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1 SUMMARY 

 

Morphological Analysis of Brain Injury after Early Neonatal Hypoxia - Ischemia in 

Mice 

 

Gabriel Borden 

 

Perinatal ischemia is a common cause of cerebral palsy and other human morbidity. It 

is a growing problem in preterm infants in whom it is increasingly common because modern 

standards of care result in a greater number of infants who survive prematurity to experience 

ischemic brain pathology. In excess of 50% of babies born at 24 weeks currently enjoy long-

term survival. Many neurodevelopmental processes in newborn mice correspond to this 

period in human development. Towards a better model of hypoxic/ischemic events in early 

human premature parturition, an implementation of the Rice-Vannucci model of perinatal 

ischemia in zero day old mice is therefore presented herein. The Rice-Vannucci (RV) model 

entails unilateral ligation of the common catid artery followed by a period of relative hypoxia, 

applied to neonatal rats or mice. Previously the youngest animals reported with this model 

were three day old mice, and one day old rats. Towards a better model of hypoxic-ischemic 

events in early human premature parturition, an implementation of the Rice-Vannucci (R-V) 

model of perinatal ischemia in zero day old mice is therefore presented herein. The 

modifications of the RV model entail unilateral ligation and interruption of the common 

carotid artery followed by a period of relative hypoxia, applied to postnatal day zero mice. 

Multiple imaging modalities were employed in the analysis, including magnetic resonance 

imaging (MRI), histological Nissl staining, as well as immunohistochemical staining of ex-

vivo day three and seven postnatal mice brains. Together, comparing diffusion-weighted and 

T2-weighted MRI to Nissl staining data confirm the successful implementation of the R-V 

model, establishing a foundation for follow-up investigations. 

Keywords: perinatal ischemia, Rice-Vannucci, neonatal 
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2 PREFACE 

Every year, in the United States alone, an estimated 500,000 babies are born preterm, 

by definition before completing 37 weeks of gestation (Buhl et al. 2010). Medical progress in 

neonatology has significantly improved survival statistics, particularly for very early preterm 

infants, but a significant subset suffers long-term morbidity from suboptimal 

neurodevelopmental outcomes (Lawn et al. 2005). Cerebral injury in a disproportionately high 

percentage of the survivors of premature birth is associated with hypoxic-ischemic brain 

injury (Volpe 1996). Hypoxic-ischemic brain injury may result in cerebral palsy (CP), mental 

retardation, or learning disabilities (Robertson & Finer 1985). The incidence of CP increases 

dramatically with the decline in gestational age at birth, with a prevalence of 2 to 4 per 1000 

births and rising even higher with birth weight lower than 1000 g (Schmidt et al. 2001). While 

the exact causes of hypoxic-ischemic injury are unknown, a variety of intrapartum conditions 

as placenta issues, maternal blood pressure problems, maternal uterine rupture, and umbilical 

cord complications have been linked to hypoxic-ischemic brain injury (Badawi et al. 1998). 

Periventricular leukomalacia (PVL) is one of the most common pathological causes of 

CP which is characterized by focal necrosis or diffuse injury of the white matter. Among 

potential mechanisms underlying diffuse PVL, the most studied is pre-oligodendrocyte (pre-

OL) injury which leads to serious impairment of axonal myelination specifically affecting the 

subplate neurons which have a crucial role in the development of the cerebral cortex and deep 

nuclei (Du & Dreyfus 2002, Dai et al. 2003). Hypoxia-ischemia (HI) causes selective subplate 

neuronal death and disrupts normal cortical development, resulting in plasticity impairments 

along with damage to the thalamus leading to pronounced white matter axon damage and 

gliosis (McQuillen et al. 2003, McQuillen & Ferriero 2005, Ranasinghe et al. 2015). In 

humans, susceptibility to white matter injury appears between 23 and 32 weeks of gestation 

due to the higher energy needs of the brain while supporting the rapid brain growth, making 

oxygen and blood supply more critical (Semple et al. 2013, Marin-Padilla 1997, Mifsud et al. 

2014). Different studies have shown a link between myelination impairment and abnormal OL 

differentiation processes originating during susceptibility windows prior to the beginning of 

myelination (Back et al. 2001, Yuen et al. 2014, Buser 2012, Back & Miller 2014). To 

facilitate the understanding of susceptibility to white matter injury comparative timetables 
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between human and other species for the various developmental stages have been proposed, 

but direct comparison of brain development between human and other species are not perfect 

and differ between studies suggesting that the maturation peak of OL occurs at PNDs 1-5 

(Marin-Padilla 1997, Dunn 1995, Craig et al. 2003, Dean et al. 2011).  

The crucial aspect in determining the response to an insult is the developmental stage. 

Insults occurring at different time points differ in consequences, from those occurring in the 

first trimester which are linked to abnormal cerebral development, to those occurring in the 

late second and early third trimester which lead to periventricular white matter injury 

associated with neuronal abnormalities, while late third trimester damage is associated with 

cortical and deep gray matter lesions (Krageloh-Mann & Cans 2009). Some studies also 

suggest sex differences in response to developmental brain injury, for instance, preterm males 

showed greater vulnerability to white matter damage than female of the same age (Johnston & 

Hagberg 2007). 

Neonatal hypoxia-ischemia is associated with significant damage to both grey and 

white matter leading to major behavioral and neuroanatomical morbidity. Different 

therapeutic strategies are still under study since preterm and early preterm infants react 

differently than term infants, for example therapeutic hypothermia is a standard of care 

procedure for term infants, however it is not recommended in preterm infants due to potential 

collateral damage, such as intra-cerebral hemorrhage (Jacobs et al. 2007, Thoresen 2015). 

Since clinical trials testing therapeutic strategies undergo various hardships defining 

recruitment criteria, mainly due to the heterogeneous patient population or inadequate group 

sizes, the need for adequate animal models is of great importance. Variations of the first 

model, the classical Rice-Vannucci model have been employed in the study of perinatal 

ischemia for over 30 years since the procedure was originally described (Rice et al. 1981). 

 

2.1 The Rice-Vannucci model 

The Rice-Vannucci model is an adaptation of the Levine model of HI in adult rats 

using postnatal day 7 (PND7) neonatal rats, equivalent to term or near term human infants 

(Clancy et al. 2007). In the original report, 7 day old rats were subjected to unilateral common 
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carotid artery ligation followed by a period of relative hypoxia, reliably producing 

histologically apparent pathology concentrated in the ipsilateral hemisphere. The injury 

induced in this model can be observed in only 56% of the animals, suggesting a variability of 

the technique, and is described as a spectrum, ranging from “moderate” to “severe.” The 

injury affects the cerebral cortex, the basal ganglia and thalamus, the subcortical and 

periventricular white matter, and the hippocampus which depends on the severity of the HI 

insult (Rice et al. 1981, Clancy et al. 2007, Vannucci & Hagberg 2004, Vannucci & Vannucci 

2005). In its original form, the Rice-Vannucci model was intended to inform ischemic insults 

to full term human infants during or just prior to parturition. However, studies have shown 

that the Rice-Vanucci model does not mimic the human condition optimally, since the white 

matter development in PND7 rats and the type of injury produced are not similar to that in 

humans. In most cases in the infant brain the lesion in comprises diffuse apoptotic and 

relatively small necrotic areas, while the Rice-Vannucci model shows severe injury with 

multiple lesions involving both white matter and gray matter (Rice et al. 1981, Khwaja & 

Volpe 2008, Volpe 2001, Vannucci et al. 1999). 

