply the forelegs. The brachiocephalic artery is
the only major artery that supplies the upper body. Occlusion of the
brachiocephalic artery is similar to bilateral carotid occlusion in
terms of perfusion to the head and brain, but different in that
forelimb perfusion is also reduced, which does not occur if flow
to both carotids is completely restricted.

One important consequence of the brachiocephalic artery occlu-
sion model is that proximal BP to the rest of the fetal body and the
placental circulation is subject to an elevated pressure. This probably
results in an increase in flow that causes a moderate but significant
rise in arterial oxygenation. The same effect probably occurs with bi-
carotid occlusion, but would be expected to be smaller. Either
preparation can be coupled with a lowered maternal inspired oxygen
fraction to counteract elevations in arterial oxygenation or even
generate a fetal hypoxemia in addition to cerebral ischemia.

The occipital-vertebral arteries are small but potentially impor-
tant in models where cephalic occlusions are studied [23, 107].
They provide an important anastomosis between the anterior cir-
culation provided by the carotid arteries and the posterior circula-
tion derived from the vertebral arteries. Occipital-vertebral arteries
are likely to be variable in size from animal to animal, perhaps linked
to variations in anatomy related to their supply at or near the Circle
of Willis. They connect to the carotids near the lingual branch and
are, thus, distal to the brachiocephalic artery occluder as well as to
all but the most rostral placements of carotid occluders. Hence,
they act to support brain blood flow when systemic pressure is
normal but BCA or carotid occlusions are used.
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Hence, in both the bi-carotid and BCA occlusion models, it is
important to ligate these vessels to achieve near complete global
cerebral ischemia. The exact amount of flow they provide, especially
to the preterm fetus, has not been carefully determined. In normal
sheep, it is not even clear whether there is a net flow and, if so, in
what direction. During either carotid or BCA occlusions, flow is
certainly from the vertebrals to the carotids distal to the site of
placement of occluders. The amount of flow in the occipital-verte-
bral arteries, while likely to be variable from animal to animal, is
clearly sufficient to cause variability in brain damage in the cephalic
ischemia models unless they are ligated.

4.2 Final

Conclusions

The preterm human infant displays unique patterns of cerebral
injury that now can be closely replicated in the preterm fetal
sheep. Despite the higher costs and technical challenges of preterm
fetal sheep models, they provide powerful access to preclinical
questions related to the pathophysiology of WMI. Recent advances
include spatially defined measurements of cerebral blood flow in
utero, the definition of cellular-maturational factors that define the
topography of WMI and the application of high field neuro-imag-
ing to define MRI signatures for specific types of chronic WMI.
There is a critical need to further define the cellular and molecular
mechanisms that mediate the progression of cerebral white and
gray matter injury. Such information is critical for the rationale
design of therapies targeted to block the initial phase of injury or
to promote regeneration and repair during the chronic phase. With
few exceptions, most studies have focused on models of cerebral
hypoxia-ischemia or maternal fetal infection. Future improved fetal
sheep models are needed that more closely reproduce the spectrum
of insults that are likely to converge to generate cerebral injury in
human preterm infants.
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Chapter 16

Using Pregnant Sheep to Model Developmental Brain
Damage

Lotte G. van den Heuij, Guido Wassink, Alistair J. Gunn,
and Laura Bennet

Abstract

In order to develop more effective ways of identifying, managing, and treating preterm asphyxial brain
injury, stable experimental models are essential. The present review describes the key experimental factors
that determine the pattern and severity of brain injury in chronically instrumented fetal sheep, including the
depth (“severity”) and duration of asphyxia, and the maturity, and condition of the fetus. These models are
valuable to dissect the pathogenesis of key clinical patterns of brain injury in a stable thermal and
biochemical environment, and to test therapeutic interventions.

Key words Fetal sheep, Perinatal asphyxia, Hypoxic-ischemic encephalopathy, Hypotension, Cerebral
blood flow

1 Introduction

Premature birth is one of the leading causes of morbidity and
mortality. Around 6–13 % of all births are preterm [1]. Preterm
survivors have a high risk of neurobehavioral disturbances and
intellectual disabilities related to learning, cognition, visuospatial
integration, attention deficit, and socialization [2–4]. Early imag-
ing and postmortem data suggest that cerebral injury in preterm
infants occurs in the immediate perinatal period in approximately
two thirds of cases, while an appreciable number of cases occur
before the onset of labor; in contrast, injury after the early neonatal
period represents only approximately 10 % of cases [5, 6]. Consis-
tent with this, acute EEG abnormalities are reported in the early
perinatal period in the majority of infants and are highly predictive
of long-term outcome [7]. The precise etiology of injury remains
surprisingly unclear; however, it is highly likely to involve both
hypoxia-ischemia and infection/inflammation [8].
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Acute neonatal encephalopathy associated with asphyxia
remains a significant cause of death and long-term disability at all
ages [9]. Early onset neonatal encephalopathy is highly associated
with evidence of asphyxia as shown by non-reassuring fetal heart
rate tracings and severe metabolic acidosis on umbilical cord blood
[10, 11], with acute brain lesions on magnetic resonance imaging,
and ultimately with subsequent neurodevelopmental impairment
[12]. In term infants, large clinical trials have established that mild
brain cooling significantly reduces cerebral palsy and improves
survival without disability at 18 months of age after acute
hypoxic-ischemic encephalopathy [13]. However, therapeutic
hypothermia is only partially protective, such that nearly half of
affected babies still die or survive with disability despite treatment.
Moreover, it is effective only within a relatively limited window of
time, and current protocols may not be appropriate for preterm
infants. There is a strong historical link between mild hypothermia
and increased mortality in preterm newborns [14], and recently a
phase 1 trial of cooling for preterm infants was stopped by the US
Food and Drug Administration because of potential concerns
about intracerebral hemorrhage. Thus, it is vital to find specific
treatments for brain injury in the preterm brain.

Many drugs have been shown to be neuroprotective in neonatal
rodent models; however, none have yet shown clinical improve-
ment [15]. In order to translate promising treatments, it is essential
to validate them in large animal translational models before consid-
ering clinical trials. Such models are also useful to help understand
the many factors that affect outcome from an event, including the
fetal sex, weight, and degree of hypotension.

1.1 What Initiates

Neuronal Injury?

Before discussing the experimental approach, it is helpful to reflect
on the triggers of asphyxial injury to the brain and other organs.
Fundamentally, injury requires a period of insufficient oxygen and
substrate delivery (glucose and other substances such as lactate)
such that neurons (and glia) cannot maintain internal homeostasis
and become depolarized [16]. At least broadly, the extent of injury
is related to the duration of tissue depolarization [17]. Since organ
perfusion is essential for maintaining oxygen and substrate delivery
to tissues, not surprisingly, there is now considerable evidence to
suggest that brain perfusion is the key factor that determines
whether or not neural injury occurs after severe hypoxia/asphyxia
[18–20]. Conversely, it is critical to appreciate that the fetus can
fully adapt to mild to moderate reductions in oxygen tension
without injury, from normal values of greater than 20 mmHg
down to 10–12 mmHg [21]. Thus, in general, hypotension during
a severe hypoxic challenge is a central requirement to reliably
induce asphyxial neural injury.

