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Abstract

Prematurity and perinatal hypoxia-ischemia are common problems that result in significant
neurodevelopmental morbidity and high mortality worldwide. The Vannucci model of unilateral
brain injury was developed to model perinatal brain injury due to hypoxia-ischemia. Because the
rodent brain is altricial, i.e., it develops postnatally, investigators can model either preterm or term
brain injury by varying the age at which injury is induced. This model has allowed investigators to
better understand developmental changes that occur in susceptibility of the brain to injury,
evolution of brain injury over time, and response to potential neuroprotective treatments. The
Vannucci model combines unilateral common carotid artery ligation with a hypoxic insult. This
produces injury of the cerebral cortex, basal ganglia, hippocampus, and periventricular white
matter ipsilateral to the ligated artery. Varying degrees of injury can be obtained by varying the
depth and duration of the hypoxic insult. This chapter details one approach to the Vannucci model
and also reviews the neuroprotective effects of erythropoietin (Epo), a neuroprotective treatment
that has been extensively investigated using this model and others.
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1 Introduction

1.1 Neonatal Brain Injury

Extreme prematurity and neonatal encephalopathy significantly impair the outcomes of
affected infants. Even with optimal care, both conditions carry a 50% risk of death, or in
survivors, mental retardation, cerebral palsy, hydrocephalus, and seizures. One of eight
babies is born preterm, with 1 in 100 born at the extreme end of the spectrum (less than 28
weeks of gestation). Neonatal encephalopathy occurs in 3-5 of every 1,000 live births.
Consequences of these conditions bring heartbreak for the child and family as well as
expense. Loss of productivity, dependency, recurrent use of medical and rehabilitation
services, and reduced life expectancy all exacerbate the burden (1-4). Many factors
influence the outcomes of these vulnerable neonates, including the duration and severity of
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brain injury, brain maturity at time of injury, as well as the general condition of the
maternal—infant pair prior to the injury (e.g., nutrition, hypoxic preconditioning, infection,
stress). In term infants (>36 weeks of gestation) the neurons of the cerebral cortex,
hippocampus, and basal ganglia—thalamus are most often affected, while preterm infants
most often develop diffuse white matter injury (5), followed by impaired development of
gray as well as white matter (6).

Animal models have been used to study the pathophysiology of neonatal brain injury and
how vulnerability to specific injury changes as the brain matures. Animal models of
neonatal hypoxic-ischemic brain injury are essential for the development and testing of
novel therapeutic approaches. Rodent models are commonly used because they are
inexpensive, easy to work with, and the gene expression pathways are readily translated to
human relevance. Models of neonatal brain injury include the application of prolonged
hypoxia alone (7, 8), transient middle cerebral artery occlusion (9, 10), and unilateral
ligation of the common carotid artery followed by exposure of the neonatal rat to hypoxia
(11-15). Hyperoxia may also play an important role in brain injury, by increasing oxidative
injury in vulnerable tissues (16—18). Depending on the precise nature of the investigator’s
question, postnatal age at the time of insult can be varied, and the severity of injury can be
adjusted by varying the length of hypoxia, the degree of hypoxia, and the environmental
temperature. Although rodent models are valuable, there are significant limitations to their
use, including substantial morphological differences between human and rodent brains (e.g.,
the degree of encephalization and gray—white matter ratios). Thus, while rodent models are
ideal for developing a framework for therapies, and the genetic and biochemical pathways
by which they function, prior to clinical trials, it is important to test these approaches in
larger mammals such as fetal sheep, piglets or nonhuman primates (19-24).

1.2 Erythropoietin Neuroprotection

Erythropoietin (Epo) is a circulating glycoprotein first identified for its role in
erythropoiesis. More recently, the neurodevelopmental and neuroprotective functions of
Epo, acting via cell-specific Epo receptors (EpoR) in the brain, have been the subject of
extensive investigation. EpoR are expressed in brain throughout embryology and fetal
development (25), and Epo has trophic effects both on the vascular and nervous systems (26,
27). As the fetal brain development proceeds, EpoR become increasingly regional and cell-
specific (28). The function of Epo during brain development is thought to be both trophic
and protective: Epo and EpoR knockout mice have smaller brains and decreased tolerance to
hypoxic insults with increased neuronal apoptosis (26). To date, hundreds of studies have
been published using Epo as a neuroprotective strategy in adult and neonatal models of brain
injury. Significant neuroprotection has been identified in brain injury caused by hypoxia-
ischemia, stroke, trauma, kainate-induced seizures, and subarachnoid hemorrhage (29-32).