 

2.2 Optimization of the Rice-Vanucci model 

One of the first modifications of the HI model was done in rats at PND1 at a 

developmental stage comparable to the human brain in the last trimester of gestation (Sheldon 

et al. 1996). At PND1 rat brain damage comprised neuronal loss, white matter thinning, and 

activation of microglia and macrophages (Sheldon et al. 1996). A few years later a bilateral 

common carotid artery occlusion (BCAO) model in Wistar rats at PND5 with no subsequent 

hypoxia was developed; this model aims to mimic the ischemic reduction of the cerebrospinal 

fluid flow which results in white matter loss (Uehara et al. 1999). Since other researchers have 

failed to reproduce consistent results with the original BCAO model, a modification entailing 

temporary bilateral ligation of common carotid arteries along with hypoxia in PND7 rat pups 

saw developed, which inflicted a greater degree of damage (Jelinski et al. 1999). Different 

attempts to generate a reliable model of white matter injury producing less severe brain 

damage were attempted by changing the time of hypoxia, percent of oxygen or changing the 

temperature applied during hypoxia (Follett et al. 2000). For example, it has been shown that 
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applying mild hypothermia during hypoxia significantly reduces brain damage in PND7 rat 

pups (Yager et al. 1993). 

Subsequent authors have extended the model to mice while working to define strain 

differences, obtain reproducibility and standardized degrees of brain damage. As different 

strains of mice were compared it was found that the 129Sv strain was highly resistant to 

injury while displaying very high mortality, compared to CD1 which showed brain 

susceptibility with little mortality rate (Sheldon et al. 1998). C57Bl/6 mice show an 

intermediate degree of suitability to the model. As more research using the HI model was 

undertaken different authors were successful in producing consistent mild brain damage using 

animals of different ages, from PND3 to PND5 (Nijboer et al. 2007). Gender differences were 

also elucidated as arising from pathophysiological events underlying HI, specifically that HI-

induced cell death is mediated by the caspase-3 pathway in females, but not in males (Chen et 

al. 2011). 

As rising standards of preterm infant care have increased the survival rate of neonates 

born ever more prematurely, the need to model ischemia in this vulnerable population has also 

grown. In parallel with this progress in treatment there has also been an increase in the 

absolute proportion of infants born after fewer than 37 weeks of gestation; in the USA the rate 

grew from 9.4% in 1981 to 12.5% in 2005 (Behrman 2007). Additionally, sophisticated 

comparative developmental models have extrapolated events in the organization of the central 

nervous system between species in a more detailed way. For example a new neuroinformatics 

approach was developed upon the observation of up to 102 neurodevelopmental events in 10 

different species (Clancy et al. 2007). These numerous developmental milestones do not 

always map between species in a temporally linear manner. Hypoxia–ischemia rodent models 

use rodents PND2-3 to produce brain injury at aproximately similar stage of cellular 

development as for 24 to 32 weeks of gestation in human. At these time points, cells from the 

OL lineage were shown to be maximally vulnerable to hypoxic–ischemic injury (Rumajogee 

et al. 2016). However, despite the similarity of cellular stage development, there is a vast 

difference in structural development particularly for the cerebral cortex with considerably 

longer neurogenesis in humans (Kornack & Rakic 1998). Moreover, the subplate, a region 

vulnerable to hypoxic–ischemic injury, has a more complex function in the formation of 



5 

 

human cortex pathways than in rodents, with concomitant increase in structural complexity 

and relative size. The time course of development also differs considerably between species 

with regard to the subplate, reaching its complete structure by E16–18 compared to 24–32 

weeks of gestation in humans (Kostovic & Rakic 1990, Wang et al. 2010). Thus to model 

different human developmental phenomena, and different expressions of human pathology 

resulting from perinatal ischemia, rodents of different corresponding ages should ideally be 

studied. 

Although there are a wide variety of animal studies demonstrating the effects of 

neonatal HI injury there are no studies using PND0 mice, which we chose according to the 

website Translating Time (introduced in Clancy et al. 2007), where PND0 is within the 

window comparable to human early prematurity. Furthermore after implementing 

modifications to the established Rice-Vannucci framework in PND 0 mice, we explored if 

magnetic resonance imaging (MRI) could be used as a valuable method for assessment of 

early temporal changes after HI in the ex vivo neonatal mice brain. MRI provides a wide range 

of diagnostic markers for the detection of human as well as for rodent models of neonatal HI 

(Ment et al. 2002). Diffusion weighted and T2-weighted MRI have been used to study edema 

formation after HI, along with diffusion tensor imaging used to assess changes in white matter 

following HI (Wendland et al. 2008, Aden et al. 2002, Ten et al. 2004, Wang et al. 2008). 

However, due to a lack of specific MR contrasts that can delineate neuronal damage, detailed 

examination of pathophysiological changes induced by HI still mostly relies on post-mortem 

histology. 
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3 HYPOTHESIS 

The Rice-Vannucci model can be extended to mice younger than previously published 

(PND3) to provide a useful model of perinatal ischemia early preterm infants; an ex-vivo MR 

scanning protocol can be developed and verified by histology which can identify the 

pathology arising from the model. 

4 OBJECTIVES 

The main objective of this thesis was to establish a postnatal day zero neonatal mouse 

model of hypoxic-ischemic brain injury and subsequently verify this model by developing a 

new protocol for ex-vivo magnetic resonance imaging along with classical histological tissue 

staining. In order to achieve the main objective specific sub-objectives were set: 

1.) To implement the Rice-Vannucci hypoxic-ischemic model in postnatal day zero 

neonatal mice. 

2.) To develop a magnetic resonance imaging protocol for the visualization of the 

pathological changes in early neonatal ex-vivo brains. 

3.) To confirm magnetic resonance images with histological and immunohistochemical 

methods. 
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5 METHODS 

5.1 Animals 

All experiments were carried out on neonatal inbred strain CD1 mice pups at postnatal 

day 0 (PDN0), bred and housed in the animal facility at the Croatian Institute for Brain 

Research (Table 1). Dams were housed under 12:12 hour light/dark cycle with food and water 

ad libitum. All animal procedures were approved by the Internal Review Board of the Ethical 

Committee of the School of Medicine, University of Zagreb, and were in accordance with the 

Ethical Codex of the Croatian Society for Laboratory Animal Science. All experiments were 

carried out in accordance with the EU Directive 2010/63/EU on the protection of animals 

used for scientific purposes. 

Table 1. Animals used for this study. 

Animal 

Number 

Age at 

Surgery/Hypoxia 

Age at 

Sacrifice 

Minutes at 5% 

O2 Surgery 

 

Gender 

1 PND0 PND3 0 sham F 

2 PND0 PND3 0 sham M 

3 PND0 PND3 0 sham F 

5 PND0 PND3 0 CCA lig. M 

6 PND0 PND3 20 CCA lig. M 

7 PND0 PND3 20 CCA lig. F 

8 PND0 PND3 20 CCA lig. F 

9 PND0 PND3 20 CCA lig. M 

10 PND0 PND7 20 CCA lig. M 

11 PND0 PND7 20 CCA lig. M 

12 PND0 PND7 20 CCA lig. M 

13 PND0 PND7 20 CCA lig. F 

14 PND0 PND7 0 sham F 

15 PND0 PND7 0 sham F 
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Figure 1. A zero-day old pup, shown with an American penny for scale. The common carotid 

artery has a diameter of approximately 200 µm at this age. 