Compression of the umbilical cord due to knots or entangle-
ments of the cord or prolapse after rupture of the amniotic
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membranes in labor are known potential causes of fetal asphyxia.
Further, if amniotic fluid is reduced, e.g., in the growth retarded
fetus, or lost after rupture of the amniotic membranes in an early
stage of labor, or even worse, if the cord becomes trapped in the
birth canal, physiologic uterine contractions can compress the
umbilical cord between the fetus and uterine wall, giving rise to
fetal hypoxemia, anaerobic glycolysis, and acidemia, with repeated
or fixed deceleration of the fetal heart rate [22]. In view of these
considerations, the present review focuses on induction of severe
asphyxia using umbilical cord occlusion in preterm fetal sheep.

1.2 Choice of

Experimental Species:

Why Use the Sheep?

The species that is chosen for experimental studies must be appro-
priate to the scientific question. Rodent models are relatively cheap,
and have an extensive repertoire of behavioral tests and molecular
probes. However, such lissencephalic small animal species, with
relatively small white matter tracts, are very unsatisfactory for stud-
ies of white matter injury and subsequent impaired cortical devel-
opment. The absence of a gyral structure distorts the distribution of
injury and makes it impossible to assess effects on cortical complex-
ity. In contrast, the gyrencephalic structure of the fetal sheep brain,
with large white matter volumes, is highly advantageous for studies
of intracerebral white matter injury. No other experimental para-
digms have so clearly mimicked the common pathological finding
of diffuse white matter injury, with subcortical neural damage, as
well as the model of asphyxia in the preterm fetal sheep [23, 24].
Equally important, the larger size of the fetal sheep enables inten-
sive physiological, cerebrovascular and electrophysiological moni-
toring, which are not possible in newborn rodents. The relatively
large size of the sheep fetus enables extensive implantation of
instrumentation to allow continuous measurement of fetal heart
rate, blood pressure (arterial and venous) [25], behavior (body
movements) [26], blood flow to the brain and periphery and
brain metabolism [27], intracerebral oxygenation as measured by
near infrared spectroscopy [24], sympathetic activity, temperature
[23, 28], and more. Catheters in the ewe and fetus also allow access
for blood sampling, treatments and euthanasia. This comprehen-
sive approach permits a significant physiological assessment of mul-
tiple organ systems in utero in a stable environment, without the
confounding effects of anesthesia, ventilation, and changes in
temperature.

2 Materials

2.1 Experimental

Population and

Procedures

Many potentially suitable breeds of sheep are available, although
there is little information on whether this affects responses to
asphyxia. For reference, our studies are currently conducted using
pregnant Romney ewes, time-mated with Suffolk rams at
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approximately 3–4 years of age. This breed has a typical gestational
period of 145–147 days.

Sheep are highly precocial. Neural development of the fetal
sheep at 0.8–0.85 of gestation is broadly similar to the full-term
human infant [29, 30], while the 0.7 gestation fetus is broadly
equivalent to the late preterm infant at 30–34 weeks, before the
onset of cortical myelination, and at 0.6 gestation the sheep fetus is
similar to the 26–28 week gestation human infant.

Experimentation should be begun 3–5 days after surgical
instrumentation to allow fetal stress responses to resolve and for
normal behavior to return. Ideally, all physiological data should be
recorded continuously from 24 h or more before study and
continued until the end of the study. Even if this is not possible, it
is absolutely essential to display continuous ECG and blood pres-
sure measurements during and immediately after umbilical cord
occlusion to assess the onset and rate of fall of fetal blood pressure
and to detect cardiac arrhythmias.

2.2 Experimental

Procedures

2.2.1 Complete

Occlusion of the Umbilical

Cord

Complete compression of the umbilical cord is performed by inflat-
ing the occluder with a volume known to completely occlude the
umbilical cord. This may be verified in pilot experiments with a
Transonic flow probe placed around an umbilical vein [31]. Prag-
matically, successful complete occlusion is can be routinely con-
firmed by rapid onset of fetal bradycardia and arterial hypertension,
within the first minute. Blood composition measurements are taken
at standard time points to assess fetal condition. Upon completion
of the occlusion protocol the occluder is deflated. It is unknown
whether rapid deflation of the occluder has any material effect
on fetal recovery compared for example with controlled deflation
over 10 s.

The total duration of occlusion required to induce hypotension
and neural injury is a function of maturity, and may need to be fine-
tuned in different settings or with different breeds of sheep. For
reference, in our studies we found that the optimal durations of
near-terminal single periods of complete occlusion were as follows:
30 min at 0.6 gestation [26, 31], 25 min at 0.7 gestation [27, 32,
33], and 15 min at 0.85 gestation [34–36].

2.2.2 Phases of Fetal

Adaptation to Umbilical

Cord Occlusion

As shown in Fig. 1, distinct phases of fetal adaptation may be clearly
distinguished. There is an initial vagally mediated bradycardia, and
an increase in mean arterial blood pressure, associated with intense
peripheral vasoconstriction (the “compensation” phase). At this
time carotid blood flow is maintained at around baseline values by
vasoconstriction (Fig. 2), in contrast with an increase cerebral
blood flow during moderate hypoxia [21]. During this phase
EEG activity is profoundly suppressed [25, 31, 37], reducing met-
abolic demand. Microsphere studies in term fetal sheep have shown
that although total brain flow does not change in this initial phase,
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fetal blood flow is redistributed within the brain, away from the
cerebrum and choroid plexus, towards the brain stem [38].

As asphyxia continues these compensatory responses are atte-
nuated (Figs. 1 and 2). There is a progressive fall in heart rate as
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Fig. 1 Cardiovascular responses to prolonged umbilical cord occlusion in fetal sheep at 0.6, 0.7, or 0.85
gestation. Fetal heart rate (FHR, bpm, top panel ), femoral blood flow (FBF, ml/min, second panel ) and mean
arterial pressure (MAP, mmHg, bottom panel ) data represent 5 min averages before asphyxia, and 1 min
averages during asphyxia and are expressed as percentages of baseline. The period of umbilical cord
occlusion for each group starts at time zero; recovery data are not shown. Data are mean � SE. Data
modified from Wassink et al. [25]
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cardiac function becomes impaired secondary to hypoxia, acidosis,
depletion of myocardial glycogen, and cardiomyocyte injury
(Fig. 1) [39]. Peripheral vasoconstriction, which had functioned
to maintain blood pressure in the face of the profound
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bradycardia, is lost with partial or near complete vasodilatation
occurring depending on the vascular bed in question (Figs. 1
and 2) [25, 40]. Recent telemetry studies of renal sympathetic
nerve activity show that failure to maintain vascular resistance is at
least in part related to a failure to maintain neural control of
peripheral vascular tone [41].