EpoR are present on neural progenitor cells (33), select populations of mature neurons (34),
astrocytes (35), oligodendrocytes (36), microglia (37), and endothelial cells (33) within the
brain. Anti-apoptotic pathways are activated when Epo binds to cell surface EpoRs, which
dimerize to activate phosphorylation of Janus kinase 2 (JAK2), phosphorylation and
activation of the mitogen-activated protein kinase (MAPK), extracellular signal-regulated
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kinase (ERK1/2), as well as the phosphatidylinositol 3-kinase (PI13K)/Akt (protein kinase B)
pathway, and signal transducer and activator of transcription 5 (STAT5) (38). Epo protects
oligodendrocytes from interferon-y and LPS toxicity (39), improves white matter survival in
vivo (40) and promotes oligodendrocyte maturation and differentiation in culture (35).

Epo promotes neuroprotection by stimulation and interaction with other protective factors
such as brain-derived neurotrophic factor (BDNF) and glial cell derived neurotrophic factor
(GDNF) (33, 41). Epo actively participates in the prevention of oxidative stress with
generation of antioxidant enzymes, inhibition of nitric oxide production, and decrease of
lipid peroxidation. Long-term survival of injured or newly generated cells may be fostered
by Epo together with vascular endothelial growth factor (VEGF) to promote angiogenesis
and repair (42, 43). Enhanced migration of neural progenitor cells occurs after treatment
with Epo (44). Thus, some protective effects of Epo are the result of direct neuronal
receptor-mediated interaction, and others are indirect. In fact, a recent study shows there to
be neuroprotective effects of Epo in the absence of neural EpoR (45).

Epo crosses the intact blood—brain barrier at high dosages (5000 U/kg i.p.) (46) and may
cross at lower doses in the setting of acute brain injury associated with disruption of the
blood-brain barrier (47). Neuroprotective Epo doses range from 300 U/kg/dose to 30,000
U/kg, depending on the species studied, the injury model, severity of injury, and the number
of doses given (47, 48). Multiple Epo treatments provide superior neuroprotection when
compared to single Epo doses following brain injury in rodent models (48, 49). This is likely
due to the multiple effects of Epo that are important during the evolving injury response:
Epo decreases the early inflammatory response; decreases both early and late neuronal
apoptosis (50); and stimulates late repair processes such as neurogenesis, angiogenesis, and
migration of regenerating neurons (51). Higher Epo dosages (20-30,000 U/kg), particularly
when given repeatedly, lose protective properties, may cause harm, and are not
recommended (52). Of note circulating blood concentrations in neonates given 500-1,000
U/kg/dose are similar to those achieved in rat pups given 5,000 U/kg/dose (48, 53).
Complications of Epo treatment in adults include polycythemia, rash, seizures, hypertension,
shortened time to death, myocardial infarction, congestive heart failure, progression of
tumors, and stroke. These complications have not been observed in neonates.

Through animal experimentation, it is known that a defined injury produced by a discrete
hypoxic-ischemic insult will evolve through discrete stages including acute necrosis,
inflammation, apoptosis, and late repair (54). However, there is tremendous variability
between individual responses to a defined injury. It is not understood why one individual
will respond to an injury with an injurious cascade of inflammation and ongoing damage
while another individual can curtail this response and mobilize a repair pathway, leading to
healing. These responses are likely mediated by the sequential activation of specific proteins
and corresponding metabolic response. Investigating these responses in a systematic manner
can provide insight into new therapeutic approaches to neonatal brain injury. There is
potential for therapeutic intervention at each stage in the evolution of injury; however, the
efficacy of treatment is dependent on the timing of directed interventions. For example, one
could target acute injury, decreasing the initial damage caused by the inflammatory response
to injury, or, one could target the later repair phase. To date, hypothermia is the only proven
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therapy for neonatal hypoxic-ischemic brain injury, and this is only appropriate for term
infants. Translational Epo studies are now underway, and there is hope that this therapy
might benefit both preterm brain injury and, in conjunction with hypothermia, improve

outcomes for term infants with neonatal encephalopathy.