 

 

5.2 Modification of the Rice-Vanucci model 

To acclimate the dam to the smells associated with handling, paper pieces impregnated 

with the smell of the products used during experiments were placed in the cage several days 

prior to surgery (Libbin 1979). Also, prior to removal and immediately after return of pups 

from their cage for surgery, the dams were briefly introduced to isoflurane anesthesia. Great 

care was taken not to touch the pups without clean gloves, and to disinfect the surfaces the 

pup may contact during the procedures. When surgery was performed on one pup, all pups 

from the litter were removed from the cage and placed in a pre-warmed chamber immersed in 
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a water bath maintained at 37 degrees C. Immediately following the procedure, the pup that 

underwent surgery was allowed to recover in the chamber until it was fully mobile. The pup 

was then gently rubbed with the bedding from the home cage and returned to the home cage 

with the rest of the litter. This reduced the rate of rejection or maternal cannibalism by the 

dam. 

Anesthesia was induced with 4% isoflurane in oxygen and kept at 1.5% for 

maintenance. The mice pup was placed on a heating pad which ensured temperature 

maintenance at 37 degrees C during the entire procedure. Following anesthesia induction, a 

small incision was made to the left of the midline, and the glands overlying the large neck 

vessels gently deflected with a cotton swab. Next, a small tear in the overlying sheet of 

muscle was made using a pair of Dumont #5 extra fine forceps (Figure 2). Then fine Dumont 

#7 curved forceps were inserted through the tear and under the common carotid artery (CCA; 

Figure 3) and a single ~3cm length of 6-0 silk suture was then drawn underneath by grasping 

the suture in its middle portion. The silk suture was then cut to yield two ligatures which are 

subsequently tied and trimmed. (Figure 4). The section of CCA between the ligatures is then 

cut with a small Vannas scissors, and the glands gently returned to the neck pocket before 

closing the wound. The skin bordering of the wound was covered with a small quantity of 

Newskin® (Prestige Brands, Tarrytown, NY, USA) using the supplied brush applicator 

(Figure 5). A precut rectangle of single-ply sterilized tissue is then overlaid. More Newskin® 

was applied at the corners as necessary. This technique was found to reduce subsequent 

mortality relative to conventional suturing, most likely by discouraging maternal cannibalism.  
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Figure 2. Photograph showing the common carotid artery (CCA) on the left and the external 

jugular vein on the right. Often, the small vessel overlies the CCA as seen here and must be 

carefully avoided. 

 
Figure 3. Photograph of the common carotid artery (CCA). Capture of the artery can be 

confirmed by observing the pulsation of blood through the lumen while the deflecting force and 

tension are low. 
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Figure 4. The common carotid artery (CCA) is shown here after the tying of the sutures, just 

prior to division.A single ~3cm length of 6-0 silk drawn underneath the CCA by grasping the 

suture in its middle portion and then cut to yield two ligatures which are subsequently tied and 

trimmed with a small Vannas scissors. 
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Figure 5. Wound closure using Newskin®. The skin bordering the surgical wound was covered 

with a small quantity of Newskin® (Prestige Brands, Tarrytown, NY, USA) and a precut 

rectangle of single-ply sterilized tissue. 

 

In sham operated animals, following anesthesia induction, a small incision was made 

to the left of the midline, and the glands overlying the large neck vessels gently deflected with 

a cotton swab. Next, a small tear in the overlying sheet of muscle was made using a pair of 

Dumont #5 extra fine forceps but the CCA was not sutured and cutted. The glands were then 

gently returned to the neck pocket before closing the wound covering it with Newskin and of 

sterilized tissue.  

Immediately following the surgical procedure, the pup that underwent surgery was 

allowed to recover in the chamber until it was fully mobile and then transferred to a pre-

warmed hypoxic chamber. The chamber was modified to contain a Grove O2 gas sensor 

(Seeed Technology Inc., Shenzhen, China) which was connected to an Arduino Mega 2580 
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(Arduino, Turin, Italy) electronic prototyping board via a ribbon cable threaded through the 

gas outflow tubing. This Arduino board was connected to a small laptop computer from which 

a simple program based on the C/C++ programming language was uploaded (Table 2), which 

enabled the O2 concentration to be monitored via the computer. 

Inside the hypoxic chamber, the pups were placed in a pre-sterilized container lined 

with sterilized paper to absorb any urine produced, in order to prevent possible aspiration 

(Figure 6). After the experimental animals were sealed inside, the chamber was flushed with 

N2 until the O2 concentration was reduced to 5%, and confirmed to be stable at within 0.2% of 

this value. The chamber was then disconnected, closed, and placed in a cell culture incubator 

maintained at 37 degrees C. After the hypoxic interval, the chamber was removed and 

reconnected to confirm that the concentration of O2 was unchanged. The use of a sealed 

container was justified via the following calculation: PND0 old mice consume approximately 

1.75mL of O2 per gram per hour (Fitzgerald 1953). The long term value of the respiratory 

exchange ratio (RER), relating carbon dioxide production to oxygen consumption varies 

between 0.7 and 1 depending on the energy source (it can slightly exceed 1 but only for brief 

periods of intense exertion). Since each PND0 pup weighs approximately 1.4g, a reasonable 

upper bound on oxygen consumption for a group of 20 pups for a half hour period would 

therefore be 24.5mL. Since these reference respiratory data were established under normoxic 

conditions, our animals should consume less in a 5% O2 environment. Given that the chamber 

used has a volume of approximately 12cm x 20cm
2
 x π ≈ 15,000mL of which the 5% O2 

portion is 750mL, consumption of 24.5mL would only lower the O2 % to 4.8%, a difference 

unlikely to lead to significantly different physiological consequences than 5%. In agreement 

with this reasoning, our actual measurement of the O2 differed by no more than 0.1% (the 

limit of detection for our equipment) between the beginning and end of any hypoxic interval 

conducted. Similarly, the carbon dioxide content of the chamber could be expected to rise 

from 0.04% of normal air at the beginning of the experiment to at most 0.19% assuming an 

RER of 0.9. Workplace exposure guidelines for CO2 are commonly placed at 0.5% (5000 

ppm). Thus there seems to be no possibility of complicating effects from the use of a sealed 

chamber with our experimental parameters. 
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Figure 6. The hypoxic chamber setup being partially flushed with pure N2. The tray containing 

the pups is itself floating in a larger container containing a few millimeters of water to humidify 

the atmosphere in the chamber and improve temperature stability while loading and unloading. 

 

Overall, mortality from the procedure ranged from 20 to 50%, with most losses 

occurring during hypoxia or in the ensuing 24 hours. Operative mortality was typically under 

5%; most losses occurred during, or in the 24 hours following, hypoxia. 