Once MAP falls below baseline in a so-called “decompensa-
tion” phase [22, 25, 40], cerebral perfusion falls in parallel, consis-
tent with the known relatively narrow low range of autoregulation
of cerebral blood flow in the fetus (Fig. 2) [42]. This loss of
autoregulation has been proposed to be a key factor mediating
injury, particularly in preterm infants [40]. However, experimental
data show that loss of peripheral vascular resistance is not complete.
As Fig. 2 shows, in preterm fetal sheep, peripheral vasoconstriction
begins to be attenuated around 4–5 min of asphyxia, in association
with a progressive fall in arterial blood pressure. Cerebral perfusion
falls below baseline values from around 7–8 min, and there is partial
restoration of peripheral perfusion that is greatest at 12 min
(Fig. 2). However, the precipitous fall in blood pressure is attenu-
ated through by stabilisation of the cerebral and peripheral vascular
resistance at baseline values from around 12 min. The effect of this
shown by slowing of the fall in blood pressure after about 15 min,
such that perfusion no longer mirrors the fall in pressure.

The observation that the preterm fetus is able to partially
maintain vascular resistance throughout prolonged complete
umbilical cord occlusion [25], argues that total loss of autoregula-
tor control is not required for injury. Further research is required to
define the role of autoregulation in the processes mediating injury.
The redistribution of blood flow to the brainstem is likely progres-
sively lost, although this has not been extensively quantified for the
term or preterm fetus. Given that the preterm fetus can survive
asphyxia for longer and is thus exposed to a greater period of
hypoperfusion, this likely underpins injury to brainstem regions
[26, 43].

2.2.3 Prolonged Partial

Umbilical Cord Occlusion

Prolonged periods of partial asphyxia in utero can be produced by
partial compression of the umbilical cord. Partial cord compression
for 90 min induced severe asphyxial insults in near-term fetal sheep
[44], similar in nature to those following uterine hypoperfusion
[45] except for some relatively minor haemodynamic differences,
followed by delayed development of seizures. Although this
approach might seem to be less controllable than occlusion of the
uterine blood supply, in practice it is easy to vary the degree of
occlusion, and umbilical venous flow can be measured directly with
an ultrasonic flow probe. Both methods produce similar levels of
asphyxia and evidence of encephalopathy with typically relatively
variable neural injury [44, 46].
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3 Technical Notes

Umbilical cord occlusion is a very simple experimental technique.
The most common experimental problem is failure to recovery after
release of occlusion. In term fetuses, moderate insults, such as
10 min of complete umbilical cord occlusion in the near-term
fetal sheep, are associated with little risk of mortality in healthy
fetuses, who then go on to develop selective neuronal loss [37, 47].
In contrast, more prolonged, complete occlusion is intrinsically
associated with the development of severe hypotension [25, 35,
36, 48].

Successful recovery from complete occlusion is confirmed by a
rapid, overshoot increase of FHR and MAP. If bradycardia persists
for more than 30 s or blood pressure does not increase to over 50 %
of baseline in the first 60 s after release of occlusion then a dose of
epinephrine (0.1 ml/kg estimated weight, 1:10,000 epinephrine)
should be given to the fetus via the brachial vein by slow i.v. push.
Even before this stage, fetal cardiovascular status can sometimes be
stimulated using a non-pharmaceutical method of making the ewe
move abruptly, by nudging or generally touching her flank or back
for example. This can have the effect of promoting a changing fetal
position and rapidly improving fetal perfusion. More often than
not, this facilitates resuscitation such that epinephrine may not be
required.

Fetal death may be associated either with asystole or with more
rapid onset of hypotension as previously described [26, 49]. Fortu-
nately, because hypotension develops progressively, it is possible to
identify warning signs such as more rapid fall in blood pressure, or
marked blood pressure or heart rate instability before it becomes
terminal by continuously monitoring fetal arterial blood pressure.
If the goal of the study is to test post-insult treatment it may be
reasonable to stop occlusion a little earlier (1–2 min) in such cases
to avoid cardiac death, provided that the experimenters use consis-
tent criteria and robustly randomize all fetuses between groups
before occlusion.

Examples of such criteria are the level to which blood pressure
falls beyond which the fetus is seldom able to reestablish perfusion.
In the preterm, 0.7 gestation fetus, for example, our experience
suggests it is appropriate to stop occlusion when mean arterial
blood pressure falls from baseline values of 35–40 mmHg down
to a cut-off level of 8 mmHg or below. Equally, occlusion should
stop if there is fetal asystole or arrhythmia. Even before this point,
we observed that fetuses that reached mean arterial blood pressure
below 15 mmHg by 15 min of occlusion reached the terminal cut-
off blood pressure before 25 min, thus giving the experimenter
early warning of impending problems [49].
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4 Determinants of Outcome

4.1 Sensitisation and

Tolerance to Injury

It is widely speculated that adverse conditions such preexisting
hypoxia and infection may impair the ability of the fetus to mount
an effective defense response to hypoxia and render neurons and
glia more sensitive to hypoxia [50]. The most common metabolic
disturbance to the fetus is intrauterine growth retardation (IUGR)
associated with placental dysfunction. Indeed, mild maternal
undernutrition that does not alter fetal growth may still affect
development of the fetal hypothalamic–pituitary–adrenal function,
with reduced pituitary and adrenal responsiveness to moderate
hypoxia [51]. Clinically, overt IUGR is usually associated with a
greater risk of brain injury, albeit the risks have fallen over time
[10]. Consistent with this observation, chronically hypoxic fetuses
from multiple pregnancies developed much more severe, progres-
sive metabolic acidosis than previously normoxic fetuses during
brief (1 min) umbilical cord occlusions repeated every 5 min (pH
7.07 � 0.14 vs. 7.34 � 0.07) and hypotension (a nadir of 24 � 2
mmHg vs. 45.5 � 3 mmHg after 4 h of repeated occlusion) [52].
Fetuses with preexisting hypoxia were smaller on average, and had
lower blood glucose values and higher PaCO2 values. Similarly, in
normally grown fetuses, 5 days of induced chronic hypoxemia was
associated with increased striatal damage after acute exposure to
repeated umbilical cord occlusion for 5 min every 30 min for a total
of four occlusions [53]. Together, these data support the clinical
concept that fetuses with chronic placental insufficiency are vulner-
able even to relatively infrequent periods of brief asphyxia in early
labor. However, under some circumstances at least, this appears not
to be the case. In spontaneously hypoxic fetuses, we have observed,
for example, that the initial chemoreflex response to asphyxia
induced by umbilical cord occlusion is enhanced [48].