1.3 Unilateral Brain Injury in a Neonatal Rodent Model

The most commonly used small animal model of neonatal brain injury is the Vannucci
model of unilateral brain injury (11). It is modified from the Levine preparation of adult rats
(55) and is created by unilateral common carotid artery ligation or electrocauterization
followed by a defined hypoxic exposure, generally using 8% oxygen. Ipsilateral brain
damage can include the cerebral cortex, basal ganglia, hippocampus, and periventricular
white matter injury (14). The brain hemisphere contralateral to the ligated carotid artery is
generally uninjured. Severity of brain injury can be modified by adjusting the duration of
hypoxia (usually ranging between 30 min and 3.5 h), with the resulting injury ranging from
selective neuronal necrosis to gross infarction. The postnatal (P) age at which the
experiment is performed determines whether the model is targeting premature brain injury,
or term brain injury. A Web-based program is available to translate brain maturity from one
species to another (56). The Vannucci procedure was first described in rat pups, but has
since been madified for mice. Of note, mice are generally more sensitive to hypoxia than are
rats, and significant strain differences exist, and brain maturation is slightly different than in
rats (57, 58).

1.4 Overview of Procedure

Neonatal rat pups are anesthetized, undergo isolation and electro-cauterization of the right
common carotid artery, followed by exposure to 8% oxygen for 90 min to produce a
moderate unilateral hypoxic-ischemic brain injury. Depending on the length of the hypoxic
episode, the timing of peak cerebral edema ranges from 4 to 24 h (23, 59). The blood-brain
barrier is altered during the recovery from the hypoxic injury as evidenced by extravasation
of horseradish peroxidase from the vascular space into the brain parenchyma (60). Cerebral
blood flow to the ipsilateral brain is unaffected by the unilateral common carotid ligation,
but is decreased during the hypoxia-ischemic episode (12) (see Note 1).

2 Materials

1. Personal protective equipment (lab coat, sterile gloves, mask).
2. Instrument sterilizer.

3. Inhalant anesthetic (e.g., Isoflurane), matching vaporizer with regulated oxygen
supply and adjustable flow control.

4. Anesthesia induction chamber.
5. Anesthetic exhaust or trap.

6. Dissecting microscope with light source.
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Plastic animal cradle. Should contain a VV-shaped indentation in which to hold the
rat pup supine during surgery (Fig. 1).
Heating pad x 2.
Small animal incubator (Veterinary warmer).
Fine rat-tooth forceps.
Scalpel with #11 blade.
Microretractor or suitable substitute.
Sharp fine forceps x 2.
Cauterizer.
Skin staples, skin glue, or suture material for wound closure.
Gauze or cotton swabs.
Pentobarbital (or other approved euthanizing agent, to euthanize failed surgeries).
Body bag.
Hypoxia chamber (sealed container with ports for gas delivery).
Thermoregulated water bath.
Thermometer.
8% oxygen tank with regulator.

Oxygen meter.

3.1.1 Animal Warming Station

1.
2.

Turn on heating pad or veterinary warmer.

Place a home cage on top of a heating pad or inside a veterinary warmer. This will
provide a warmed area to keep the pups when they are not with their dam.

3.1.2 Surgical Station (Fig. 1)

1.

Prepare a sterile field in the area adjacent to the dissecting microscope. Tools are
autoclaved prior to use, and a hot bead sterilizer is used between animals. Surgeons
wear sterile gloves, face masks, and clean lab coats.

Lay out sterilized surgical instruments, warming pad and animal cradle (see Fig. 1,
top panel).

Prepare dissecting microscope by turning on light source, and checking focal range.

Prepare anesthesia delivery system by connecting regulated oxygen supply to the
anesthetic vaporizer. Connect the vaporizer to the induction chamber. The
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induction chamber connects to the anesthesia outlet (Fig. 1, bottom panel, arrow)
which is connected to an exhaust or trap. A rubber dam can be secured to the
anesthesia outlet to decrease the escape of anesthetic gas into the environment. To
do this, cut a 3 in. square from a laboratory glove, secure to the outlet with a rubber
band, and cut a small hole in the taut surface. The pup’s nose will be inserted into
this hole.

3.1.3 Hypoxia Station

1.

Obtain an 8% O, tank and regulator, then connect tubing to channel the gas supply
through a humidifier followed by a water trap then run the line to the hypoxia
chamber. The humidifier and gas trap are readily made using two Erlenmeyer
flasks, the humidifier contains dH,O and is immersed in the water bath to warm
and humidify the gas supply.

The hypoxia chamber must have an input and one-way exhaust port to prevent
pressure build up. The optimal chamber is transparent acrylic or plastic with an air-
tight opening. In advance, the minimal flow rate needed to quickly flush the
chamber with 8% oxygen should be determined using an oxygen meter.