 

Table 2.  Arduino Code Listing for Grove O2 Gas Sensor 

 

 // test Grove - Gas Sensor(O2) 

float VoutArray[] =  { 0.30769 ,20.00000, 40.00000 ,60.00000 ,120.61538 

,186.76923}; 

float  O2ConArray[] =  { 0.00018, 2.66129, 5.32258, 8.05300, 16.19851, 25.15367}; 

  

void setup() { 

  // put your setup code here, to run once: 

  Serial.begin(9600); 
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} 

  

void loop() { 

  // put your main code here, to run repeatedly: 

  

  Serial.print("Vout ="); 

  Serial.print(readO2Vout(A0)); 

  Serial.print(" V, Concentration of O2 is "); 

  Serial.println(readConcentration(A0)); 

  

  delay(500); 

  

} 

  

float readO2Vout(uint8_t analogpin) 

{ 

  

    // Vout samples are with reference to 3.3V  

    float MeasuredVout = analogRead(A0) * (3.3 / 1023.0); 

    return MeasuredVout; 

  

} 

  

float readConcentration(uint8_t analogpin) 

{ 

  

  

    // Vout samples are with reference to 3.3V  

    float MeasuredVout = analogRead(A0) * (3.3 / 1023.0);    

    float Concentration = FmultiMap(MeasuredVout, VoutArray,O2ConArray, 6); 

    float Concentration_Percentage=Concentration*100; 

  

    

/************************************************************************** 

  

    The O2 Concentration in percentage is calculated based on wiki page Graph  

  

  

    The data from the graph is extracted using WebPlotDigitizer  

    http://arohatgi.info/WebPlotDigitizer/app/ 

  

    VoutArray[] and O2ConArray[] are these extracted data. Using MultiMap, the data 

    is interpolated to get the O2 Concentration in percentage. 
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    This implementation uses floating point arithmetic and hence will consume  

    more flash, RAM and time. 

  

    The O2 Concentration in percentage is an approximation and depends on the 

accuracy of 

    Graph used. 

  

    

***************************************************************************/ 

  

    return Concentration_Percentage; 

} 

  

  

//This code uses MultiMap implementation from 

http://playground.arduino.cc/Main/MultiMap 

  

float FmultiMap(float val, float * _in, float * _out, uint8_t size) 

{ 

  // take care the value is within range 

  // val = constrain(val, _in[0], _in[size-1]); 

  if (val <= _in[0]) return _out[0]; 

  if (val >= _in[size-1]) return _out[size-1]; 

  

  // search right interval 

  uint8_t pos = 1;  // _in[0] allready tested 

  while(val > _in[pos]) pos++; 

  

  // this will handle all exact "points" in the _in array 

  if (val == _in[pos]) return _out[pos]; 

  

  // interpolate in the right segment for the rest 

  return (val - _in[pos-1]) * (_out[pos] - _out[pos-1]) / (_in[pos] - _in[pos-1]) + 

_out[pos-1]; 

} 

 

 

5.3 MR Imaging 

5.3.1 MR Optimization 

To maximize contrast, T1 and T2 relaxation curves (with RareVTR and MSME 

sequences, respectively) were measured and plotted for cortex, striatum, ventricle and 
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hippocampus in a series of optimization studies of several PND3 brains from mice which 

were soaked in different concentrations of Omniscan (GE healthcare, Waukusha, WI, USA) 

for 4 days. Once an optimal concentration was determined, T1 and T2 maps were again 

obtained using both PND3 and PND7 brains from the study series before proceeding. TR and 

TE values for T2 scans were calculated by plotting relaxation curves for the tissues sampled 

in Matlab (MathWorks, Natick, MA, USA) and identifying parameter values that resulted in 

greater than approximately 15% contrast between the lightest and darkest regions. 

5.3.2 MR Scans 

After initial optimization studies, brains were soaked in 0.5mM Omniscan for 4 days. 

Subsequently they were immersed in Fomblin (Solvay, Brussels, Belgium) for 1-2 days 

before scanning in a 1.8ml freezer tube, held in place with a custom cut piece of sponge 

(Figure 7). 
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Figure 7. Preparation for MRI scanning. The brain is immersed in Fomblin and held in place 

with a specially cut piece of sponge. 

 

Scans were performed on a 7T Bruker BioSpec 70/20 USR preclinical MRI system 

(Bruker Corporation, Billerica, MA, USA), using an 86mm volume resonator transmit coil 

and a 2-channel surface mouse brain receiver coil. For both time points (PND3 and PND7), 

both T2-weighted and diffusion-weighted scans were obtained.  

5.3.3 PND3 MR image acquisition 

For PND3 brains the T2-weighted imaging (T2WI) scans employed a multi-slice, 

multi-echo protocol with repetition time (TR) = 2200 ms, echo time (TE) = 84 ms (effective; 

average of 2 echoes), with fat suppression activated, constructed from 48 averaging. 

Geometrically, the scan consisted of 12 slices with a field of view of 12x6 mm and an image 

size of 160x80 pixels, corresponding to an in-plane resolution of 75x75 microns. The total 

scan time was 1 hour and 45 minutes.  

Geometrically, the diffusion weighted imaging (DWI) scans for the PND3 series were 

unchanged from the T2-weighted parameters consisting of 12 slices with a field of view of 

12x6 mm and an image size of 160x80 pixels, corresponding to an in-plane resolution of 
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75x75 microns. Fat suppression was turned off, TR set to 1800 ms with a TE = 18.5 ms with 

24 averages. Diffusion specific parameters comprised a spin echo preparation, a gradient 

duration of 2.6 ms, gradient separation of 9.6 ms, one diffusion direction, max b-value of 

1687 s/mm
2
 and b-value of 1300 s/mm

2
. Total scan time for PDN3 diffusion scans was 1 hour 

and 26 minutes. 

5.3.4 PND7 MR image acquisition 

The scan parameters for PND7 brains were similar to those for PND3 brains, with the 

following differences: For the T2-weighted scans, TR = 2600 ms, TE = 81 ms (with an 

average of two echoes) with 15 slices, to account for the larger brain size at PND7, resulting 

in a scan time of 2 hours and 15 minutes. For the diffusion weighted spin-echo sequence for 

PND7 animals, scanning parameters changed from the PND3 series were the following: TR = 

1200 ms, TE = 18.5 ms, with 15 slices, for a total scan time of 57.5 minutes. 

 

5.4 Tissue Processing and Histology 

Following sacrifice by decapitation, the brains of PND3 animals were removed from 

their skulls and placed in 4% paraformaldehyde for at least 48 hours. PND7 brains were 

handled similarly, but after animals were transcardially perfused with phosphate buffered 

saline and 4% paraformaldehyde. 

Prior to cryosectioning, brains were soaked in 30% sucrose for at least 48 hours and 

then imbedded in Tissue-Tek O.C.T. compound, (Sakura, Tokyo, Japan). Sectioning was 

performed on a Leica CM 1850 (Leica Biosystems, Wetzlar, Germany). 25 micron sections 

were then mounted on Superfrost Plus slides (Thermo Fisher Scientific, Inc., Waltham, MA, 

USA). 