Exposure to the endotoxin lipopolysaccharide (LPS) can cause
neural injury [54–56]. We have recently shown, rather intriguingly,
that exposure to asphyxia after 4 days of chronic LPS exposure
actually reduced white matter injury in the preterm fetal sheep
[56]. However, timing between insults is important. Studies in
newborn rats have shown a single injection of LPS (which does
not normally cause injury) given within 6 h or more than 72 h
before an hypoxic-ischemic insult (carotid artery ligation plus hyp-
oxia) increases neural injury [57, 58]. In contrast, injection of LPS
at intermediate times such as 24 h before hypoxia-ischemia reduced
subsequent neural injury, i.e., preconditioned the brain [58]. The
critical effect of timing suggests that LPS exposure protection
requires transcriptional changes. For example, a recent study sug-
gests that the transcription factor nuclear factor E2-related factor 2,
and the transcription cofactor, peroxisome proliferator-activated
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receptor-γ coactivator 1α play a key role in mediating LPS induced
neuroprotection in the neonatal rat [59].

4.2 Brain Maturity Maturation of the brain and body have dramatic and underappreci-
ated effects on cardiac and neural sensitivity to asphyxia [25, 26,
60]. Boyle’s experiments with Hooke and others in the seventeenth
century, elegantly demonstrated that younger animals have much
greater tolerance to hypoxia [61]. Extensive work by perinatal
scientists such as Dawes, Mott, and Heather in the 1950s and
1960s demonstrated that anaerobic capacity during fetal life under-
pinned greater fetal tolerance to hypoxia. We and others have
shown that the younger the fetus, the greater the tolerance to
hypoxia [62]. For example, the premature sheep fetus at 90 days
gestation (term is 147 days), prior to the onset of cortical myelina-
tion, can tolerate extended periods of up to 20 min of umbilical
cord occlusion without neuronal loss [26, 31, 60]. As Fig. 1
demonstrates, the initial adaptation to severe hypoxia, is consistent
at all ages, but the critical difference is that the preterm fetus can
keep its heart going for longer and thus, the younger the fetus, the
longer the survival time.

This is consistent with the observation by Shelley that cardiac
glycogen peaks during preterm-equivalent life in a wide variety of
mammalian species [63]. In the fetal sheep for example, at 0.6
gestation the majority of fetuses survived up to 30 min of complete
umbilical cord occlusion and did not require resuscitation with
epinephrine and did not develop cardiac injury at 3 days post-insult
[31]. In contrast, near-term fetuses can tolerate 10–12 min, typically
without requiring resuscitation [64]. A near-terminal insult is around
15–18 min, with most fetuses requiring resuscitation, and showing
subsequent severe cardiac dysfunction [25, 35, 39, 65, 66].

Critically, as a consequence of this extended survival during
severe asphyxia, the premature fetus is exposed to extremely pro-
longed and profound hypotension and hypoperfusion. At 0.6 ges-
tation, for example, no injury occurs after 20 min of complete
umbilical cord occlusion even though hypotension is already pres-
ent (Fig. 1) [26, 60], but severe subcortical injury occurs if the
occlusion is continued for 30 min [26]. Speculatively, there may be
failure of redistribution of blood flow within the fetal brain during
the phase of severe hypotension, which places previously protected
areas of the brain such as the brainstem at risk of injury [67].

4.2.1 The Effect of

Fetal sex

Numerous studies have confirmed that there is an increased risk of
perinatal mortality and morbidity in boys compared to girls at all
stages of gestation [68]. The mechanisms mediating the influence
of gender on perinatal death and disability are poorly understood
and likely to be multifactorial. There is increasing evidence in the
developing brain that estradiol may play a neuroprotective role
[69]. There is evidence of sex-related differences in the pathways
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leading to apoptosis [70], and in cell sensitivity to excitotoxins
[70, 71]. Recent data in human infants shows sex-related differ-
ences in the CSF levels of IL-8 and antioxidants after asphyxia, with
higher levels in newborn females that may contribute to the greater
vulnerability to brain injury in males than females [72].

There are also data that male fetuses may be less able to adapt to
hypoxic stress. Males fetuses have higher rates of abnormal fetal
heart rate recordings, metabolic acidosis, and need for operative
intervention or resuscitation in labor [73–77]. Male fetuses are on
average bigger, grow faster, and have a higher metabolic rate than
females [78, 79], suggesting that when oxygen is limited they
might deplete available resources more rapidly. Further, there is
evidence that males have relatively delayed maturation of some
aspects of autonomic nervous system function, such as for example,
adrenal medullary and lung beta-receptor maturation in fetal
rabbits [80]. Clinically, after exposure to asphyxia at birth preterm
boys are reported to have lower plasma catecholamine levels than
girls [81]. Moreover, data from pregnancies complicated by placen-
tal insufficiency before 34 weeks, showed that cardiac tropin levels
are significantly greater in male than female fetuses [82].

The sex of the fetus per se did not significantly alter the cardio-
vascular responses of healthy singleton preterm (0.7 gestation) fetal
sheep to an acute, profound asphyxial insult [49]. Neither the
average responses, nor the incidence or timing of failure to com-
plete the full period of umbilical cord occlusion were significantly
different between the sexes. However, overall, significantly more
male fetuses developed profound hypotension (<8 mmHg) before
the end of the occlusion period. Further, blood pressure at 15 min
correlated with fetal weight for male fetuses, but not female fetuses
suggesting a role for metabolic reserve in facilitating this capacity
[49]. These data further support the idea that metabolic substrate
availability has a greater impact on male fetuses.

The causes of failure to complete the full target duration of
occlusions differed markedly between male and female sheep
fetuses. These differences were associated in turn with changes
that suggest altered chemoreflex and cardiac responses between
the genders. The short-occlusion-males demonstrated slower and
reduced initial peripheral vasoconstriction compared with the full-
occlusion fetuses. This was followed by earlier and significantly
greater hypotension, associated with greater falls in heart rate and
carotid and femoral blood flow. In contrast, short-occlusion-
females showed a markedly more rapid onset of initial vasoconstric-
tion of the femoral bed, and subsequent falls in blood pressure and
heart rate that were intermediate between the full-occlusion fetuses
and short-occlusion-males. It is improbable that these differences
relate to placental function, since fetal body weight (measured
3 days after occlusion) and pH, blood gas, glucose and lactate
values before occlusion were not different between the groups.
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5 Final Conclusions

The experimental models outlined in this chapter will continue to
be developed and refined, aiming to mimic human pathophysiology
as closely as possible at the whole body level, while allowing the
factors contributing to the wide variability in outcomes observed
after perinatal asphyxia to be dissected. Both systemic and cerebral
factors are important in real life, and include respectively the deter-
minants of cardiovascular decompensation and factors that modu-
late the intrinsic vulnerability of the brain, such as environmental
temperature, metabolic status and expression of neurotrophic fac-
tors. In turn, these factors are highly likely to affect responses to
treatment. As the critical events which precipitate significant peri-
natal hypoxic-ischaemic encephalopathy are better understood, our
ability to identify and intervene in clinical asphyxia will also
improve.
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Chapter 17

Origin and Detection of Neonatal Seizures: Animal
and Clinical Studies

S. Tracey Bjorkman

Abstract

Neonatal seizures remain a major clinical problem worldwide and are harmful to the developing brain.
Seizures are associated with poor neurodevelopmental outcomes and significant risk of death requiring
urgent diagnosis and intervention. Current antiepileptic drugs however have limited efficacy and are
potentially harmful to the developing newborn brain. Despite this, standard clinical practice for the
treatment of neonatal seizures remains unchanged. This chapter describes a clinically relevant neonatal
animal model of HI-induced seizures.