Prior to gas exposure, heat the water bath/chamber apparatus so that the humidifier
and chamber will be at the desired temperatures.

3.2 Hypoxic-Ischemic Brain Injury

Select, identify, weigh, and assign animals to treatment groups as appropriate for the
experimental protocol.

3.2.1 Anesthesia

1.
2.

Fill vaporizer with anesthetic.

Open gas supply and adjust gas flow to 2-3 LPM, depending on size of induction
chamber.

Turn on vaporizer to 2.5-3%.

Place animal in chamber. Before the start of any surgical steps, ensure adequate
sedation by checking for loss of spontaneous and reflexive movements (including
lack of postural/geotaxis orientation or response to touch), increased muscle
relaxation, and decreased respiration. 3-5 min of pre-anesthesia is generally
sufficient.

3.2.2 Common Carotid Artery Electrocautery

1.

Aseptic precautions (must include method of instrument sterilization prior to initial
use and between animals, if applicable)—Tools are autoclaved prior to use, and a
hot bead sterilizer is used between animals. Surgeons wear sterile gloves, face
masks, and clean lab coats. Turn on heating pad under the animal cradle.

Place the sedated animal supine onto the animal cradle with its nose in the
anesthesia outlet (Fig. 1, arrow). Adjust the focus of the dissecting scope as
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necessary. Place a piece of tape across the animal’s chest and forelimbs to gently
secure the animal to the cradle. See Note 2 for additional comments.

Prepare the neck with Betadine surgical scrub. After a small midline neck incision
the right CCA is isolated and permanently cauterized and the incision is closed with
skin adhesive or wound clips as appropriate and topical Betadine solution is
applied.

Use a #11 scalpel blade to make a 1 cm incision in skin of the mid anterior neck.
Retract skin to improve access.

Use blunt dissection with fine curved forceps (repeated opening of the forceps) to
retract the muscle layers and expose the underlying veins and arteries. The veins
are dark, avoid them. The artery will be a pulsatile structure with bright red blood,
surrounded by a white muscular layer. Dissect down to expose the strap muscles,
then laterally to expose the sterno-cleidomastoid muscles, and the carotid is deep in
the cleft between those muscles.

Gently lift the exposed common carotid artery using a curved forceps (Fig. 2a).

To cauterize the artery, begin by touching the cauterizer to the forceps (not the
artery). The heat will be transferred from the forceps to the artery. Observe the
color change in the artery as it coagulates. Once it becomes opaque, you may touch
the cauterizer to the artery to completely sever the structure.

Align the skin and apply a skin staple to close the incision. Alternatively, the
incision can be sutured closed or glued using Vetbond.

Return the pups to the warming station and monitor recovery. Once the animal has
recovered from anesthesia, it may be placed back in the home cage with the dam
for 2 h before hypoxia exposure (see Note 3).

3.2.3 Hypoxia Exposure

1.
2.

Place pups in the preheated hypoxia chamber (heated to 36°C) (see Note 4).

Turn on the 8% oxygen tank at 15 L/min for 5 min to purge the tank. Decrease the
flow to 5 L/min for duration of hypoxic event (30 min to 3.5 h, depending on
severity of brain injury desired) (see Note 5).

When hypoxia exposure is completed and animals are stable, return pups to the
dams.

3.3 Evaluation of Injury

3.3.1 Gross Evaluation of Injury—Weight gain, growth, timing, and cause of mortality
and morbidity should be recorded. All brains should be scored for gross injury at the time of
sacrifice. Gross brain injury is visually apparent 24 h after injury (Fig. 2b), and can be
evaluated using an ordinal scale modified from Vannucci (61) as shown in Table 1. If
animals are not perfusion-fixed, tetrazolium chloride (TTC) staining, which is incorporated
into actively respiring tissues, can be used to clearly demarcate areas of non-vital tissue (Fig.
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2c, d). The intensity of the color is proportional to the rate of respiration in the tissues, so
living tissue stains red, while infarcted areas appear white.

3.3.2 Triphenyltetrazolium Chloride Staining—When TTC diffuses into actively
respiring tissues it accepts electrons from the mitochondrial electron transport chain and the
stain is reduced to the pink compound formazan. The accumulation of this pink compound
stains actively metabolizing tissues red, and the intensity of the red is proportional to the rate
of respiration in those tissues. This method can therefore be used to distinguish between live
(stain, red) and infarcted (no stain, white) areas on 2 mm thick brain sections.