5.4.1 Nissl Staining  

Every fourth section was used for Nissl staining procedure. Sections were fixed in 

100% methanol for 10 minutes, and further rehydrated in a series of decreasing alcohol baths 

(95% ethyl alcohol [EtOH] 15 min, 70% EtOH 2 min, and 50% EtOH 2 min), rinsed twice in 

distilled water for 2 minutes and stained with Cresyl Violet stain for 6 minutes. After staining, 

sections were rinsed twice in water for 2 minutes and afterwards dehydrated in a series of 
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increasing alcohol baths (50% EtOH 2 minutes, 70% acidic EtOH [1% glacial acetic acid in 

70% EtOH] 2 minutes, 95% EtOH 2 minutes, 95% EtOH a few dips, and 100% EtOH 1 

minutes). The slides were coverslipped with with Biomount (BioGnost, Zagreb, Croatia). 

Slides were dried overnight. Brain sections were examined under a light microscope and 

photographed under 10× and 40× magnification on both ipsilateral (ischemic) and 

contralateral side and also digitized using a Flatbed Epson perfection 4870 photo scanner 

(Epson America, Inc., Long Beach, CA, USA), with a resolution of 4800 dpi. 

5.4.2 Immunohistochemistry 

For fluorescent immunohistochemistry, cryostat 25 µm-thick coronal sections were 

rinsed in PBS 4 times for 5 minutes in order to remove the O.C.T. compound. Sections were 

blocked for 30 minutes in 0.1 M PBS containing 10% goat or donkey serum, depending on 

the species used to produce the corresponding secondary antibody and 0.25% Triton X-100. 

Incubation with anti-cleaved caspase-3 (1:600, Cat. No. Asp175, Cell Signaling Technology, 

Danvers, MA, USA) and anti-NeuN (1:300, Cat. No. MAB377, EMD Millipore Corp., 

Billerica, MA, USA) was performed overnight at room temperature in PBS buffer containing 

1% goat serum and 0.25% Triton X-100 (both Sigma Aldrich). Control slices were incubated 

overnight in a buffer that was not containing primary antibody. Slices were rinsed with PBS 

containing 0.25% Triton X-100 4 times for 5 minutes. Next, slices were incubated for 2 hours 

at room temperature in goat anti-mouse Alexa 488 secondary antibody (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA) at 1:500 dilution. After incubation, slides were washed 

with PBS containing TritonX-100, stained with DAPI (4',6-diamidino-2-phenylindole, 

1:8000), then coverslipped, mounted with Dako Mounting Medium (Dako A/S, Glostrup, 

Denmark) and left overnight to dry. Brain sections were examined under a fluorescence 

microscope and photographed under 40 × magnification on both, ipsilateral (ischemic) and 

contralateral side. 

 

5.5 Sex Determination via Genotyping 

For all animals too young to be easily sexed by inspection, tail tips were collected 

prior the time of sacrifice. DNA was purified from these samples and genotypes determined 

by PCR as detailed previously (Clapcote & Roder, 2005). Briefly, DNA from the samples was 
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amplified for 35 cycles on an Applied Biosystems 2720 Thermal Cycler using the forward 

primer sequence 5'-CTGAAGCTTTTGGCTTTGAG-3' and reverse primer sequence 5'-

CCACTGCCAAATTCTTTGG-3' (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and 

electreophoresed on agarose gel, yielding a single 331bp band for females, and two bands of 

302 and 331bp for males. The method was verified to be accurate on adult animals of known 

gender. Two samples, from animals 2-4 and 2-12, did not yield definitive results from the 

initial run. A more diluted quantity of DNA from these two samples was amplified again, at a 

slightly lower annealing temperature, 53°C, and for 40 cycles, which gave conclusive results. 

 

6 RESULTS 

6.1 MR Imaging 

6.1.1 MR Optimization 

In order to optimize the imaging parameters for diffusion acquisition, both T1 and T2 

relaxation time of the brain tissue was measured in increasing concentrations of the 

gadolinium-based contrast agent. Omniscan rapidly reduced both T1 and T2 relaxation times 

in all regions of interest of native PND3 brains (Table 3, Table 4). The optimal concentration 

of Omniscan was found to be 0.5 mM, which sufficiently shortened T1 to enable reasonable 

acquisition times while leaving T2 values long enough to obtain both T2-weighted and 

diffusion-weighted scans (Figure 8). 

Table 3. T1 relaxation times (ms) from the PND3 optimization series of C57/Bl6 animals. All 

samples were soaked in the listed concentration for 4 days prior to scanning. 

Omniscan (mM) cortex striatum hippocampus ventricle 

(PBS only) 1525.2 1459 1517.5 1348.1 

0.25 633.5 602.2 586.6 574.6 

0.5 466.7 437 422.1 413.8 

1 291.9 236.4 277 310 

5 53.75 53.15 53.3 53.2 
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Table 4. T2 relaxation times (ms) for the optimization series. 

Omniscan (mM) cortex striatum hippocampus ventricle 

(PBS only) 102.9 104.4 87.4 93 

0.25 93.3 73.2 76.5 71.4 

0.5 68.7 53.2 62.6 57.9 

1 63.1 55 53.1 52.5 

5 26.3 25.4 25.9 24.5 

 

T1 and T2 maps were somewhat different for the study series CD1 strain animals 

(Table 5, Table 6) but not so significantly to warrant a change in the Omniscan concentration 

used. TR and TE values however were adjusted for each time point in the study. 

 

Table 5. T1 relaxation times (ms) for representative brains from the study series. 

Sample age cortex striatum hippocampus ventricle 

PND3 204.7 214.7 227.9 209.0 

PND7 190.0 192.8 179.5 185.0 

 

Table 6. T2 relaxation times (ms) for representative brains from the study series. 

Sample age cortex striatum hippocampus ventricle 

PND3 61.0 57.4 60.6 53.0 

PND7 50.8 49.4 56.7 49.3 
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Figure 8. T1 and T2 relaxation curves for various tissues in a PND3 brain with either native 

contrast (left side) or with Omniscan, 0.5mM, the concentration ultimately used. 
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Figure 9. Representative T2-weighted images of coronal brain sections of an in vivo adult mice 

brain (A), native postnatal day 3 mice brain with TR and TE parameters unchanged from those 

used for row A (B) and postnatal day 3 mice brain immersed in 0.5 mM Omniscan for 4 days 

prior to scanning (C) with optimized TR and TE parameters. 

 

6.1.2 MR Scans 

In the sham operated animals DWI and T2WI data were normal in both hemispheres 

for both periods of observation, e. g. PND3 and PND7 (Figure 10 D, Figure 11 C, Figure 12 

D, Figure 13 C). For the HI animal groups the T2WI hyperintensity was observed in the 

PND3 group in the occluded left MCA region, mainly involving the hippocampus, overlying 

cortex and partially the lateral caudoputamen (Figure 10 A, B). The T2WI hyperintensity seen 

on the PND3 group was drastically diminished in the PND7 group (Figure 12 A, B), but still a 

pronounced thinning of the corpus callosum could be observed. DWI hyperintensity was 

consistent with the T2WI observations for the PND3 animal group showing abnormal 

morphology of the hippocampus, overlying cortex and lateral caudoputamen (Figure 11 A, B). 