Key words Neonatal seizures, aEEG, Hypoxia–ischemia, Brain injury, Pig

1 Background

Seizures are more common in the newborn period than at any other
time in life [1]. They are among the most prominent and distinctive
signs of neurological dysfunction in the human newborn and are
associated with significant risk of morbidity and mortality [2]. As
many as 5 per 1000 term newborns are at risk of seizures, however
the true incidence is likely to be higher with preterm infants at an
even greater risk [3]. Hypoxic–ischemic encephalopathy (HIE) is
the most frequent underlying reason for seizures during the neona-
tal period (>50 %); however, seizures may result from a number of
other causes including stroke, intracranial hemorrhage, congenital
malformations, infection, metabolic disturbances, and genetic dis-
orders [2, 4–6]. Neonatal seizures are strong predictors of long-
term cognitive and neurodevelopmental impairment. Outcomes
following neonatal seizures are often poor, resulting in permanent
impairments to learning, memory, and cognition in up to 47 % of
survivors, and an increased risk of post-neonatal epilepsy, cerebral
palsy, and death [7].

In animal models, there is growing evidence that recurrent
seizures are harmful to the developing brain [8]. In neonatal rats,
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kainic acid-induced seizures following hypoxia–ischemia (HI)
injury result in significantly greater brain injury than in rat pups
with HI injury alone [9]. In our piglet model of HI described in
this chapter, we have shown that the presence of seizures following
HI is associated with increased brain injury as detected in vivo by
magnetic resonance imaging (MRI) and magnetic resonance spec-
troscopy (MRS) and, at post-mortem by a greater degree of neu-
ropathological injury [10]. In human newborns, several studies
have reported a significant and independent association of seizures
with brain injury and adverse neurodevelopmental outcomes [11,
12]. Even in the absence of underlying brain injury, seizures have
been shown to perturb brain architecture and function [13].

Detection of neonatal seizures has traditionally relied on clini-
cal signs although more than 80 % of neonatal seizures are sub-
clinical (no clinical manifestations) and cannot be detected without
the aid of electroencephalographic (EEG) monitoring [14, 15].
Conventional full-channel EEG with video is the gold standard
for detecting and diagnosing seizures although this is not always
routinely available. The advent of amplitude-integrated EEG
(aEEG), while using fewer channels and time-compression of the
EEG signal, has made continuous bedside EEG monitoring more
accessible and aided in detection and diagnosis of neonatal seizures
[16]. An example of the types of background aEEG patterns and
seizures observed in the term newborn pig is illustrated in Figs. 1
and 2, respectively.

Elucidating the mechanisms of seizure susceptibility and inves-
tigating novel therapeutic strategies in the developing brain how-
ever remains a challenge. Although a number of neonatal seizure
models exist mainly in rodents, many of these genetically, chemi-
cally, or electrically induce seizures [8, 9, 17, 18]. The advantages
of such models are numerous and while some of them do result in
spontaneous seizures a major disadvantage of these models is the
lack of clinical relevance especially to the neonate. In most of these
models seizures are induced in an otherwise normal healthy brain
with little evidence of neuronal cell loss, in the human neonate
seizures are usually associated with significant underlying brain
pathology [19]. As well as considering underlying brain injury,
normal age-specific developmental brain changes will impact sei-
zure generation and evolution [1]. Seizures may also alter the way
in which antiepileptic drugs work in the brain. It has been sug-
gested that the lack of efficacy of current antiepileptic drug treat-
ments for neonatal seizures may be the result of seizure-induced
alterations of brain receptors; there is also evidence that AEDs harm
the developing brain [2, 20].

While there are several models of HI-induced neonatal seizures
in rodents that utilize both hypoxia alone and hypoxia with carotid
ligation, there are some distinct advantages of using a larger pre-
clinical animal model such as the pig [21–23]. Firstly, the pig is
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comparable to the human neonate in size, brain development, and
maturation allowing for easy and continuous measurement of
numerous physiological parameters including EEG; obtaining con-
tinuous measurements from immature rodents such as arterial
blood gases (ABGs) to monitor pH, pO2, and pCO2 for example
is impossible and can only be achieved by terminal collections at
specific time-points thus requiring large groups of animals [24].
Where required, the ability to continuously monitor our animals
enables us to titrate the HI insult according to the animal’s
response to hypoxia, ensuring that we achieve a moderate to severe

Fig. 1 Classification of background aEEG patterns, example traces from newborn pigs. (a) Continuous normal
voltage (CNV); minimum amplitude (lower margin) of 7–10 μV and maximum amplitude (upper margin) of
10–25 μV. (b) Discontinuous normal voltage (DNV) has a variable minimum amplitude but <5 μV and
maximum amplitude >10 μV; minimum amplitude <5 μV and maximum amplitude >10 μV. Burst suppres-
sion (BS) is characterized by a discontinuous background with minimum amplitude of 0–1 μV and bursts with
amplitudes >25 μV. (c) BS with �100 bursts per hour. (d) BS �100 bursts per hour. (e) Continuous low
voltage (CLV)—continuous background pattern but with very low voltage �5 μV. (f) Flat trace (FT); a
predominantly inactive (isoelectric) trace <5 μV
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survivable brain injury. Secondly, our model is a global hypoxic–is-
chemic insult and does not require invasive interventions such as
ligation of carotid vessels. A key aspect of our model is the loss of
blood pressure (hypotension) which more likely resembles the
ischemia that occurs in the human neonate; carotid ligation results
in a total loss of blood flow. In the hypoxia alone model while these
animals do develop seizures, end insult physiological parameters do

Fig. 2 Classification of seizure activity, example traces from newborn pigs. On the aEEG, seizures present as a
significant rise from baseline of both the minimum and maximum amplitude. The raw trace should show
simultaneous seizure activity identified as repetitive, rhythmic waveforms with a distinct beginning and end
>10 s duration and with a gradual build-up in both amplitude and frequency of spike-wave discharges. (a)
Single seizure (SS); one seizure within a 30 min period. Repetitive seizures (RS) are defined as more than one
seizure within a 30 min period. (b) Repetitive seizures on continuous low voltage background. (c) Repetitive
seizures on a burst suppression background. (d) Status epilepticus (SE) ongoing seizure activity of >30 min.
(e) Piglet movement—not seizure. The aEEG pattern resembles seizure activity with the rise in minimum and
maximum amplitude; however, inspection of the raw trace does not reveal the tell-tale repetitive rhythmic
waveform pattern. This animal started to shake due to recovery from anesthesia
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not mimic those of the human HIE neonates [22]. Although very
low % concentrations of O2 were used, pH, pO2, and pCO2 values
do not reflect those observed in the human HIE neonate, where
acidosis is a significant criteria for determining a HI event. Further-
more, this rodent model does not result in any abnormal brain
pathology. Thirdly, seizures arise spontaneously following neonatal
HI and do not require chemical or electrical induction. Although
latency to seizure onset (typically around 12 h after the insult) can
make for arduous experiments, this most closely mimics the human
clinical situation; in the human HIE newborn seizures typically
arise around 12–24 h after birth [25]. Fourth, the neurological
deficits and neuropathology are similar to those that occur in the
human HIE neonate [10].