Using a mouse brain grid, rat pup brains are coronally sliced into 2 mm sections. Sections
are incubated in 2% TTC in 0.9% Sodium Chloride for 30 min at room temperature. TTC is
removed, and samples washed with fixative (4% Paraformaldehyde). Sections are removed
from the solution for photographing.

Further investigation into specific effects of injury or neuroprotective treatments can be
done using MRNA protein measurement or immunohistochemical approaches (see Note 6).

There are many confounders that may affect the extent of injury with this model.
The age of the rodent changes which cell lines and brain regions are more at risk
from hypoxic-ischemic injury (62, 63). Rodent pups should be sexed since gender
differences have been seen in response to hypoxic-ischemic injury (64). These
animals are exquisitely sensitive to temperature variation, and hypothermia can
attenuate hypoxic-ischemic injury; therefore, body temperature should be constant
during hypoxia-ischemia and throughout the experimental period. The hypoxic
exposure should occur within 2-3 h after ligation of the carotid artery to allow
suckling of the pups, thus avoiding the attenuation of injury secondary to fasting
hypoglycemia (65). If larger experiments are planned, pups can be randomly
assigned to dams and will be cross fostered. This decreases the maternal influence
on experimental outcomes. Culling the litter size to 8 pups per litter will increase
uniformity of pup growth and improve survival.

Anesthetic choice may affect outcomes, so a consistent anesthetic must be used
across groups and when comparing groups over time. For example, isoflurane is a
vasodilator and also may have neurotoxic effects, while other anesthetics such as
xenon may be neuroprotective.

Rat dams will eat the pups if disturbed. This occurs most commonly in the first
days of life, but can still occur at P7. To minimize this, make sure there is no blood
on the pups when they are returned to the dam after surgery. We have found that
wiping the incision with a Betadine swab after incision closure decreases the
likelihood that the dam will interfere.

Brain injury in this model can be highly variable, and is extremely temperature
dependent. It is critical to monitor environmental temperatures closely before,
during, and after the experiment. Small decreases in temperature will produce
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neuroprotection, and increases in temperature will increase brain injury. One
solution is to use a plastic hypoxia chamber immersed in a temperature-controlled
water bath. In advance, determine the optimal water bath temperature for the
chosen chamber. We have also found that separating the pups during the hypoxia
exposure will help ensure uniform temperature, and providing a heating pad turned
to “low” after the experiment for several days will increase the uniformity of brain
injury.

5. The depth and duration of hypoxia will determine the severity of brain injury. 6—
12% oxygen exposure for 30 min to 3.5 h has been reported. Younger animals are
more tolerant of hypoxia and require longer hypoxia exposures to create injury.
Mice are more susceptible to hypoxic brain injury than are rats, and this is strain
dependent (57), so caution must be used when beginning this experimental
procedure in new strains. Despite this, working with mice can be advantageous
because they have a more homogeneous background than rats, and transgenic
strains are available.

6. For short-term experiments, animals can be identified using permanent marker
numbers that are renewed daily. For long-term experiments, permanent identifiers
must be used. Ear punches or paw tattoos work equally well. For long-term
experiments, weaning at 21-28 days and separation of sexes is required.
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Fig. 1.
Setup. The top panel illustrates the surgical setup, including the animal cradle, anesthetic

outlet (arrow), and surgical instruments on a sterile field. The bottom panel shows the setup
for anesthesia. The oxygen tank (A) is connected to the anesthesia vaporizer (B), a flow
meter (C), the induction chamber (D), anesthetic outlet (E), and gas scavenger (F)

Methods Mol Biol. Author manuscript; available in PMC 2016 February 26.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Traudt and Juul Page 14

-

.=

Carotid artery ligation Gross brain injury TTC staining

Fig. 2.

Brain injury. Panel (a) shows the isolated common carotid artery (arrow). Panel (b) shows a
brain with severe gross injury 48 h after ligation. Arrows outline the injured region. Panels
(c) and (d) show TTC staining of injured brain from an anterior section (c), and posterior (d)
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Ordinal scale

Table 1

Brain injury scale

Scale Acute injury (24-48 h) Chronic injury (>1 week)

0 Normal ipsilateral hemisphere Normal ipsilateral hemisphere

1 Mild edema with <25% ipsi/contra size difference  Mild atrophy with <25% ipsi/contra size difference
2 Moderate edema (25-50%) difference Moderate atrophy (25-50% difference)

3 Liquefaction of 50-75% hemisphere Cystic cavitation 50-75% hemisphere

4 Liquefaction of 275% hemisphere Cystic cavitation 275% hemisphere
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