Interestingly morphological changes in the PND7 animal group mainly involved extreme 

thinning of the corpus callosum with visible alternations in the structure of the underlying 

hippocampus as seen with DWI (Figure 13 A; B) 
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Figure 10. Comparison between corresponding coronal brain slices of the same brains obtained 

by T2-weighting MR imaging, presented in raw format (A, D), color enhanced visualization (B, 

E), and Nissl staining (C, G). The upper row of images presents visualization of coronal 

postnatal day 3 brain sections after hypoxic-ischemic injury (A, B, C). Arrows indicate 

hyperintensity on T2W images occurred in the cortex, hippocampus and thalamus of the 

ipsilateral hemisphere. The lower row of images presents sham-operated postnatal day 3 animals 

with no visible alternations in brain morphology between the two hemispheres (A, C, E). Bars: 

5mm. 

 

 

 

 
Figure 11. Representative diffusion weighted images of coronal postnatal day 7 brain sections 

after hypoxic-ischemic injury presented in raw format (A; color enhanced (B) compared to 

sham-operated controls (C; color enhanced D). Arrow indicates pronounced thinning of the 

hippocampus of the ipsilateral hemisphere (A) compared to no visible morphological change in 

the structure of the control sham-operated brain. Bars: 5mm. 
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Figure 12. Comparison between corresponding coronal brain slices of the same brains obtained 

by T2-weighting, presented in raw format (A, D), color enhanced visualization (B, E), and Nissl 

staining (C, G). The upper row of images presents visualization of coronal postnatal day 7 brain 

sections after hypoxic-ischemic injury (A, B, C). Arrow indicates changes in the corpus callosum 

and underlying hippocampus of the ipsilateral hemisphere. The lower row of images presents 

sham-operated postnatal day 7 animals with no visible alternations in brain morphology between 

the two hemispheres (A, C, E). Bars: 5mm. 

 

 
Figure 13. Representative diffusion weighted images of coronal postnatal day 7 brain sections 

after hypoxic-ischemic injury presented in raw format (A; color enhanced (B) compared to 

sham-operated controls (C; color enhanced D). Arrow indicates pronounced thinning of the 

hippocampus of the ipsilateral hemisphere (A) compared to no visible morphological change in 

the structure of the control sham-operated brain. Bars: 5mm. 
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6.2 Histopathological examination of brain tissue  

In order to validate the extent of the pathohistological changes occurring after 

inducing HI in PND0 mice, Nissl stained histological sections from animals sacrificed at 

PND3 and PND7 were inspected. Neuronal cells in the cortex, hippocampus and striatum of 

both PND3 (Figure 14) and PND7 (Figure 16) showed no evident neuronal damage for the 

sham-surgery group. Hippocampal cells appeared normal and were arranged in neat rows, and 

were large and round for control PDN3 animals (Figure 14, 1, 2, 3, 4, 8, 9, 10, 11) as well as 

control PDN7 animals (Figure 16, 1, 2, 3, 4, 8, 9, 10, 11). The morphology of the layers of the 

cells of the cortex (Figure 14-5 for PND3; Figure 16-12 for PND7) and striatum (Figure 14-

6,7 for PND3; Figure 16-13,14 for PND7) were clear and complete with clearly visible 

nucleoli. Nissl bodies were equidistributed around the nucleus, with rules and without 

cavitation. 

The pathological alterations were prominent in the left hemisphere (ischemic) of both 

PND3 and PND7 HI groups, characterized by a large number of pyknotic nuclei and/or 

edematous cells compared to the control sham-operated group but also compared to the 

contralateral side (Figure 15 ipsi and contra, Figure 17 ipsi and contra). 

In the PND3 isolated group of animals, aberrant morphology was visible after 

inducing HI in the hippocampus (Figure 15-1, 2, 3, 4, 6, 7) and striatum (Figure 15-6, 7) of 

the left ischemic hemisphere compared to the contralateral hemisphere (Figure 15-8, 9, 10, 11, 

13, 14) and control sham-operated group (Figure 14). Cells of the striatum were clearly 

triangular in shape mostly exhibiting a dark staining due to condensation of cytoplasm and 

karyoplasm surrounded by clear edematous tissue. The Nissl bodies were blurred or absent, 

with vacuolization, a disordered arrangement and formation of a network. The morphology of 

pyramidal cells changed significantly compared with the sham-surgery group. Morphological 

features included a disordered arrangement of the cells, significant loss in volume especially 

visible as thinning of the stratum oriens in the CA1 and CA2 regions. There was even 

apparent cell death and cell loss, and the normal pyramidal cells were scattered within the 

background of the dead cells. Slightly visible alternations were seen in the cortex of the 

ischemic hemisphere as disordered arrangement of the cells with features of edema. 
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Figure 14. Animal 2-2 Representative histological sections of Nissl staining of brains of 

postnatal day 3 sham-operated mice. On the left upper side 10x magnification of the healthy left 

hemisphere (ipsi) and next to it healthy right (contra) hemisphere. Nissl staining of neurons in 

the CA1 (1), CA2 (2), CA3 (3), dentate gyrus (4), cortex (5), fimbria (6) and thalamus (7) of the 

left hemisphere show no showed no evident neuronal damage. No apparent neuronal damage is 

seen in the CA1 (8), CA2 (9), CA3 (10), dentate gyrus (11), cortex (12), fimbria (13) and 

thalamus (14) of the right contralateral hemisphere. Barr: 20 µm. 
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Figure 15. Animal 2-6 Representative histological sections of Nissl staining of brains of 

postnatal day 3 mice 3 days after hypoxia-ischemia. On the left upper side 10x magnification of 

the left ipsilateral hemisphere (ipsi) and next to it right contralateral hemisphere (contra). Nissl 

staining of neurons in the CA1 (1), CA2 (2), CA3 (3), dentate gyrus (4), cortex (5), fimbria (6) 

and thalamus (7) of the left hemisphere show prominent pathological alterations characterized by 

a large number of pyknotic (arrow) and edemtous (triangle) cells sourounded by clear edematous 

tissue (star). No apparent neuronal damage is seen in the CA1 (8), CA2 (9), CA3 (10), dentate 

gyrus (11), cortex (12), fimbria (13) and thalamus (14) of the right contralateral hemisphere. 

Barr: 20 µm. 

 

The pathological alterations were even more prominent in the ipsilateral hemisphere in 

the PND7 animals of the HI group compared to the contralateral hemisphere (Figure 17-ipsi 

and contra) or the sham operated group (Figure 16). At 7 days following HI signs of tissue 

edema disappeared but a significant loss of volume especially visible as thinning or absence 

of the stratum oriens of the CA1 and CA2 (Figure 17-1, 2) and a prominent thinning of the 

corpus callosum (Figure 17–ipsi). A notable number of cells in the striatum and cortex were 

clearly triangular in shape mostly exhibiting a dark staining due to condensation of cytoplasm 

and karyoplasm but with less prominent cell loss than that seen in PND3 animals (Figure 17-

5, 6). 
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Figure 16. Animal 2-15 Representative histological sections of Nissl staining of brains of 

postnatal day 7 sham-operated mice. On the left upper side 10x magnification of the healthy left 

hemisphere (ipsi) and healthy right (contra) hemisphere. Nissl staining of neurons in the CA1 

(1), CA2 (2), CA3 (3), dentate gyrus (4), cortex (5), fimbria (6) and thalamus (7) of the left 

hemisphere show no showed no evident neuronal damage. No apparent neuronal damage is seen 

in the CA1 (8), CA2 (9), CA3 (10), dentate gyrus (11), cortex (12), fimbria (13) and thalamus 

(14) of the right contralateral hemisphere. Barr: 20 µm. 
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Figure 17. Animal 2-10 Representative histological sections of Nissl staining of brains of 

postnatal day 7 mice 7 days after hypoxia-ischemia. On the left upper side 10x magnification of 

the left ipsilateral hemisphere (ipsi) and next to it right contralateral hemisphere (contra). Nissl 

staining of neurons in the CA1 (1), CA2 (2), CA3 (3), dentate gyrus (4), cortex (5), fimbria (6) 

and thalamus (7) of the left hemisphere show prominent pathological alterations characterized by 

a large number of pyknotic (arrow) and edematous (triangle) cells sourounded less edematous 

tissue (star). No apparent neuronal damage is seen in the CA1 (8), CA2 (9), CA3 (10), dentate 

gyrus (11), cortex (12), fimbria (13) and thalamus (14) of the right contralateral hemisphere. 