2 Equipment, Materials, and Setup

The experiments detailed here ideally require a dedicated, and if
possible permanent, theatre space and recovery area as animals are
undergoing intensive care procedures and continuous monitoring.

2.1 Equipment l Open cot or table with mattress.

l Servo-controlled heater (overhead or blanket).

l Neonatal ventilator—humidifier and ventilation circuits.

l Patient monitoring system (Marquette, GE Healthcare).

l Cerebral function monitor (CFM) with synchronized video.

l Arterial blood gas analyzer (Radiometer).

l Syringe pumps.

l Laptop for data collection.

l Quiet recovery room.

2.2 Drugs and Fluids l Propofol.

l Alfentanil.

l Dopamine.

l Adrenaline.

l Antibiotics (Gentamicin, Cephalothin).

l Isotonic saline (0.9 % NaCl).

l 10 % Glucose.

l Phenobarbital.

l Midazolam.

l Heparin ampoules (1000 IU/ml).

l Heparin saline ampoules (50 IU/5 ml).
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l Sterile water for injection (10 ml amps).

l 1–2% Isofluorane.

l Zoletil.

l Xylocaine Gel.

2.3 Consumables

and Other Equipment

l Syringes (1–50 ml).

l Arterial blood gas (ABG) syringes.

l 24G cannulas.

l Short and long extension lines.

l Three way taps.

l Scalpels (#11 and #22).

l Chromic gut sutures (3.0).

l Rectal probes.

l Swabs.

l Umbilical artery catheters (UAC—single lumen 3.5FG).

l Sterile surgical kit (scalpel handle, 2� fine forceps, 2� curved
clamps, scissors, small sterile dish, drape).

l EEG electrodes (needle).

l Micropore tape (thick and thin).

l Brown tape (thick and thin).

l Disposable waterproof mattress cover (Blueys).

l Nasogastric feed tubes (8FG).

l Nitrogen cylinder (100 % D size).

l Endotracheal (ET) tube (3.5).

l Laryngoscope and introducer.

l Facemask and Goldman vaporizer.

l Suction tubing.

l Needles.

l BP transducer.

l ECG leads.

l Permanent marker.

3 Procedures

On the day of the experiment and prior to initiating anesthesia,
ensure that all equipment is assembled and turned on (i.e., ventila-
tor/humidifier, radiant heater, CFM). Prepare all i.v. fluids, prime
lines, and setup in syringe pumps.
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3.1 Animals Newborn piglets <24 h of age (large white) are obtained from the
University of Queensland Gatton Piggery. Average piglet weight
should be 1.5 � 0.3 kg and the umbilical cord should still be
present. Approvals for all studies are obtained from the University
of Queensland Animal Experimentation Ethics Committee and are
carried out in accordance with National Health and Medical
Research Council guidelines (Australia).

3.2 Anesthesia and

Ventilation

1. Induce initial anesthesia by isofluorane inhalation via a
facemask.

2. Cannulate an ear vein (24G cannula), tape in place and admin-
ister a 5 mg/kg propofol induction dose.

3. Attach the propofol (9 mg/ml)/alfentinal (50 μg/ml) mixture
and deliver at a rate of 10 mg/kg/h propofol until intubation.
Once the animal is intubated increase the rate to 20 mg/kg/h
propofol for 15 min, then reduce to 15 mg/kg/h propofol for
15 min followed by reduction and maintenance at 10 mg/
kg/h.

4. Intubate piglets using a 3.0 cuffed ET tube and attach to a
neonatal ventilator with settings as follows: 21 % fraction of
inspired O2 (FiO2), 30 breaths per minute (bpm), peak inspi-
ratory pressure (PIP) 12 cm, positive end expiratory pressure
(PEEP) 5 cm, and inspiratory time 0.75 s. Inflate the cuff on
the ET tube.

3.3 Surgical

Preparation and

Physiological

Monitoring of Animals

1. Place the animal in supine position (sandbags can be placed at
either side to prevent rolling). Attach electrocardiograph
(ECG) leads to record and monitor heart rate (HR) and an
oximeter to the hind trotter to record oxygen saturation
(SaO2). Position a rectal temperature probe (~3 cm) and tape
to the tail to monitor and maintain core body temperature
(CBT) at 38.5 �C. Monitor and record HR, SaO2, and CBT
using the Marquette data acquisition system (see Table 1 for
normal values).

2. Cannulate a mammary vein (24G cannula) and tape in place
with the thin micropore tape (Fig. 1). Attach a long extension
with a three-way tap and short extension to the cannula, tape
securely with thick micropore tape and infuse 10 % glucose at a
rate of 3 ml/kg/h.

3. Umbilical artery catheterization should be performed under
sterile surgical conditions. Prior to the surgery prepare a sterile
surgery tray with the following: unwrapped sterile surgical
pack—fill small dish with 2 % chlorohexidine, 5 ml syringe,
three-way tap, UAC, swabs, #22 scalpel blade, sutures. Draw
up 5 ml of heparinized saline, attach the three-way tap to the
syringe and then to UAC and prime the catheter. Remove the
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excess umbilical cord to reveal the umbilical vessels and asepti-
cally catheterize an umbilical artery advancing the UAC
approximately 11 cm. Suture UAC in place and fasten securely
with brown tape. Attach the UAC to the blood pressure trans-
ducer, zero the waveform, and start recording the blood pres-
sure (Marquette). Assess ABG regularly to monitor pO2, pCO2

and pH and adjust the ventilation settings as necessary to
maintain normal values (Table 1).

4. Administer 0.2 mg/kg cephalothin and 0.25 mg/kg gentami-
cin (via glucose line) following umbilical catheterization.

3.4 Amplitude-

Integrated

Electroencephalography

(aEEG)

1. Place the head and front limbs of the piglet in the prone
position.

2. For 2-channel aEEG insert five needle electrodes sub-dermally
at C3-P3, C4-P4 (plus ground electrode) as defined by the
neonatal modification of the International 10–20 system [26].
Electrodes can be taped in place (thin brown tape) to minimize
movement. Position video to capture piglet movement.

3. Initiate monitoring, check electrode impedance is minimal and
start the video-aEEG recording using a cerebral function mon-
itor (CFM).

4. Normal aEEG voltage (continuous normal voltage—CNV)
prior to the hypoxic–ischemic insult should be in the range of
10–25 μV depending on degree of anesthesia (see notes).