Barr: 20 µm. 

 

6.3 Immunohistochemistry 

Apoptotic cells can be found in the HI injured hemisphere. In order to detect apoptotic 

cells in the brain of PND3 and PND7 mice after HI injury we performed analysis of cleaved 

Caspase-3 stained sections performed on 25 µm sections adjacent to the Nissl-stained sections 

(Figure 18). Caspase-3-immunoreactive protein was expressed in PND3 mice in injured 

cortical regions (Figure 18A), striatum, hippocampus (Figure 18B), and thalamus, regions 

shown previously to be selectively vulnerable to hypoxic ischemic injury in newborn rodents. 

Some of the cleaved Caspase-3 cells were also positive for neuronal nuclei NeuN staining 

confirming presence of neuronal apoptosis in this model of HI. The cerebral cortex in normal 

control brains and in hemispheres contralateral to the ligation showed only sparse caspase-3 
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immunoreactivity. Clear caspase-3 immunoreactivity was not found in PND7 animals with HI 

injury or in sham-operated controls (Figure 18C). 

 

 
Figure 18. Neuronal nuclei and caspase-3 immunostaining 72 hours after hypoxic-ischemic 

injury (HI). Representative fluorescent High-magnification images from 25 µm sections sections 

of cortex (A), and the CA1 region of the hippocampus (B) on the ligated side showing apoptotic 

cells stained with anti-cleaved Caspase-3 antibody. Noninjured areas, in right contralateral 

hemisphere with only nonparticulate background staining (C). Scale bar: 10 µm. 

 

 

6.4 Sex Determination via Genotyping 

Since male sex is a well-established risk factor for poor neurodevelopmental outcome 

following premature birth and the mechanisms behind this sex-related difference are unknown 
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we followed determination of sex by genotyping since PND3 and PND7 animals were too 

young to be easily sexed by visual inspection (Figure 19).  

 

 
Figure 19. Gel electrophoresis of the PCR products following amplification with gender-

genotyping primers. Column numbers correspond to animal numbers listed in Table 1. Female 

sex is represented with a band at 331 bp, while male sex is represented with both 302 bp and 331 

bp bands. 

 

7 DISCUSSION 

The main objective of this thesis was to establish a mice hypoxic-ischemic brain injury 

model in the postnatal day 0 neonatal mouse along with developing new methods for ex vivo 

MR imaging of neonatal hypoxic ischemic brain injury to enable evaluation of tissue damage 

and injury progression. A veritable menagerie of neonatal species such as rats, mice, rabbits, 

sheep, pigs or monkeys have been used to produce study brain damage induced by HI at 

different stages of brain development (Rumajogee et al. 2016). These animal models have 

provided the basis for depicting the physiological and biochemical mechanisms of brain 

injury. Among HI models, the fetal and newborn rhesus monkey have been used and due to 

physiological and neuroanatomical similarities to humans (Adamsons et al. 1963). In 

contradistinction to primates, advantages accruing to rodents include easy and fast breeding, 

short pregnancy, large litters, and low maintenance costs. The postnatal day 7 rat was 

originally chosen for study as at this stage of development because its brain is histologically 

similar to that of a 32- to 34-week gestation human fetus or newborn infant with the specific 

features which include completion of cerebral cortical layering, presence of myelinated white 
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matter and involution of germinal matrix, with specific immune inflammatory changes (Jiang 

et al. 1999, Clancy et al. 2001, Vannucci 1993). However, there are numerous drawbacks in 

the original RV method. First, the usage of halothane during anesthesia can inhibit the 

respiration and circulation. Also in the original report the left CCA was merely ligated, 

creating the ambiguity that subsequent recanalization may confound findings at later time 

points. 

Therefore minor modification of the Rice-Vanucci method were performed as 

described previously. In the present study, the anesthesia isoflurane was selected instead of 

halothane which provided short induction, good muscle relaxation, with no inhibition of the 

circulation or respiration. Then in the present study we performed a double ligation of the 

CCA after isolation and cut between the ligatures, to avoid the formation of blood reperfusion 

(Nakajima, et al. 2000). Accuracy of unilateral carotid artery ligation is fundamental, and 

there is a great need of right identification of the arterial pulse prior to making a permanent 

ligation and cut, in order to avoid mistaking the neck muscles for vascular. Also the ambient 

temperature in the chamber should be maintained at 37±0.5°C in order to avoid temperature 

changes which can affect the mortality rate. Also, hypothermia has been shown to have a 

protective effect on HI; indeed as mentioned previously therapeutic hypothermia is currently 

the standard of care for term newborns suffering hypoxic insults. Therefore, it is crucial to 

control the temperature with a water bath to ensure the modeling effort as even a few degrees 

of cooling has been found to confer protective effects (Wood et al. 2016). 

The extension of the RV model to PND0 mice offers potential advantages relative to 

RV studies in PND1 rats which have been previously described (Sheldon et al. 1996, 

McQuillan et al. 2003). The technical challenge of performing surgery on very small animals 

proved surmountable with dedication and practice. Once proficiency was reached very low 

intraoperative losses (<5%) were achieved, and a procedure time of 5-7 minutes per animal 

was typical. Perhaps the single most important motivation for the use of mice is the ready 

availability of transgenic strains, some of which have already been studied using the RV 

model albeit in older neonates (Pimentel-Coehlo et al. 2013, Scafidi et al. 2014). Beyond 

these factors, mice offer a considerable cost savings relative to rats, however, rats do allow for 

a richer and generally more clinically relevant battery of behavioral comparisons. Finally, 
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since it has been shown that even differences in strain can have a very significant effect on the 

course of HI pathology (Sheldon et al. 1998), species differences surely exist as well. 

Therefore it is worthwhile to discover the physiology of PND0 mice in the context of HI. 

Beyond species-specific interests, the resistance of fetal and newborn animals to HI 

generally, relative to their older counterparts, is in itself an active area of inquiry. In our pilot 

studies it was observed that PND0 animals could withstand 3 to 4 times the duration of 

hypoxia as PND7 pups, in agreement with previous reports. The physiological factors 

underlying this comparative robustness are multifactorial and not fully understood (Perlman 

2007). Hence while PND7 rats and mice may approximate the neurodevelopmental stage of 

term infants, HI studies in such animals may not engage resistance mechanisms that are 

ephemeral to the interpartum phase, thus controlled HI studies of hours-old animals such as 

the one presently described may inform this crucial period. 