Table 1
Normal physiological status

Physiological variables Normal value/range

MABP >30 mmHg

HR >130 bpm

SaO2 >95–100 %

Temperature 38.5 � 0.2 �C

Arterial blood gas variables

pH 7.35–7.45

pO2 80–100 mmHg

pCO2 35–45 mmHg

HCO3
� 22–26 mEq/L

Base excess �2 to +2 mmol/L

Glucose 1.5–6 mmol/L

Lactate 1.0–3.0 mmol/L
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3.5 Hypoxic–

Ischemic Protocol

1. Allow 90 min following initial anesthetic induction for the
animal to stabilize, check blood gases to ensure that animal is
stable and within normal ranges (Table 1) prior to inducing
hypoxia.

2. Set timer for 30 min, detach oxygen line and attach to the
nitrogen cylinder.

3. Turn on nitrogen and induce hypoxia by decreasing fraction of
inspired O2 (FiO2) to 4 % (~85 % O2 on ventilator ¼ 4 % O2

when blended with nitrogen).

4. If low amplitude EEG (laEEG; <5 μV) is not reached within
the first 4 min, decrease FiO2 to 2 %. Return FiO2 to 4 % once
laEEG is achieved.

5. Modify FiO2 (range 2–10 %) as necessary to maintain laEEG
for the duration of the HI insult and to maintain HR > 130
bpm and MABP >70 % baseline (i.e., above ~30 mmHg) for
the first 20 min.

6. For the final 10 min of the insult, decrease FiO2 until MABP is
<70 % of baseline (<30 mmHg).

7. Terminate the insult and resuscitate the animal by returning to
21 % FiO2 (air), detach the hose from the nitrogen cylinder and
re-attach to the oxygen gas outlet.

8. Decrease the anesthetic infusion to 6 mg/kg/h. Adjust as
necessary (4–10 mg/kg/h) to keep the piglet sedated and to
minimize movement. Continue to monitor physiological vari-
ables (HR, MABP, etc.) and routinely check ABG.

9. Administer inotropic support as necessary, e.g., dopamine.

10. When required, cease the anesthesia infusion and slowly wean
the piglet from ventilatory support. Once spontaneous breath-
ing is established, the piglet can be moved to a quiet recovery
area. Maintain CBT and feed 40–50 ml of artificial pig milk
every 3–4 h.

3.6 Post-Insult aEEG

and Seizure Analysis

When evaluating EEG activity (either in real time or offline), both
the aEEG and raw EEG traces should be reviewed. The aEEG can
be classified and described by determining background pattern of
the aEEG and the presence or absence of seizures. Background
aEEG pattern is defined as the dominant aEEG pattern in the
trace at a given epoch and is classified in the following five
categories:

l Continuous normal voltage (CNV) with minimum amplitude
>5 μV and maximum amplitude >10 μV.

l Discontinuous normal voltage (DNV) with a variable minimum
amplitude although <5 μV and a maximum amplitude >10 μV.
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l Burst suppression (BS) is a discontinuous background with
minimum amplitude of 0–1 μV and bursts with amplitudes
>25 μV.

l Continuous low voltage (CLV) is characterized by a continuous
background pattern but with very low voltage �5 μV.

l Flat trace (FT) which is a predominantly inactive (isoelectric)
trace <5 μV [27].

Figure 1 illustrates background aEEG patterns in our pigs,
these patterns are very similar to those observed in the term
human newborn.

On the aEEG seizures are identified as a rise in the minimum
and maximum amplitude (see Fig. 2), however actual electrographic
seizure activity should be confirmed by analyzing the raw EEG
trace. Electrographic seizures are defined as repetitive, rhythmic
waveforms with a distinct beginning and end with a duration
>10 s [14, 28]. They can be identified as a gradual build-up in
both amplitude and frequency of spike-wave discharges with an
abrupt cessation or may begin abruptly and decline gradually
[27]. Electrographic seizure activity can present as:

l Epileptiform activity (Epi) which is seizure-like activity <10 s
duration.

l Single seizure (SS) which is one seizure within a 30 min period.

l Repetitive seizures (RS) which consist of multiple seizures (more
than one) within a 30 min period.

l Status epilepticus (SE) which is continuous seizure activity
where return to baseline between seizures rarely occurs [27].

Figure 2 illustrates the types of seizures we observe in our pigs
which are very similar to those observed in term human newborns
[27]. We have devised a seizure scoring system taking into account
both background aEEG pattern and type of seizure (Table 2) to
enable us to analyze severity of EEG changes with brain injury
measures (MRI and neuropathology).

The piglet should also be visually observed in real time for
clinical seizure activity and evidence documented for the purposes
of seizure classification, i.e., clinical or sub-clinical (electrographic
only—no clinical signs). The synchronized video-EEG should be
utilized to assess clinical seizures offline. While there is documented
evidence of clinical only seizure activity (no electrographic corre-
late), clinical seizure activity should be accompanied by an electro-
graphic seizure activity to confirm clinical seizures. Clinical seizures
are identified by motor manifestations that can be subtle; eyes
opening and closing, lip-smacking/tongue poking or by more
overt signs such as myoclonic jerks, rhythmic pathologic move-
ments (cycling), or tonic postures including hyperextension of the
neck and of the front and hind limbs; in some instances there may
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also be vocalization. In the conscious animal clinical seizures can
manifest as the overt signs described above. However in the
anesthetized animal, if clinical seizure signs are evident, they are
often much more subtle.

Animals are constantly monitored for clinical seizures and if
persistent clinical seizures develop, the animal is treated with phe-
nobarbital (20 mg/kg). Animals are administered an initial dose
and observed for termination of clinical seizure activity, if after
20 min clinical seizure activity has not resolved a second dose is
given. If clinical seizures persist the animals are treated with a third
dose of antiepileptic drug, in our case midazolam (0.2 mg/kg). If
clinical seizures did not resolve following the third dose, the animal
is euthanized as required by The University of Queensland Animal
Experimentation Ethics Committee. As for human infants, admin-
istration of antiepileptic drugs can result in termination of clinical
seizure activity but electrographic activity may persist—a phenom-
enon referred to as electro-clinical dissociation [15]. Depending on
the experimental question however, treatment of clinical and/or
electrographic seizures should be considered. For experiments
addressing mechanisms of neonatal seizures it would be preferable
that animals are not treated with antiepileptic drugs, however the
welfare of the animal must be duly considered and suitable animal
ethics sought.

3.7 Neurobehavioral

Scoring

Animals can be assessed for neurobehavior once anesthesia has been
ceased. Animals should be assessed from 8 h post-anesthesia to
determine degree of neurobehavioral impairment. Animals should
be assessed at 4 h intervals until 24 h post-anesthesia and then at
24 h intervals thereafter. Animals are assessed on nine neurologic
measures such as the level of consciousness, respiration, ability to

Table 2
aEEG classification score

Background pattern

Seizure activity

No Sz Epi/SS RS SE

CNV 4 4 3 2

DNV 4 3 3 2

BS 3 3 2 1

CLV 2 2 1 1

FT 0 0 0 0

CNV continuous normal voltage, DNV discontinuous normal voltage, BS burst sup-

pression, CLV continuous low voltage, FT flat trace
NoSz no electrographic seizure and/or clinical correlate, Epi/SS epileptiform activity or

single seizure, RS repetitive seizures, SE status epilepticus
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stand and walk (both front and hind limbs should be assessed), the
righting reflex, and the presence of clinical seizures. Each neuro-
logic measure is assigned a score of 2 (normal), 1 (moderately
abnormal), or 0 (pathologic). The nine neurologic measures are
totaled to achieve a maximal score of 18 ¼ normal.