Light microscopy analysis showed cellular swelling and degeneration, nuclear 

condensation and fragmentation, the Nissl body was blurred or absent, cytoplasm was 

vacuolated and the endoplasmic reticulum was deranged. Morphological alterations were 

more prominent in the neurons of the cerebral cortex and hippocampus in the hemispheres 

ipsilateral to CCA ligation, demonstrating the effectiveness of the procedure. Edematous cells 

and cells with pyknotic nuclei were apparent in the ipsilateral side but absent contralaterally. 

There was a visible thinning of the stratum oriens in the ipsilateral CA1 and CA2 

hippocampal regions, an effect which was noticeable in PND3 HI specimens and became 

more pronounced by PND7. Subtle disorder and edema was appreciable in the ipsilateral 

cortex of HI animals. The ipsilateral cortex and CA1 hippocampal region was also found to be 

populated with cells doubly labeled for cleaved caspase 3 and NeuN, which were absent from 

the contralateral side in HI animals as well as sham-operated controls. While the PCR method 

successfully determined the gender of the study animals, greater numbers will be required in 

future studies to detect any gender-specific effects. Together, these data confirm the 

successful implementation of the RV model in this series, establishing a foundation for 

follow-up investigations. 

The average adult human brain is around 3000 times bigger than an average adult 

mouse brain (Badea et al. 2009). In order to delineate morphological features of the mouse 
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brain, a spatial resolution of 0.1 mm is often needed, to compensate for the reduction in voxel 

size and proportionally the decrease in signal originating from it. The reduction in signal can 

be compensated by using high field magnets (7T or higher), high-sensitivity coils, using 

contrast agents and more signal averages, at the expense of prolonged acquisition time. Using 

post-mortem ex vivo imaging fits these conditions, providing greater spatial resolution due to 

the lack of imaging time constraints and movement artifacts and offering the opportunity to 

use tighter fitting coils, providing higher SNR (Lerch et al. 2012). However, post-mortem 

studies rely on specimen fixation to inhibit tissue decay which unfortunately substantially 

alters tissue diffusivity profiles. T1 and T2-weighted and diffusion-weighted MRI have been 

commonly used to study the developing mouse brain (Mori et al. 2006, Petiet et al 2008, 

Zhang et al. 2012). However, due to a lack of naïve early white matter tracts contrast, 

application of Gadolinium (Gd)-based contrast agents in useful to increase signal-to-noise 

ratio (SNR). Previous studies showed that contrast agents can penetrate the tissue specimens 

via unknown mechanisms, and significantly shorten the T1and T2 relaxation times of mouse 

brain tissue, enhancing signals and tissue contrasts (Sharief et al. 2006, Cleary 2011). In MR 

imaging, the signal from any tissue is dependent on the water content of the tissue and how it 

is bound. By choosing different acquisition parameters and contrast agent compounds and 

concentrations, physical interactions of the water protons with the tissue can be altered to 

optimize tissue contrast. As seen in Figure 8, the T1 signal is dependent primarily on 

differential recovery, of the distinct tissue types, of signal between the individual 

radiofrequency pulses used to stimulate the tissue; in this scenario the differential was 

insufficient, even with contrast agent added, to produce a good SNR. On the other hand, T2 

contrast in Figure 8, dependent on the differential spin spin relaxation time between tissues 

(Sharief et al. 2006), improved with incubation in Gd-based contrast agent, increasing the 

SNR of the ex vivo brains. 

Comparing diffusion-weighted and T2-weighted MR imaging to Nissl staining for 

visualization of the injured area we showed correlative distribution of pathological damage. In 

vivo studies have reported good correlation between the areas of increased signal intensity on 

DWI and T2WI and histological distribution of pathological damage from 24 to 72 hours after 

HI (Meng et al. 2004, Tuor et al. 1998, Qiao et al. 2002). The hyperintensity detected on 

T2WI is generally interpreted as indication of vasogenic edema or lesion formation which 
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persists in the first 24 to 72 hours after HI (Tuor et al. 1998, Rumpel et al. 1997). This is 

consistent with our finding showing T2WI hyperintensity in the group of animals isolated 72 

hours after HI which comprised the region perfused middle cerebral artery flow, e.g. the 

hippocampus, overlying cortex and part of the lateral caudoputamen. The observed T2WI 

hyperintensity seen on the postnatal day 3 group was not detectable one week after HI 

evidencing the resolution of the vasogenic edema after HI. Both findings on PND3 and PND7 

animals were consistent with hisological Nissl stained brains on which pathological 

alterations were prominent in the left hemisphere as patches of clear edematous tissue in the 

CA1 and CA2 areas of the hippocampus, cortex and thalamus in the PND3 animal group, 

resolving by PND7, 7 days after HI. 

Our results demonstrate that the use of DWI in for the first 72 hours after HI in ex vivo 

neonatal brains is much less sensitive than T2WI which changes with time giving more SNR 

thus better visualization of the morphology after 7 days. Increased diffusion-weighted 

imaging signal after severe ischemia is thought to be at least in part due to cytotoxic edema 

(Moseley et al. 1990). Since water in the extracellular space shows more random water 

diffusion than that in the intracellular space, these changes in water balance should result in a 

decrease of tissue diffusion. Diffusion-weighted imaging can detect this decrease in water 

diffusion, which is shown as an area of increased signal. In vivo human studies show that 

sensitivity of diffusion-weighted imaging to adult cerebral infarction is up 99% (van 

Everdingen et al. 1998, Lovblad et al. 1998), but are less sensitive for neonatal HI--around 

50%--which is explained mainly by differences between the water content of the neonatal and 

adult brain. The neonatal brain has a much higher water content than the adult brain, and 

correspondingly lower fat content, which is minimal until PND7, not increasing to adult levels 

until approximately P23 (Foran 1992). Therefore the neonatal brain features increased water 

diffusion such that decreased water diffusion after ischemia is less discernible than in adult 

brains (Neil et al. 1998). Additionally, perfusion and fixation alternates the brain structure by 

crosslinking the proteins thus altering the water diffusivity further decreasing sensitivity to 

pathology detection (Sun et al. 2005). 

 

 

http://www.ajnr.org/content/21/8/1490.long#ref-16
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8 CONCLUSION 

Herein we have presented MR images of ex vivo brains as well as histological and 

immunohistochemical evidence detailing the effect of HI created within the RV framework on 

PND0 mice for the first time. These data illustrate the functionality of the model and give a 

basis for further work. Future studies are contemplated, including a focus on the effect on 

oligodendrocytes, gliosis, necrotic as well as apoptotic neurons, studies involving later time 

points, larger numbers of specimens, behavioral investigations, in vivo imaging and 

comparison of strain differences. 

Additionally we have developed a relatively high throughput MRI scanning protocol 

suitable for scanning several specimens in reasonable time period, with a scan quality 

sufficient to identify pathology which was subsequently verified by sectioning and staining of 

the imaged samples.  

To some degree all models of perinatal HI suffer from inter-animal variability, 

including the RV model, the current instantiation being no exception. However the strength of 

the RV model is that it invokes hemispheric pathology, allowing the contralateral side to serve 

as an effective control (though true sham operated controls are vital to verify the validity of 

this practice) allowing more significant comparisons to be asserted. By extending this popular 

paradigm to PND0 mice, and incremental but significant expansion of its applicability has 

been achieved. 
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