3.8 Magnetic

Resonance (MR)

Studies

The gold standard for assessing HI brain injury in the human
newborn is with MR imaging and MR spectroscopy. While MR
was performed in our animals at a slightly earlier time-point (72 h
post-HI) than that used in the H/I human infant (5–7 days post-
birth), MR imaging andMR spectroscopy findings from our animal
studies reveal changes similar to those observed in the human HI
neonate [10, 29].

1. Piglets are sedated with an intramuscular injection of Zoletil
(Tiletamine/Zolazepam 10 mg/kg).

2. The animal is placed in an evacuated beanbag and positioned
supine in a new coil within the magnet.

3. Heart rate and oxygen saturation are continuously monitored
using MR compatible equipment.

4. Images are obtained using the same methods used for human
neonates; see our previous work for detailed methods [10].
Sagittal and coronal high-resolution T2-weighted images are
acquired using a multi-echo, fast spin-echo sequence and a
series of multi-slice coronal diffusion-weighted images (DWI)
acquired at the same slice position. Apparent Diffusion Coeffi-
cient (ADC) and T2-weighted maps are generated and average
ADC values for cortical and sub-cortical regions are calculated
for comparison across animals.

5. 1H-MR spectra is acquired in the fronto-parietal region from a
15-mm3 voxel. Lactate (Lac) is represented as an inverted
broad peak (no doublet character) and is thus quantified 180�

out of phase with the other metabolite peaks using a Gaussian
peak. Peak area ratios are calculated for NAA/Lac, NAA/Cho,
NAA/Cr, Lac/Cr, Lac/Cho, Lac/NAA, and Cho/Cr.

3.9 Tissue

Collection/Brain

Investigations

At 72 post-insult, animals are euthanized with a peritoneal injection
of Lethabarb (650 mg/kg) until respiration ceases. The brain is
transcardially perfused with 0.9 % sterile saline and then removed
and coronally sectioned (3–4 mm). Brain regions of interest (fron-
tal, temporal, parietal and occipital cortex, basal ganglia, hippocam-
pus, thalamus, cerebellum, and brainstem) are dissected from the
left hemisphere, snap frozen and stored at �80 �C. The right
hemisphere is fixed for 24 h with agitation in 4 % paraformalde-
hyde/0.1 M phosphate buffered saline pH 7.2 (PBS) and the
sections then stored in PBS/sodium azide (0.05 %).
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3.10 Basic

Neuropathology

Paraffin-embedded tissue sections (4 μm) are stained with hema-
toxylin and eosin to assess neuronal injury. Blinded examination of
brain regions of interest is undertaken and injury graded from 0 to
9 with 0 representing no injury and 9 representing severe damage
[30]. Total histological injury score is the sum of all brain region
scores (maximum possible score ¼ 81).

4 Troubleshooting and Notes

l Developmental stage is an important consideration when inves-
tigating seizures in neonatal models as the EEG changes dramat-
ically between the preterm and term brain; pigs should be<24 h
age which is equivalent to the term human brain [24].

l Pigs do produce spontaneously growth restricted piglets. As a
guide weight should be >1.2 kg and <2.0 kg however this is
dependent on litter size. In our experience, piglets<1.2 kg born
at term are considered growth restricted (chronic hypoxia) and
therefore should be excluded from acute hypoxia studies.

l The umbilical cord should still be present and attached and
relatively fresh. A very dry or absent cord can (1) indicate that
animals are most likely older than 24 h and therefore not con-
sidered “newborn” and (2) make finding and catheterizing the
umbilical artery difficult. The umbilical stump can be cut down
to access the umbilical vessels, however caution should be exer-
cised so as not to perforate the abdominal wall. Extra care should
also be taken with male piglets in such cases.

l Use of a timer is advised to ensure correct amount of anesthetic
is administered.

l An easily visible anesthetic and drug chart (dopamine, adrena-
line, etc.) with animal weights and doses is useful for quick
reference.

l If possible, arterial blood gas analyzer with additional metabo-
lites is useful to monitor glucose and lactate levels. Glucose levels
can be monitored with a portable glucometer.

l If aEEG is below 10 μV prior to insult check the level of
anesthesia administration is correct. If required anesthesia rate
can be reduced for a short period.

l During the insult it is important to ensure an adequate period of
hypotension (MABP < 70 % baseline; ~30 mmHg) is achieved
for animals to develop moderate to severe brain injury and to
increase the likelihood of developing seizures.

l It is preferable to have continuous aEEG with video for offline
analysis of seizures. Most CFM systems will have event marker
capability to allow a written comment in the file in real time. This
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should be used in addition to the video, however it is vital if
there is no access to video so that all movements and activity are
recorded to clearly differentiate between seizure and non-seizure
activity.

l Administration of drugs may differentially influence outcomes
of seizures and changes in receptor populations, especially in the
developing brain where AEDs have been shown to cause apo-
ptosis and is an important consideration.

l In human neonates, normal jittery movements can be misdiag-
nosed as clinical seizures. If repositioning of the baby stops the
seizure activity then it is unlikely to be a seizure; this also holds
true in our seizure model.

l Electrographic seizures can also be misinterpreted. Identifica-
tion of seizures must involve inspecting both the aEEG and raw
trace. Rises in the minimum and maximum amplitude of the
aEEG as well as patterns resembling repetitive waveforms on the
raw trace may result from causes other than seizures. If the
suspected artifact can be adjusted and the seizure activity ceases
then it is not seizure. Other causes that resemble electrographic
seizure activity can include:

– Movement artifact.

Recovery or inadequate level of anesthesia. The piglet can
start to move or shake resulting in a raised aEEG margin.

Cycling of front and/or hind limbs may become apparent
during recovery and is due to the innate righting reflex in
animals. If you can place the pig in an upright position
and cycling ceases then it is not seizure activity (see point
above). The rhythmic waveform on the raw trace that
accompanies this will also cease.

Human intervention, i.e., administering procedures (raised
aEEG margin).

– Ventilation artifact (can be either or both aEEG and raw trace
alterations).

– ECG artifact (can be either or both aEEG and raw trace
alterations).

5 Conclusion

Significant progress in recent years had led to a much better under-
standing of the mechanisms that underlie seizures. The ultimate
goal however is that animal models of human disease more closely
mimic the human condition. This is critical to ensure both appro-
priate development of new therapies, especially in the developing
brain, and to enable efficient translation to clinical care of the
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human newborn. Management of seizures in the newborn is a
significant clinical challenge. The harmful effects of seizures as
well as the relative ineffectiveness and potentially adverse conse-
quences of current AEDs provides a compelling need for relevant
animal models to develop safe and effective seizure therapies for the
developing newborn brain.
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